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ABSTRACT 

[FeII(bpy)3][FeII
2(ox)3] contains two different spin states of Fe atom in the same 

crystal according to Mossbauer spectra and magnetic measurement. It’s a good 

candidate of charge density study to see the difference in electronic distribution 

around Fe at high spin or low spin state. The experimental result has verified that 

[FeII(bpy)3]2+ is in LS state and [FeII
2(ox)3]2- is in HS state. This work is mainly the 

corresponding study using DFT theoretical calculations. The first part is focused 

on the study of the free ligand trans-bpy. The purpose is to understand the effects 

of various parameters on the charge density and the geometry. It turns out the 

percentage of hybrid exact HF exchange is more important than the correlation 

part. Finally, B3P86 XC functional(hybrid HF=20%) with 6-31G(d,p) basis set is 

used to conduct a single point calculation. The second part is on the charge density 

of [FeII(bpy)3]2+ cation. The calculation method is the same as that in free ligand, 

with the additional basis set of 6-311G(d,p) for Fe atom. The topological properties 

are compared with the experimental data in terms of deformation density and 

Laplacian map. It’s clear that around Fe, local chagre depletions are at the � 

directions and local charge accumulations are at the corner of a cube around Fe, i.e. 

at the � directions. The exact electronic density distribution around Fe is 

illustrated by its atomic graph. According to � and 2� and total energy density 

Hb at bond critical point, Fe N bond is a polarized colvalent bond which is 

stronger than that of Fe O bond. Fortunately, the consistence between the theory 

and the experiment is good. The Fe in cation [FeII(bpy)3]2+ is definitely at LS state. 

d-orbital populations derived from experiment and theory are also in great 

agreement. 
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Chapter 1  

    

?

P. Coppens1,2

X

 

    1895 (W. K. Rontgen) X X

X

X

(Structure factor) (Fourier transformation)

R. F. W Bader  [Atoms in Molecules, AIM]2 

3,4

(electronic configuration)  

    : 

Hartree-Fock5,6 Density Functional Theory

(Basis set)

 

    Fe
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Chapter 2  

2-1. X-ray  

10-1~102�

X-ray X-ray

: in-house X-ray �=0.71073� Mo K �  

Max von Laue 1912 Laue W.Friendrich

P.Knipping X-ray

Laue

Laue 1914  

1912 W.L.Bragg X-ray

Laue

X-ray Bragg

X-ray 1915

X-ray  

Bragg

d 	

2dsin	 (�)  

   2dsin�=n�,  n = integral                         (

2-1-1) 

(Bragg law) n
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(n=1) 2	

(h k l) (structure 

factor Fh Fhkl) (scattering factor)

: 

2[2 ( ] [ (sin / ) ]

1

j j j
N

i h r B
hkl j j

j
F k f e e� � ��

�

� �� �
                 ( 2-1-2) 

Kj occupancy fj hj (h k l)

(reciprocal lattice space) (hj=h a*+k b*+l c*) rj

j (rj=x1 a+y1 b+z1 c) Bj=8�2 ·Uj
2 (Uj is the mean-square 

displacement amplitude of atom j with a dimension of A2)  

     X-ray X-ray

I

(structure factor)

 

      1( ) exp( 2 )hklh k l
r F iH r

V
	 �� 


 � �                  ( 2-1-3) 

     1( ) exp( 2 ( ' ))hkl hklh k l
r F i H r

V
	 � �� 


 � ��              ( 2-1-4) 

'

 

1. (Direction Methods) : (Inequality theory)

(Probability theory)  (1). 

(2). Ih  

2. (Patterson Methods) Patterson

(Patterson Ih )  
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2-2.  

2-2-1. (Monopole Refinement)/Kappa (
Refinement) 

3x3

 

' ( ) ( )valence valencer r	 	 ��                               ( 2-2-1) 

'valence	 � 





(contracted)

(diffused) 

( ) ( ) ( )atom core valence valencer r P r	 	 	 �� 
                      ( 2-2-2) 

      3( ) ( ) ( / )atom core valence valencef r f r P f S� �� 
                     ( 2-2-3) 

Pvalence

2-2-2 2-2-3 (x, y, z, 

Uij) Pvalence(P00) 
  

      

2-2-2. (Multipole Refinement)  

     


1978 Hansen Coppens

(real spherical harmonic functions)  
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     ( ) ( ) ( ) ( )atom core valence valence deformationr r P r r	 	 	 � 	� 
 
         ( 2-2-4) 

    ( ) ( , ) ( )deformation lm lm l
l m

r P d R r	 � �� �� ��                 ( 2-2-5) 

     lmd � �valence

�valence �defor 
 
 
'

max
3

0
( ) ( ) ( ) ' ( ' ) ( , )

l l

atom c core valence valence l lm lm
l o m

r P r P r R r P d	 	 � 	 � � � � �� �
� �

� 
 
� �  

( 2-2-6) 


 
': refinable population/contraction parameters 

P: refinable population coefficients 

Rl : Slater-Type radial distribution function  

3
3 ( )( ) ' ( ' ) exp( ' )
( 2)!

ln
n l

l l
l

R r r r
n
�� � � �




� �



                     ( 2-2-7) 

lmd � : density-normalized real spherical harmonic angular function  

     ( , )lmd � ��

lmP � ( ' )lR r� Slater-type

l =0,1,2,3,4….. ……..

l m =- l…+ l (x

y z Uij) Pvalence(P00) 
 lmP �

 

 

2-2-3.   

     q

: 

core valenceq Z N Z P P� � � � �                              ( 2-2-8) 
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(charge transfer)

(charge separation)

 

     (Formal charge)

2-2-9

 

Formal charge= No. of Valence Charge – no. of bonded electrons -1/2 no. of 

bonded electrons                                           

( 2-2-9) 

 

2-3.   

2-3-1. HF-SCF (Hatree-Fock Self-Consistent-Field)   

(Schrödinger) 1960 (MO)

ab-initio 10 H2
+ MO

� (many-electron wave function)

(Schrödinger) � 2

N (antisymmetric wave function � 0 ) 

(Slater determinant): 

      � 0 � = �1 �2 �3….�a �b…�N �                 (

2-3-1) 
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ix (one electron spin orbital) (spatial orbital, i� )

(spin function, � or 
)

(spatial basis functions, { ( )r�� � =1,2,….K}) : 

( ) ( )
k

i ir C r� �
�

� ���                           ( 2-3-2) 

(variation principle)  

0 0E �� � H
�

0� �                           ( 2-3-3) 

H
�

(full electron Hamiltonian) { i� }

0E (eigenvalue equation)  

( ) ( ) ( )i if i x x� ���                             ( 2-3-4) 

( )f i : Fock operator an effective one-electron operator 

( )f i : 

2

1

1( ) ( )
2

M
HFA

i
A iA

Zf i v i
r�

� � � � 
�                           ( 2-3-5) 

i ( )HFv i

( )HFv i

(exchange energy) { i� }

(orthonormal)  

        a�� b ab� �� �                                      ( 2-3-6) 

{ }k� � 0 �

k� k� K { }k�

2K : K �-spin K 
-spin N { }a�

2K-N { }r� { }k� 0E  
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(Hartree-Fock limit)  

     ( )HFv i i

: 1{ }k i� � ( )HFv i { }k i�

Ei-1 Ei �Ei : 

     �Ei � �  

2-3-2. Ab initio Calculation by DFT (Density Functional Theory) 

DFT(Density Functional Theory) 1920 Thomas Fermi

:: 

     5/3 1 2
1 2

1 2

( ) ( )( ) 1[ ( )] ( )
2TF F

r rrE r C r dr Z dr drdr
r r r

	 			 	� � � � 
 � �
�

  ( 2-3-7) 

Coulomb

Coulomb [ ( )]TFE r	

( )r	  

     1964 Hohenberg Kohn (electronic 

properties) �(x, y, z)

E0 � E0= E0[�]

(functional) Et[�]

: 

       [ ] [ ] [ ] [ ] [ ]t Ne ee xcE T V V E	 	 	 	 	� 
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     [ ] ( ) ( )HFF r v r dr	 	� 
 �                           ( 2-3-8) 

       where [ ]HFF 	 [ ] [ ]eeT V	 	� 
    

       [ ] :xcE exchange correlation	 � energy  

     DFT [ ]xcE 	 [ ]xcE 	

exchange energy [ ]xE 	 correlation energy [ ]cE 	  

       [ ] [ ] [ ]xc x cE E E	 	 	� 
                               ( 2-3-9) 

     Hartree-Fock

Hartree-Fock

[ ] 0cE 	 � correlation energy  

     Correlation energy [ ]cE 	 1980 Vosko VWN 

potential Local Spin Density(LSD) correlation Local exchange 

energy [ ]xE 	   

      

1
33 34

,
3 3
2 4x LDAE d r	

�

��  � � �! "
# $

                           ( 2-3-10) 

LDA exchange functional11: �

[ ]xcE 	 � (

� ) LDA �

LDA

 

     exchange functional

Becke 1998 : 

     

4
3

3
, , 1(1 6 sinh )x Becke x LDAE E d r

X
	%

%

�

�� � �



                ( 2-3-11) 
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Where 
4
3X 	 	

�
� �  

     % : fit to known exchange energies of inert gas atoms defines as 0.0042 

Hartrees 

correlation functional LYP non-local

correlation functional  

     Hatree-Fock DFT Exchange-Correlation 

( [ ]xcE 	 ) : 

     
XC X XC
hybrid HF HF DFT DFTE c E c E� 
                         ( 2-3-12) 

B3LYP

Becke’s 12-14: 

  

3 0 3 3( ) ( )XC X X X X C C C
B LYP LDA HF LDA x Becke VWN c LYP VWNE E c E E c E E c E E� 
 � 
 & 
 
 �

                                                            ( 2-3-13) 

C0 HF LDA local exchange Becke LDA 

exchange Cx CC VWN3 

correlation functional LYP correlation G1 molecular set

C0=0.20 CX=0.72 CC=0.81  

 

2-3-3.  

 

i� Slater type orbital (STO)

:
 

( ) ( )
k

i ir C r� �
�

� ���                  (

2-3-14) 
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� (r, 	, �)= N 1nr � 0/ ( , )
l

r a
lme Y� � �� (basis function) iC�

STO ( Normalization constant)N 0/1 r anr e ���

(spherical harmonics) ( , )
llm

Y � � r

n (principal Quantum Number) �

(Effective Nuclear Charge) (Orbital Exponent) 0a

( 0a =0.52918�) l lm (Angular 

momentum Quantum Number) (Magnetic Quantum Number) 

1950

Boys (Gaussian type orbital-GTO)

STO (Cartesian Coordinate) : 

( , , )x y z� �N
2
bri j k

b b bx y z e ��                                                     

N bx by bz x y z

� i j k

i j k
 
 =0 s (s-type Gaussian) i j k
 
 =1,2,3… p

d f s-type p-type d-type f-type 

Gaussians d-type f-type

d-type f-type  

STO (cusp) GTO

(Gaussian type 

function) �

(contracted Gaussian) g ( primitive Gaussian) GTO

(contracted Gaussian)

( basis functions)  ( primitive Gaussian)  

STO- 3G ( primitive Gaussian)
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(basis set)  minimum basis set  

1998 Pople (basis set)

k nlmG� k k ( primitive Gaussian)

(inner shell orbital) (valence orbital) (nl )

(nlm ) (basis set) n l m

( primitive Gaussian) (split valence 

type basis set)15  

 

2-4.   

2-4-1. (Atoms in Molecules Theory) 2 

     

(total charge density, �(r))

 

     R. F. W. Bader

(Atoms in Molecules) Bader

(quantum atom)  : (boundary)

(open system) (subsystem)

(momentum)

 



23

     —

(gradient vector field �(r)) — (atom 

domain/atomic basin)

—laplacian ( 2�(r))—

(locally concentrated) (locally depleted)

(core shells)

(bonding pair) (lone pair) Gillespie 1957

VSEPR (valence shell electron pair repulsion model)2  : (a)

(Lewis ) (b) 

VSEPR laplacian

Bader laplacian VSEPR

(physical basis)16  

     

 : 

1. (population)  

2. 

3. VSEPR  

 

2-4-2.   

     ( )cr	

(gradient vector)
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     ( ) 0cr	� �  

/ / /i x j y k z	 	 	 	� � ' ' 
 ' ' 
 ' '                        ( 2-4-1) 

     

Hessian  H(r) (3X3) 

2 / i jx x	' ' '

(principal axes of curvature) : 

2 2 2 2
1

2 2 2 2
2

2 2 2 2
3

/ / / 0 0
/ / / 0 0
/ / / 0 0

ij

x x y x z
H y x y y z

z x z y z

�
�

�

�
( )' ' ' ' ' ' ' ' ( )
* + * +� ' ' ' ' ' ' ' ' �* + * +
* + * +' ' ' ' ' ' ' ' , -, -

                 ( 2-4-2) 

     (operator) (operating) (trace)

2	�  

     (�,�) � (rank)

� (signature) 3X3

�=3 (�,�)

: 

(3,-3) :  

(3,-1) (BCP): 

 

(3,+1) (RCP): 

 

(3,+3) (CCP):  

2-4-3. (atomic basin & bond path) 
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BCP(3,-1)

bond pat CP(3,-3) (point attractor)

basin

(state function) (cusp)

(3,-3)  

     

BCP (zero-flux surfaces) :

(interatomic surface, SAB)

(bond path, BP)

(atomic surface, SA)

(boundary) -

: basin

(population) (charge)  
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Chapter 3 bpy  

3.1 DFT  

3.1.1  
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3.1.2 exchange correlation functional  

    DFT exact Hohenberg-Kohn

XC functional

DFT XC functional

SVWN SVWN5 LDA(local density approximation)17,18

GGA generalized gradient approximation

BP86 BLYP HF exchange hydrid functional19,20

B3P86 B3LYP XC functional HF exchange

GGA correlation functional HF exchange 0% BLYP

50% B2LYP20 GGA correlation 100% BLYP 54%

PBELYP1W21 BP8612,22,23 B2P86 BP86
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BP861W 50%P86+50%VWN ( XC 

functional 3-1 )  

 3- 1 XC functional exchange correlation / HF:exact 

Hartree-Fock exchange, S: Slater, B: Becke 88, GGA: generalized gradient 

approximation 

 

 

3.1.2.1  

Bpy 24

30 40kJ/mol25 Cambridge Structural 

Database(CSD) bpy 123K X-Ray 26

R=3% initial guess

C2h XC 

functional B2P86 BP86 BP861W
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single point = 1

2 0.1eÅ-3(

0.1eÅ-3) 

 3- 1 bpy / ,  , =

(BP86) (BP861W), 0.1eÅ-3( ) 0.01eÅ-3( ) 

 3-1 correlation functional 0.05eÅ-3
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0.1eÅ-3

 

 

 3- 2 bpy / = (BP86) (Becke), 3-1 

    3-2 correlation functional

Becke B88 exchange functional DFT

exchange functional three-electron correlation

correlation functional 27-29 exchange 
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functional exchange correlation

exchange correlation functional

 

 

 

 3- 3
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XC 

functiona

3.1.2.2  

functiona

 3- 4 
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 3- 2 functiona

 3- 3 functiona

XC functiona



34

 3- 4 functiona

 

 3- 5 functiona

 



35

 3- 6 functiona

3.1.3 V.S.  

 3- 7 bpy / a:  b: ,

 

 

    DFT

3-7 B3P86
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XC functiona

 3- 5  

    

B3P86

2.4 kJ/mol
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 3- 6



38

 3- 7



39

 3
- 8

X
C

 fu
nc

tio
na



40

 3
- 9



41

 3
- 1

0



42

 3
- 1

1 

 

 

fu
nc

tio
na
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44

3.2  

 3- 8 



45

 3- 9 
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Chapter 4 [FeII(bpy)3]2+  

4.1  

    

 

4.1.1

  4- 1 [FeII(bpy)3][FeII
2(ox)3] 100K 33 



47

    refinement [FeII(bpy)3][FeII
2(ox)3]

cubic, P4332 X

1 100K

 

4.1.2  

 

 4- 1 33
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 4- 2  

4.2 DFT  

4.2.1  
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 4- 3 / a:  b: ,

 

    

4.2.2  

 

    (spin contamination <S2> S(S+1)

DFT Kohn-Sham determinant

multiconfiguration spin multiplicity

closed-shell ” ” determinant

<S2> S(S+1) 0.15
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37 0.03 S=2

 

 4- 4  

4.2.3

    EHL

(ground state) EHL 20kJ/mol

EHL 0 4-3 EHL

22.8-(-24.9)= 47.7 kJ/mol

picosecond relaxation

EHL 40~70 kJ/mol38 EHL

HF EHL

34,39,40 20%HF B3P86  
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 4- 5 / a: 33 b:  

 

N-Fe-N(NN bpy Fe

N N-Fe-

    Fe

4.3  

4.3.1  

    Fe
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N-Fe-N NN bpy Fe N

 

 

 4- 2 [FeII(bpy)3]2+ / N-Fe-N , 3-6, ( )

33 ( )  

 

 4- 3 

33
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N-Fe-N

 4- 4 33[FeII
2(ox)3]2- / ( )  ( ) , 

[FeII(bpy)3]2+ 

[FeII
2(ox)3]2-  
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4.3.2 Laplacian 

 

 4- 5 [FeII(bpy)3]2+ Laplacian/ N-Fe-N , 3-7, ( ) 33 ( )

 

 

 4- 6 33
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 4- 7 33

4.3.3  

 

 4- 8 

33
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4.3.4  

 4- 6 [FeII(bpy)3][FeII
2(ox)3] Fe AIM / a: 33 b:  

AIM

0 atomic basin

Fe1 Fe2 Fe1

Fe Å  

Å atomic basin  
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 4- 9 [FeII(bpy)3]2+ Fe atomic basin/ =7.91Å3( ) 33, 8.69Å3( ) 

 

 4- 10 [FeII
2(ox)3]2- Fe atomic basin/ =11.24Å3( ) 33 

4.3.5  
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 4
- 7

 
Fe

-N
 

a:
 

 b
: 

 

Fe
1’

Fe
’
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 4
- 8

 
Fe

-O
 

 
[F

e 3
O

(C
H

2C
lC

O
O

) 6
(H

2O
) 3

]
3H

2O
44

C
H

2C
lC

O
O
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 4- 11  trans-[Fe(abpt)2(NCS)2] polymorph D  

 

 4- 12  [Fe3O(CH2ClCOO)6(H2O)3] 3H2O44 
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44

II II

II

4.3.6 d  
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 4
- 9

d
(

)

 4
- 1

0 
[F

eII
(b

py
) 3

][
Fe

II
2(

ox
) 3

]
d

/ a
: 

33
 b

: 
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d

d

d

 

[FeII(bpy)3][FeII
2(ox)3]

[FeII(bpy)3][FeII
2(ox)3]
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[FeII(bpy)3]2+

[FeII
2(ox)3]2- (

) [FeII(bpy)3]2+

d

d

[FeII(bpy)3][FeII
2(ox)3]

 4- 13 [FeII(bpy)3]2+ / ( )D3
 ( ) Oh
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Chapter 5  

    bpy( )

DFT

6-31G(d,p)

exact HF exchange

correlation DFT exchange

B3P86 XC functional(HF=20%)

bpy C H C C N C

B3P86/Fe:

6-311G(d,p), N C H: 6-31G(d,p)

d
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Fe

d
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