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H. M. Abduljalil                                                  Amera Abo-Alsoud
R. M. Obead                                                         H. I. Aboud
Physics Department – College of Science – Babylon University

Abstract 

The electronic distribution and energy levels of ReOCl4 are studied theoretically using ab-initio and CNDO semi empirical methods.

The geometrical optimization of the compound was obtained depending on the Hartree-Fock equations for the unrestricted systems by using STO-3G basis sets. 

The molecular orbital calculations and energy level diagram appears that unpaired electron is in the antibonding molecular orbital compounded out of 5dxy orbital of rhenium and chlorine 3px and 3py orbitals. The carried out calculations show a spread between the unpaired electron population of the ligand atomic orbitals and the metal orbitals of this metal complex. This separation in electronic population makes this compound useful as a catalyst in chemical reactions, such as in polymerization process.
Both considered methods produced identical electronic distributions However, the CNDO semi empirical calculation is the most convenient approach to compute the electronic distribution of the studied compound due to its simplicity in comparison to the ab-initio approach. Hence, the CNDO theoretical approach used in this study is the most convenient method for these types of complexes, and the results obtained from this method are in agreement with experimental results in ref. (Al- Mowali and Andrew, 1973 ) . 

الخلاصة 

       تم في هذا البحث دراسة التوزيع الالكتروني وإيجاد مستويات الطاقة للمركبReOCl4 كأحد المعقدات المعدنية دراسة نظرية وذلك باستخدام الطرائق  التامة ab-initio  وطريقة الإهمال التام للتداخل التفاضلي CNDO  شبه التجريبية .

     وقد تم الحصول على أفضل أمثلية هندسية للمركب قيد الدراسة بالاعتماد على معادلات هارتري-فوك للأنظمة غير المقيدة وذلك باستعمال دوال من نوع STO-3G  كدوال أساسية لوصف المدارات الذرية للمركب.

    من خلال النتائج نجد أن حسابات المدار الجزيئي ومخطط مستويات الطاقة تبين أن الإلكترون المنفرد يأخذ موضعه في المدار الجزيئي غير المترابط والناتج من المدارات (مدار 5dxy للفلز ومدارات أيون الكلور 3px و3py ).كما تظهر نتائج الحسابات أن هناك فاصلة بين تعدادية الإلكترون المنفرد لمدارات أيون الكلور ومدارات الفلز لهذا المعقد المعدني, وهذه الفاصلة تجعل من هذا النوع من المعقدات تلعب دورا" أساسيا" في تسريع التفاعلات الكيميائية حيث يمكن استخدامها في عملية البلمرة.

   كما تبين من خلال الحسابات أن طريقة الإهمال التام للتداخل التفاضلي هي طريقة مناسبة لحساب التوزيع الالكتروني لهذه المعقدات المعدنية كونها طريقة أسرع في إجراء الحساب مقارنة بالطرائق التامة والطرائق العددية. كما ان نتائج هذه الطريقة تتفق تماما" مع النتائج العملية للمركب قيد الدراسة (Al- Mowali and Andrew, 1973 ).
Introduction
Theoretical computations in physics and chemistry using various methods dependant on ab-initio and semi empirical methods are widely used. These methods are very important to the studies of matter and its physical properties. The advancement in computer systems enabled the improvements in the increased accuracy and speed of evaluating theoretical results. 

Many searchers used ab-initio and semi empirical methods. For example, (Laref, 2000) studied the band structure of Germanium crystal using semi empirical methods. (Benzair and Aourag, 2003) studied the electronic properties and total energy of zinc-blende compounds using density functional ab-initio methods. (Jingzhi, 2004) studied the electronic structure of crystals using the combining ab-initio Hartree-Fock wave functions with molecular mechanics. (Aboud, 2004) studied the electronic structure of some metal complexes include Di-cyclopenta vanadium Di-chloride using ab-initio and semi empirical methods. Moreover, (Aboud, 2006) studied the electronic distribution of Dichlorodioxomanganese (nO2Cl2)using ab-initio and semi empirical methods where a linear combination of atomic orbitals were employed.

In this work, the distribution and energy levels of Rhenium Tetrachloride Oxide (ReOCl4) molecule are studied using ab-initio and semi empirical methods. The main aim is to classify this compound theoretically according to group theory using the linear combination of atomic orbitals (LACO) since the compound belongs to the Zigler-Nata model (Aboud, 2004).
Methods 

I. Hartree-Fock Theory

In Hartree-Fock HF theory, the wave function is represented by a single N-dimensional Slater determinant 
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 made up of N orthonormal spin orbitals 
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, where x represents both the position r and the spin w of an electron. Each spin orbital can be have both a spin up α and a spin down β part; 
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 respectively (Car and Parrinello, 1985; Kawai and Weare, 1990). Hence, the spin orbitals can be written as:
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In restricted Hartree-Fock (RHF) and unrestricted Hartree-Fock (UHF) methods, each spin orbital is either pure α or pure β. In UHF theory, the two sets of molecular orbitals are defined by two sets of coefficients 
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For a given nuclear configuration RI that includes a system of M nuclei and a given set of orthonormal spin orbitals, the electronic energy 
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where 
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The Born-Oppenheimer (Field, 1991; Hartke and Carter, 1992) approximation separates the electron and nuclear motions because the nuclear mass is so much larger than that of the electrons, and the nuclei move on a potential energy surface given by:




[image: image12.wmf](

)

(

)

å

<

b

m

a

m

b

m

a

m

-

+

=

M

I

J

,

I

J

I

J

I

I

i

i

elec

I

i

i

R

R

Z

Z

}

R

{

,

}

C

,

C

{

E

E

}

R

{

,

}

C

,

C

{

E

            (4)

Where ZI , ZJ are the atomic numbers for I atoms I and J, respectively.
II. Ab-Initio Methods 



In ab-initio, the calculations of electronic structure are based on the HF wave functions. The approximate ab-initio treatments are based on the variation principle which requires an evaluation of (Szabo and Ostlund, 1982)
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where h(i) represents the single ith electron term which includes the kinetic energy of the electron as well as its energy associated with its interaction with the nucleus. The two-electron term rij denotes the distance between electrons i and j.



An application of the variation principle implies that all integrals for ψ should factorize into low dimensional cases. This condition is achieved by building ψ from the one-electron functions 
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 that are called molecular orbitals (MO), and this leads to the general properties:
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III. Semiempirical Methods 



Semi empirical methods are based on the molecular orbital theory. These methods ignore some integrals in order to speed up the calculations. Compared with ab-initio methods, semi empirical calculations are much faster, typically by several orders of magnitude (Weber and Thiel, 2000). For instance, in zero-differential overlap (ZDO) semi empirical approximation, all repulsion or exchange integrals between any two different atomic orbitals are neglected (Kollmar, 1997).



Ab-initio self-consistent field (SCF) methods solve the Roothaan-Hall eigenvalue problem:


F C = S C E 
(10)

where F, C and S denoted the Fock, eigenvector and overlap matrix, respectively, and E is the diagonal matrix of orbital energies. Orthogonalization of the basis leads to a standard eigenvalue problem:
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where λ denotes a quantity expressed in an orthogonalized basis.


The semi empirical methods solve a secular equation,
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where NDDO is a neglect of diatomic differential overlap approximation. This method is in the same technique the CNDO method. 

The semi empirical Fock matrix implicitly refers to an orthogonal basis:
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The NDDO Fock matrix elements Fμυ are given as (Weber and Thiel, 2000).:
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where the subscripts A, B refers to an atom A or B with index μ, υ, λ, σ, and Hμυ , ρλσ  are elements of the one electron core Hamiltonian and density matrix, respectively. They can be written as:
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Then the two-electron integral can be expressed as:
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The elimination of all three-center and four-center two electron integrals in NDDO approximation is consistent with this interpretation because these integrals are vanishingly small (Kolb and Thiel, 1993). 


These basic ideas have been implemented in two steps. First, the exchange repulsions have been introduced as valence-shell orthogonalization corrections only in the one-center part of the core Hamiltonian. In the second step, they have also been incorporated in the resonance integrals (Kolb and Thiel, 1993; Weber, 1996).

Results and Discussion 
Before starting the calculation, it is necessary to select a geometry that enables the optimization of the compound studied in order to minimize its energy. In this geometry, the forces on the atoms can be calculated by evaluating the gradient of the energy with respect to atomic coordinates analytically. 

In quantum mechanics computer programs, such as, Gaussian (Weber, 2000), the form of geometry input called z-matrix. This matrix specifies the positions of an atom (n) by three geometric parameters:

1) The bond length r between two atoms r(i, j).

2) The bond angle θ at atom j between lines j – i and j – k, θ(i, j, k,).

3) The dihedral angle Φ between the two planes defined by i – j – k and j – k - 
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 meeting at the line j – k, Φ(i, j, k, 
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).

The structure of the compound was optimized at the unrestricted Hartee-Fock level of theory using the slater-type orbitals (STO-3G) basis set. The geometry optimization of the compound studied is shown in Figure (1).


[image: image28]
Figure (1): Geometry optimization of ReOCl4
Table (1): Geometry parameters of ReOCl4 

	Bond
	Bond length (Ao)
	Bond angle (degree)

	Re-O
	1.63
	------

	Re-Cl
	2.26
	------

	O-Re-Cl
	------
	105


Using the coordinate system shown in Figure (2), one can describe the molecular orbitals of the studied compound in terms of basis orbitals derived from: 

(i) The 5d, 6s and 6p orbitals of the rhenium ion.

(ii) The chloride ion 3s and 3p orbitals.

(iii) The oxide ion 2s and 2p orbitals. 


[image: image29]
 Figure (2): Coordinates system diagram of the ReOCl4 compound.

According to the C4v group symmetry classes, these basis orbitals can be grouped as shown in Table (2).

Table (2): Basis orbitals for the molecular orbitals of ReOCl4 

	Class 
	A1 
	A2 

	Rhenium ion orbitals 
	6s, 6pz, 5dz2 
	-

	Chloride ion Orbitals 
	3s(A1)=
[image: image30.wmf]2
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 (3s1+3s2+3s3+3s4)

3p(A1)=
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3p6(A1)=
[image: image32.wmf])

p

3

p

3

p

3

p

3

(

4

3

2

1

x

y

x

y

2

1

-

+

+

-


	3p(A2)=
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	Oxide ion orbitals 
	2s , 2pz 
	-

	Class 
	B1 
	B2 

	Rhenium orbitals 
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	Chloride ion Orbitals 
	3s(B1)=
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 (3s1–3s2+3s3–3s4)

3pz(B1)=
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3pσ(B1)=
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	3p(B2)=
[image: image38.wmf])

p

3

p

3

p

3

p

3

(

4

3

2

1

y

x

y

x

2

1

+

-

-



	Oxide ion orbitals 
	-
	-

	Class
	E
	

	Rhenium orbitals 
	6px , 6py , 5dxz , 5dyz 
	

	Chloride ion Orbitals 
	3s1(E)=
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(3s1–3s2)

3s2(E)=
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3pyz(E)=
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3pπx(E)= 
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	Oxide ion orbitals 
	2px , 2py 
	


The results of electronic distribution in molecular orbitals of ReOCl4 using ab-initio molecular orbital calculations method are listed in Table (3). These results represent the energy levels and atomic orbital coefficients in the linear combination atomic orbitals (LCAO) of the molecule. The unpaired electron is in the molecular B2 orbital. 
The energy level diagram of the compound from the molecular orbital calculations using ab-initio methods is shown in Figure (3). In this figure the unpaired electron is located in the antibonding B2 orbital, numbered (21).

The electronic distribution calculations for ReOCl4 using CNDO semi empirical method are presented in Table (4). The resultant energy diagram obtained from these calculations is also presented in Figure (4). The unpaired electron is located in B2 molecular orbital. 

Table (3): Energy levels and atomic orbital coefficients of ReOCl4 using ab-initio method

A1 Symmetry  

	Orbital number
	Energy (eV)
	Atomic orbital coefficients

	
	
	6s
	6pz
	5dz2
	3s (A1)
	3pz (A1)
	3pσ (A1)
	2s
	2pz

	1
	-28.10
	0.095
	0.082
	0.101
	0.055
	0.045
	-0.020
	0.795
	-0.070

	2
	-23.02
	0.198
	-0.102
	0.110
	0.795
	-0.001
	0.050
	-0.102
	0.000

	6
	-12.65
	0.306
	-0.040
	-0.440
	-0.305
	0.101
	0.772
	0.110
	-0.001

	10
	-11.05
	-0.301
	0.110
	0.565
	-0.301
	0.410
	-0.202
	-0.655
	0.170

	14
	-10.25
	-0.042
	-0.205
	-0.107
	-0.061
	0.798
	0.201
	0.062
	-0.110

	25
	-5.75
	0.018
	-0.210
	0.426
	-0.009
	-0.301
	0.178
	-0.022
	0.755

	28
	+29.87
	0.320
	0.887
	-0.520
	-0.307
	0.103
	-0.625
	0.102
	-0.220

	29
	+46.95
	0.778
	0.095
	0.101
	-0.330
	-0.210
	-0.735
	0.662
	-0.320


A2 Symmetry  

	Orbital number
	Energy (eV)
	Atomic orbital coefficients

	
	
	3p (A2)

	18
	-9.75
	1.000


B1 Symmetry  

	Orbital number
	Energy (eV)
	Atomic orbital coefficients

	
	
	5dx2 – y2
	3s (B1)
	3pz (B1)
	3pσ (B1)

	5
	-22.5
	0.175
	0.955
	-0.005
	-0.008

	7
	-11.65
	-0.445
	0.201
	-0.195
	0.708

	17
	-9.45
	0.001
	-0.003
	0.887
	0.409

	24
	-6.02
	0.775
	-0.110
	-0.401
	0.475


B2 Symmetry  

	Orbital number
	Energy (eV)
	Atomic orbital coefficients

	
	
	3p (A2)
	

	11
	-10.66
	-0.505
	-0.872

	21
[image: image47.wmf]­


	-7.98
	0.901
	-0.425


E Symmetry 

	Orbital number
	Energy (eV)
	Atomic orbital coefficients

	
	
	6px, 6py
	5dxz, 5dyz 
	3S2(E), 3S1(E)
	3pxz(E) 3pyz(E)
	3pσx(E) 3pσy(E)
	3pπx(E) 3pπy(E)
	2px, 2py

	3-4
	-22.90
	±0.202
	±0.050
	+0.875
	+0.008
	0.066
	±0.020
	±0.007

	8-9
	-11.35
	-0.001
	±0.755
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0.101
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0.198
	-0.332
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0.098
	-0.280

	12-13
	-10.32
	±0.198
	
[image: image51.wmf]m

0.205
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0.099
	-0.605
	±0.610
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0.410
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0.501

	15-16
	-9.35
	+0.000
	-0.005
	-0.001
	±0.305
	-0.000
	±0.789
	-0.001

	19-20
	-9.25
	+0.060
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0.205
	±0.090
	
[image: image56.wmf]m

0.882
	+0.110
	-0.098
	-0.475

	22-23
	-6.46
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0.090
	±0.801
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0.098
	±0.198
	-0.401
	+0.009
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0.775

	26-27
	+27.82
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0.905
	-0.098
	±0.601
	±0.201
	+0.355
	-0.201
	-0.198


Table (4): Energy levels and atomic orbital coefficients of ReOCl4 using CNDO semi empirical method

A1 Symmetry  

	Orbital number
	Energy (ev)
	Atomic orbital coefficients

	
	
	6s
	6pz
	5dz2
	3s (A1)
	3pz (A1)
	3pσ (A1)
	2s
	2pz

	1
	-26.24
	0.088
	0.075
	0.201
	0.101
	-0.033
	0.040
	-0.440
	-0.101

	2
	-21.15
	0.220
	-0.110
	-0.330
	0.652
	0.101
	0.625
	0.201
	-0.001

	6
	-10.05
	-0.179
	-0.075
	0.105
	-0.401
	-0.003
	-0.077
	-0.220
	0.000

	10
	-8.85
	-0.060
	0.220
	-0.172
	0.395
	0.668
	-0.201
	-0.075
	0.110

	14
	-8.05
	0.401
	-0.201
	0.465
	-0.006
	-0.520
	0.330
	0.525
	-0.187

	25
	-3.87
	0.088
	-0.120
	-0.621
	-0.101
	0.110
	-0.510
	0.110
	0.303

	28
	+26.95
	0.235
	0.752
	0.556
	-0.425
	-0.425
	-0.201
	-0.070
	-0.855

	29
	+45.02
	0.622
	-0.507
	0.301
	0.511
	-0.102
	0.801
	0.455
	0.210


A2 Symmetry  

	Orbital number
	Energy (ev)
	Atomic orbital coefficients

	
	
	3p (A2)

	18
	-7.85
	1.000


B1 Symmetry  

	Orbital number
	Energy (ev)
	Atomic orbital coefficients

	
	
	5dx2 – y2
	3s (B1)
	3pz (B1)
	3pσ (B1)

	5
	-20.45
	0.220
	0.901
	0.000
	-0.003

	7
	-9.85
	-0.330
	-0.301
	0.202
	-0.665

	17
	-7.60
	-0.005
	0.002
	0.778
	0.520

	24
	-4.15
	0.807
	-0.201
	0.301
	-0.325


B2 Symmetry  

	Orbital number
	Energy (ev)
	Atomic orbital coefficients

	
	
	3p (A2)
	

	11
	-8.82
	0.887
	-0.405

	21
	-6.05
	0.925
	-0.301


E Symmetry 

	Orbital number
	Energy (ev)
	Atomic orbital coefficients

	
	
	6px, 6py
	5dxz, 5dyz 
	3S2(E), 3S1(E)
	3pxz(E) 3pyz(E)
	3pσx(E) 3pσy(E)
	3pπx(E) 3pπy(E)
	2px, 2py

	3-4
	-21.10
	0.303
	0.066
	0.725
	0.010
	0.009
	0.075
	0.006

	8-9
	-8.95
	0.010
	0.705
	0.018
	0.220
	0.205
	0.101
	0.070

	12-13
	-8.25
	0.200
	0.305
	0.101
	0.309
	0.550
	0.298
	0.336

	15-16
	-7.45
	0.000
	0.001
	0.020
	0.705
	0.007
	0.521
	0.007

	19-20
	-7.33
	0.101
	0.090
	0.205
	0.662
	0.301
	0.101
	0.305

	22-23
	-4.80
	0.101
	0.787
	0.201
	0.070
	0.301
	0.010
	0.335

	26-27
	+25.95
	0.855
	0.101
	0.445
	0.330
	0.550
	0.198
	0.070


From the molecular orbital calculations, the general formula of the antibonding orbital can be written as:
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When the spin-orbit interactions are considered then mixing of excited states into the ground state of the molecule must be taken into account. These excited states are produced either by promoting the unpaired electron into empty antibonding orbitals of B1 or E symmetry which lie immediately above 
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 or by promoting an electron from the filled binding orbitals of B1 or E symmetry into 
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. The molecular orbital calculations show that in this compound ligand S orbitals contribute little to the molecular orbitals. As such, the wave function may be written as:
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where α2, α1, γxz and γyz are the coefficients of the rhenium 
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, dxz and dyz orbitals respectively.

In both two methods used in this study the unpaired electron is in an antibonding molecular orbital compounded out of the 5dxy orbital of rhenium and chlorine 3px and 3py orbitals. 

The molecular orbital calculations show that the CNDO semi empirical calculation is the most convenient method to calculate the electronic distribution of this compound since the ab-initio calculation is a complicated method because it considers even the small integrals as well as the nuclear-nuclear interaction. On the other hand, the semi empirical method offers a simplified treatment employing a minimal basis set for the valence electrons. From the results obtained by  CNDO semi empirical are in agreement with the experimental in the ref. (Al- Mowali and Andrew, 1973).
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Figure (4): Energy level orbital from CNDO semi empirical method








Figure (3): Energy level orbital from ab-initio method
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