
The	
  Configura-on	
  Interac-on	
  method	
  
	
  Principle	
  and	
  prac-cal	
  examples	
  



The	
  HF	
  wavefunc-on	
  

HF	
  approxima-on	
  
one	
  single	
  Slater	
  determinant	
  is	
  used,	
  corresponding	
  to	
  the	
  occupa4on	
  
of	
  the	
  lowest-­‐energy	
  MOs:	
  	
  	
  

! 
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H2	
  molecule	
  in	
  the	
  LCAO	
  approxima-on	
  
! 

" i (i) = # i (xi,yi,zi) $ % i (&)

The	
  one-­‐electron	
  func4ons	
  φi	
  
are	
  the	
  spin-­‐MOs:	
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The	
  CI	
  wavefunc-on	
  

Linear	
  combina4on	
  of	
  Slater	
  determinants:	
  various	
  occupa4ons	
  of	
  the	
  MOs	
  are	
  allowed	
  	
  	
  

! 

"IC = Ck
k
# $k

Electron	
  configura-ons	
  for	
  the	
  H2	
  molecule	
  in	
  the	
  LCAO	
  approxima-on	
  

σg	
  

σu	
  

Φ1	
   Φ2	
   Φ3	
   Φ4	
  

HF	
   Single	
  excita4ons	
   Double	
  excita4on	
  

ΨIC	
  =	
  C1Φ1	
  +	
  C2Φ2	
  +	
  C3Φ3	
  +	
  C4Φ4	
  
	
  
Combining	
  4	
  Slater	
  determinants	
   	
  à	
  4	
  CI	
  electronic	
  states	
  	
  

	
   	
   	
   	
   	
   	
   	
  (ground	
  state	
  +	
  3	
  excited	
  states)	
  	
  



Calcula-on	
  of	
  the	
  CI	
  expansion	
  coefficients	
  Ck	
  

! 

"IC = Ck#k
k=1

M

$

CI	
  coefficients	
  obtained	
  from	
  the	
  diagonalisa4on	
  of	
  the	
  CI	
  matrix	
  
M	
  Slater	
  determinants	
  à	
  CI	
  matrix	
  H	
  of	
  dimension	
  (M×M)	
  

! 

H =

"1
ˆ H "1 "2

ˆ H "1 ... "M
ˆ H "1

"1
ˆ H "2 ... ... ...
... ... ... ...

"1
ˆ H "M ... ... "M

ˆ H "M

# 

$ 

% 
% 
% 
% 

& 

' 

( 
( 
( 
( 

Diagonal	
  terms	
  =	
  energies	
  of	
  each	
  electron	
  configura4on	
  	
  
Off-­‐diagonal	
  terms	
  =	
  couplings	
  between	
  the	
  various	
  configura4ons	
  



Slater	
  rules	
  

Only	
  3	
  types	
  of	
  non	
  zero	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  terms	
  in	
  the	
  CI	
  matrix	
  

Brillouin’s	
  theorem:	
  no	
  coupling	
  between	
  the	
  HF	
  and	
  the	
  
single	
  excited	
  configura4ons	
  

! 

"i
ˆ H " j

1)	
  Φi	
  and	
  Φj	
  are	
  iden4cal	
  (diagonal	
  terms)	
  	
  

2)	
  Φi	
  and	
  Φj	
  differ	
  by	
  1	
  spin-­‐MO:	
  Φi	
  =	
  |…m…>	
  ;	
  Φj	
  =	
  |…p…>	
  
	
  

3)	
  Φi	
  and	
  Φj	
  differ	
  by	
  2	
  spin-­‐MOs:	
  Φi	
  =	
  |…mn…>	
  ;	
  Φj	
  =	
  |…pq…>	
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General	
  form	
  of	
  the	
  CI	
  matrix	
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CI	
  matrix	
  for	
  the	
  H2	
  molecule	
  

4	
  Slater	
  determinants	
  à	
  CI	
  matrix	
  of	
  dimension	
  (4×4)	
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CI/AM1	
  calcula-on	
  

 C.I. MATRIX (eV)!
                     1          2          3          4!
 ------------------------------------------------------!
          1 -41.755076 !
          2   0.000000 -32.867376 !
          3   0.000000  -0.924620 -32.867376 !
          4   0.924620   0.000000   0.000000 -23.979294 !

 C.I. MATRIX (eV) – energies relative to the HF configuration!
                     1          2          3          4!
 ------------------------------------------------------!
          1   0.000000!
          2   0.000000   8.888081!
          3   0.000000  -0.924620   8.888081!
          4   0.924620   0.000000   0.000000  17.776162!



Dissocia-on	
  of	
  the	
  H2	
  molecule	
  

Ψ HF	
  =	
  Φ1	
  
Ψ HF	
  =	
  50%(H+/–H)	
  +50%(H�/�H)	
  

Ψ CI	
  =	
  C×(Φ1)	
  +	
  √(1-­‐C2)×(Φ4)	
  	
  
C	
  =	
  f(R)	
  

HF	
  

CI	
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RàReq	
  Cà1	
  	
  ΨCI	
  ≈	
  Φ1	
  
50%(H+/–H)	
  +50%(H�/�H)	
  
	
  
Rà∞	
  Cà1/√2	
  	
  ΨCI	
  =	
  1/√2×Φ1+1/√2×Φ4	
  	
  
100%(H�/�H)	
  



Correla-on	
  energy	
  

Correla4on	
  energy	
  =	
  E(CI)	
  –	
  E(HF)	
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Prac-cal	
  limita-on	
  of	
  CI:	
  Large	
  systems	
  

N	
  electrons	
  in	
  K	
  MOs	
  
Number	
  of	
  Slater	
  determinants:	
  combinatorial	
  explosion	
  

! 

M = CN
2K =

2K!
N! 2K " N( )!

! 

"IC = Ck#k
k=1

M

$

Example	
  of	
  benzene:	
  
N	
  =	
  30	
  electrons	
  in	
  K	
  =	
  30	
  valence	
  MOs	
  à	
  M	
  =	
  1.18	
  ×10+17	
  
	
  

	
  
Full	
  CI	
  impossible	
  in	
  most	
  cases	
  

CI	
  expansion	
  over	
  M	
  Slater	
  determinants	
  



Truncated	
  CI	
  calcula-on	
  

Ac-ve	
  MO	
  space	
  

Always	
  unoccupied	
  

Always	
  occupied	
  

Selec-on	
  of	
  a	
  small	
  number	
  
of	
  «	
  ac-ve	
  »	
  MOs	
  

Selec-on	
  of	
  a	
  few	
  types	
  
of	
  electron	
  excita-ons	
  
	
  
Only	
  Singles	
  (SCI)	
  
Singles	
  +	
  Doubles	
  (SDCI)	
  
	
  
If	
  all	
  possible	
  types	
  of	
  excita4on	
  within	
  
the	
  ac4ve	
  space	
  are	
  included:	
  
à	
  Complete	
  Ac4ve	
  Space	
  (CAS)	
  
calcula4on	
  
	
  
	
  
Note:	
  
SCI:	
  does	
  not	
  change	
  the	
  total	
  energy	
  of	
  
the	
  ground	
  state	
  compared	
  to	
  HF	
  
(Brillouin’s	
  theorem).	
  Frequently	
  used	
  
for	
  simula4ng	
  absorp4on	
  spectra.	
  



Ac-ve	
  space	
  defini-on	
  

The	
  ac4ve	
  space	
  should:	
  
-­‐	
  be	
  «	
  sufficiently	
  large	
  »	
  (tests	
  vs.	
  size)	
  	
  
-­‐	
  respect	
  the	
  symmetry	
  of	
  the	
  molecule	
  (MOs	
  degeneracies)	
  
-­‐	
  (for	
  photo-­‐chemistry)	
  include	
  all	
  the	
  MOs	
  of	
  interest	
  along	
  all	
  the	
  reac,on	
  path	
  

Example	
  of	
  benzene	
  

CI(13,17):	
  not	
  correct	
  
CI(12,17)	
  or	
  CI(14,17)	
  are	
  correct	
  



FINAL HEAT OF FORMATION =      16.471116 kcal!
! ! ! !    =      68.931621 kJ!

ELECTRONIC ENERGY       =    -737.526966 eV!
CORE-CORE REPULSION     =     427.165969 eV!
TOTAL ENERGY            =    -310.360997 eV!
GRADIENT NORM           =       0.004842!
RMS GRADIENT NORM       =       0.001398!
IONIZATION POTENTIAL    =      10.551419 eV!
HOMO-LUMO GAP           =      11.989210 eV!

Ethylene	
  molecule	
  
SCF/AM1	
  calcula-on	
  

1.326	
  Å	
  

1.098	
  Å	
  



Ethylene	
  molecule	
  
CI(6,7)/AM1	
  calcula-on	
  (frozen	
  geometry)	
  

Number	
  max.	
  of	
  Slater	
  
determinants	
  used	
  to	
  	
  
build	
  the	
  CI	
  matrix	
  	
  

Ac4ve	
  space	
  defini4on	
  

Number	
  of	
  states	
  to	
  be	
  printed	
  in	
  
the	
  .out	
  file	
  

Reference	
  state	
  (the	
  
state	
  under	
  study)	
  

Print	
  op4ons	
  	
  

Start	
  from	
  the	
  geometry	
  op4mized	
  at	
  the	
  SCF/AM1	
  level	
  
Job	
  type	
  =	
  energy	
  



Ethylene	
  molecule	
  
CI(6,7)/AM1	
  calcula-on	
  (frozen	
  geometry)	
  

 CONFIGURATIONS CONSIDERED IN C.I.!
 M.O. NUMBER :  6  7!
!
             1  1  0!
    0.00000 eV  1  0!
!
             2  1  0!
    4.52813 eV  0  1!
!
             3  0  1!
    4.52813 eV  1  0!
!
             4  0  1!
    9.05625 eV  0  1!

6	
  
7	
  

6	
  
7	
  

6	
  
7	
  

6	
  
7	
  

RHF	
  state	
  Φ1	
  

Single	
  excita4ons	
  
Φ2	
  and	
  Φ3	
  

Double	
  excita4on	
  Φ4	
  

 C.I. MATRIX (eV)!
                     1          2          3          4!
 ------------------------------------------------------!
          1   0.000000!
          2   0.000000   4.528126!
          3   0.000000  -1.809479   4.528126!
          4   1.809479   0.000000   0.000000   9.056251!



Ethylene	
  molecule	
  
CI(6,7)/AM1	
  calcula-on	
  (frozen	
  geometry)	
  

 C.I. MATRIX (eV)!
                     1          2          3          4!
 ------------------------------------------------------!
          1   0.000000!
          2   0.000000   4.528126!
          3   0.000000  -1.809479   4.528126!
          4   1.809479   0.000000   0.000000   9.056251!

 MO: 00  1:SINGLET  2:TRIPLET  3:SINGLET  4:SINGLET!
   : 67 eV: 0.0000     3.0668     6.6858     9.7526!
   1 20        96%         0%         0%         4%!
         ( 0.9820)  ( 0.0000)  ( 0.0000)  ( 0.1889)!
   2 +-         0%        50%        50%         0%!
         ( 0.0000)  ( 0.7071)  ( 0.7071)  ( 0.0000)!
   3 -+         0%        50%        50%         0%!
         ( 0.0000)  ( 0.7071)  (-0.7071)  ( 0.0000)!
   4 02         4%         0%         0%        96%!
         (-0.1889)  ( 0.0000)  ( 0.0000)  ( 0.9820)!

diagonalisa)on	
  

Ψ1	
  =	
  0.9820Φ1	
  –	
  0.1889Φ4	
  

CI	
  ground	
  state:	
  

First	
  excited	
  state	
  (triplet):	
  

Ψ1	
  =	
  0.707Φ2	
  +	
  0.707Φ3	
  

Second	
  excited	
  (singlet):	
  

Ψ1	
  =	
  0.707Φ2	
  –	
  0.707Φ3	
  



Ethylene	
  molecule	
  
CI(6,7)/AM1	
  calcula-on	
  (frozen	
  geometry)	
  

 TRANSITION DIPOLE (A.U.) AND OSC. STRENGTHS FROM STATE  1 (SINGLET) TO OTHERS!
 STATE  eV       nm       X       Y       Z    STRENGTH!
   2   3.067    404.3                                 FORBIDDEN TO TRIPLET!
   3   6.686    185.4 -1.4051  0.0000  0.0000  0.3234!
   4   9.753    127.1  0.0000  0.0000  0.0000  0.0000!

Absorp-on	
  spectrum	
  
λmax	
  =	
  185.4	
  nm	
  

  

! 

! 
µ 0e = " e #0

! 
r #e

  

! 

f0e =
2
3
"E ! µ 0e

2

This	
  is	
  not	
  an	
  energy	
  !	
  

Transi4on	
  dipole:	
  

Oscillator	
  strength:	
  

Unit	
  =	
  C.m	
  
1	
  a.u.	
  of	
  µ	
   	
  =	
  8.478358	
  	
  10-­‐30	
  C.m	
  	
  

	
   	
  =	
  2.5415	
  D	
  	
  

Dimensionless	
  
Propor4onal	
  to	
  the	
  absorp4on	
  intensity	
  

Exc4nc4on	
  coefficient	
  ε	



Ar4ficial	
  Gaussian	
  
broadening	
  

! 

f0e " #d$% ;	
  	
  with	
  ε in	
  mol–1.cm–1.L	
  and	
  ν	
  in	
  cm–1,	
  	



! 

f0e " 4.3 #10
$9 %d&'



Ethylene	
  molecule	
  in	
  its	
  ground	
  state	
  
HF/AM1	
  calcula-on	
  

CI(6,7)/AM1	
  calcula-on	
  

1.341	
  Å	
  

1.097	
  Å	
   Change	
  in	
  the	
  geometry:	
  	
  
dC=C	
  increases	
  by	
  0.015	
  Å	
  due	
  to	
  the	
  
contribu4on	
  of	
  the	
  double	
  excita4on	
  	
  
in	
  the	
  ground	
  state	
  WF	
  

1.326	
  Å	
  

1.098	
  Å	
  



	
  
Descrip-on	
  of	
  the	
  op-cal	
  proper-es	
  
of	
  push–pull	
  chromophores	
  using	
  

essen-al-­‐state	
  models	
  	
  
	
  



π	

 A	
  DDipolar	
  molecule	
  

D	
   A	
   EN = 0

2-­‐state	
  model	
  

N =

D+	
   A–	
  Z = EZ = 2!

N Ĥ Z = ! 2t

Hamiltonian	
  matrix	
  

H =
0 ! 2t

! 2t 2"

#

$

%
%

&

'

(
(

g = 1!"( ) N + " Z

e = " N ! 1!"( ) Z

D+ρ	

 A–ρ	



ρ	
  =	
  amount	
  of	
  charge	
  transfer	
  
in	
  the	
  ground	
  state	
  (electron	
  conjuga,on)	
  

2	
  parameters:	
  t	
  and	
  η	


depend	
  on	
  the	
  strength	
  of	
  the	
  D/A	
  groups	
  
and	
  on	
  the	
  nature	
  of	
  the	
  conjugated	
  bridge	
  

0 !" !1( )

N Z = !NZ
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Diagonaliza-on	
  of	
  the	
  H	
  matrix	
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Dipolar	
  molecule	
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t2 "2 +1# 1+ 2 t2 "2
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Coupling	
  diagrams	
  

π	

 A	
  D



2.00

3.00

4.00

5.00

6.00

7.00

8.00

0 0.1 0.2 0.3 0.4 0.5

Dipolar	
  molecule	
  

Transi-on	
  energy	
  

!Ege = "e #"g = 2 $2 + 2t2

!Ege = 2t 1
1#%( )%

Tr
an
si4

on
	
  e
ne

rg
y	
  
(e
V)
	
  

ρ	



ΔEge	
  min	
  for	
  ρ	
  =	
  0.5	
  

D+0.5	

 A–0.5	



t	
  =	
  1.0	
  eV	
  

The	
  electron	
  conjuga)on	
  in	
  the	
  ground	
  state	
  lowers	
  the	
  transi)on	
  energy	
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D	
   A	
  N =

D+	
   A–	
  Z =

Transi-on	
  dipole	
  

µN = N µ̂ N = 0

µZ = Z µ̂ Z =µ0

µge = g µ̂ e

µge = 1!"( ) N + " Z µ̂ " N ! 1!"( ) Z

µge =µ0 1!"( )"

We	
  assume	
  that	
  	
   N µ̂ Z = Z µ̂ N = 0
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