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Introduction

• Density Functional Theory is the method of choice for quantum chemical
studies of,  among  other thing s,  larg e sy stems.

• A p p rox imate D F T ,  how ev er,  suffers from the lack  of a sy stematic method of
check ing  the accuracy  of a g iv en calculated p rop erty .

• D esirab le to check  DFT results w ith w av e f unction m ethod s ,  esp ecially
w hen new  comb inations of p rop erties and sy stems are studied.

• H ere,  tw o effects for iron p orp hyrins ,  p rev iously  studied w ith D F T ,  are
check ed w ith the coup led cluster R I - C C 2  method:



1. T h e  m o l e c u l a r  s p i n  p o l a r i s a t i o n
• We recently performed a thorough DFT examination of the molecular spin
polarisat ion for low - s pin iron porphyrins  [ 1 ] .

• The g ross spin d ensit y ,  or,  the s um of unpaired α  and β  dens ity,  is
s ignificantly larg er t h an unit y , about 1.3.

• T h i s  r e c on c i l e d  tw o s e e m i n g l y  c on tr ad i c tor y  e x p e r i m e n tal  v i e w s  of  th e  s p i n
d e n s i ty  d i s tr i buti on , bas e d  on  E S R  an d  N M R  s p e c tr a.

2. T h e  c h a r g e  d e l o c a l i s a t i o n
• I n  an oth e r  w or k  [2] th e  c h ar g e  d e l oc al i s ati on  up on  r e d uc ti on  of  h ae m s  ( i r on
p or p h y r i n s  i n  g e n e r al )  w as  f oun d  to be  q ui te  e x te n s i v e .



• This "dilution" of the added unit charge is crucial for the accommodation of
the haem in the p rotein,  and fav ours the edge-to-edge electron transfer
mechanism b etw een haems.

Motivation

• B oth p rop erties ab ov e are potentially badly described by DFT:

1 . T h e  m o l e c u l a r  s p i n  p o l a r i s a t i o n  c o u l d  b e  a  m a n i f e s t a t i o n  o f  o n e  o f  t h e
r e c e n t l y  d i s c u s s e d  c a v e a t s  i n  t h e  d e f i n i t i o n  o f  S p i n - D F T :
a)  T h e  e x t e r n a l  p o t e n t i a l  i s  n o t  u n a m b i g u o u s l y  d e f i n e d  [ 3 ] .
b)  ρ(α) –  ρ(β )  c o u l d  d e s c r i b e  s o m e t h i n g  e l s e  t h a n  t h e  s p i n  d e n s i t y  [ 4 ] .

2 . D F T  m i g h t  n o t  b e  w e l l  s u i t e d  f o r  d e s c r i b i n g  e l e c t r o n  ( d e ) l o c a l i s a t i o n  i n
c h a r g e d  s p e c i e s .



• Therefore, a second opinion p rov i d ed  b y  t rad i t i on al  w av e fu n c t i on  m et hod s
i s  of i n t eres t .

• H ere, w e p res en t  c ou p l ed  c l u s t er c al c u l at i on s  on  s m al l  fi v e-  an d  s i x -
c oord i n at ed  F eP - m od el s , w hi c h rep rod u c e b ot h t he s p i n  p ol ari s at i on  an d
c harg e d el oc al i s at i on  effec t s :

 F e( R )2( N H 3)2         F e( R )2( N H 3)         F e( R )2( C N )2
R = N H C H N H



Computational methods
Level

• Structures were optimised with the semi-local functionals B L Y P  and P B E ,  as
well as with L D A .

• E l ectro n  d en si ti es were calculated with D F T  and the approx imate sing les
and doub les coupled cluster method,  C C 2 .

• Augmented triple-zeta basis sets were used. (aug-TZVPP and aug-cc-pVTZ)

• Th e density  f itting reso lutio n o f  th e identity  (R I ) appro x imatio n was
emplo y ed at bo th  D F T and C C 2  lev els.

• Th e R I -D F T [5] and R I -C C 2  [6 ] meth o ds reduce th e co mputatio nal co st
signif icantly ,  with o ut no ticeable lo ss o f f  accuracy .



Electron density calculations
• The spin density i s  o b t a i n ed  a s  t he d i f f e- r en c e b et w een  α a n d  β  el ec t r o n -
d en s i t i es .
• The g r o ss spin density i s  d ef i n ed  a s  t he s u m  o f  u n p a i r ed  α  a n d  β  s p i n
d en s i t i es .

• The c h a r g e density d i f f er en c e i s  o b t a i n ed  a s  t he d i f f er en c e i n  t o t a l  el ec t r o n
d en s i t y  b et w een  t he o x i d i s ed  a n d  r ed u c ed  f o r m s .

• The el ec t r o n  d en s i t i es  w er e s t u d i ed  b y  ev a l u a t i n g  t hem  i n  eq u i d i s t a n t
C a r t es i a n  g r i d  p o i n t s .
• D i r ec t  n u m er i c a l  i n t eg r a t i o n s  o f  t he el ec t r o n  d en s i t i es  w er e p er f o r m ed .

The a c c u m u l a t ed  el ec t r o n  d en s i t y  i n s i d e a  s p her e o f  r a d i u s  r is defined by:
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where N(r) i s  t he n u m b er o f  i n t eg ra t i o n  p o i n t s  a n d  i ru n s  o v er a l l  t hree
C a rt es i a n  c o o rd i n a t es .

• T he core orbitals w ere lef t ou t o f  t he i n t eg ra t i o n ;  1s o f  C  a n d  N ,  a s  wel l  a s
1s ,  2 s ,  a n d  2 p o f  F e were i g n o red .  T hi s  a c t u a l l y  i m p ro v es  t he n u m eri c a l
a c c u ra c y .
• T he C C 2  el ec t ro n  d en s i t i es  were o b t a i n ed  f ro m  t he C C 2  n a t u ra l  o rb i t a l s  a n d
t hei r o c c u p a t i o n  n u m b ers .

• T o  d i s s ec t  t he c o n t ri b u t i o n s  f ro m  ex c ha n g e a n d  c o rrel a t i o n ,  ex c ha n g e-  a n d
c o rrel a t i o n - o n l y  f u n c t i o n a l s  were em p l o y ed .

• A l l  c a l c u l a t i o n s  were p erf o rm ed  u s i n g  t he TURBOMOLE p a c k a g e [ 7 ] ,  v ers i o n
5 . 6 .



Results

Spin densities, low-spin case

• The figure shows the spin density distribution for the cationic model
system ,  [ F e( R ) 2(NH3)2]+.  Blue  r e p r e s e n t s  e x c e s s  α - s p i n ,  a n d  r ed  e x c e s s  β - s p i n .
a ) L D A ,  b ) B L Y P ,  c ) C C 2 .

• A l l  m e t h o d s  g i v e  s i m i l a r  s p i n  d e n s i t y  d i s t r i b u t i o n s ,  a l t h o u g h  s o m e
d i f f e r e n c e s  b e t w e e n  D F T  a n d  C C 2  c a n  b e  n o t e d .



• The biggest difference is found for the spin density concentration around
iron:



• The CC2 method has a much lower Fe spin density. The system has high
multiconfiguration character ,  so D FT is prob ab ly more correct.
• W ithin the cov alent radius of  Fe,  1 .2 Å ,  CC2 has less than 0 .6  unpaired
electrons,  whereas D FT giv es 0 .8 5 .
• The gros s  s p in d ens ities  were howev er f ound to b e of  comparab le
magnitude:
S V W N : 1 .1 8  electrons
B L Y P : 1 .20
P B E : 1 .20
CC2: 1 .24
H F: 1 .5 0

• The spin density in the anionic mod el ,  [ Fe( R ) 2( CN ) 2]- ,  was v ery similar to
the cationic,  gross spin densities of  1 .23  ( B L Y P )  and 1 .28  ( CC2)  were
ob tained.



Spin densities, high-spin case
• For the high-spin model, Fe(R)2(N H 3), the spin density  f or b oth the ox idised
a nd the redu c ed f orms w ere stu died

a ) B L Y P  /  S = 2 b ) C C 2  /  S = 2
c ) B L Y P  /  S = 5 / 2 d) C C 2  /  S = 5 / 2

• V ery  simila r distrib u tions a re seen



• Small difference in the ferrous, S=2 case: C spin density of opposite sign,
different d-orb ital occupation.
• Gross spin densities v ery near the net spin density

ferrous: 4 . 0 6  ( B L Y P )  and 4 . 0 9  ( CC2)
ferric: 5 . 0 3  ( B L Y P )  and 5 . 0 6  ( CC2)

• N ow  D F T  and CC2
curv es almost ov erlap.
• L a rg e del oc a l isa tion of
th e spin density
• F or the ox idised
system w ith 5  unpaired
electrons, the iron
holds only 4 .   A
preference for a d-
orb ital occupation of 6 .



Change in electron density upon reduction

• The changes in total electron density upon reduction of the low- and high-
spin m odels were studied
• The degree of delocalisation was found to b e v ery  sim ilar at D F T  and C C 2
lev els.
• C C 2  actually delocalises the added electron m ore than B L Y P .

• W ith in a sp h ere of 2  Å ngströ m  around F e,  touching the ligating nitrogens,
all m ethods show less th an 0 . 2  electrons m ore for the reduced system
com pared with the ox idised.
• G enerally,  electron density upon reduction is added to regions where the
ox idised m odel has h igh er sp in density :



change in total electron density on
redu ction.
blue = more electrons in the
red u ced  f orm,
r ed  = more electrons in the
ox id ised  f orm

change in ab solu te sp in density on
redu ction
blue = more u np a ired  electrons
in the ox id ised  f orm.

Conclusion



• The wave function based CC2 method corroborates the DFT results. DFT
w o r k s .  [ 9 ] .
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