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1 Useful Concepts in Molecular Modelling 

/:��� � ا�"+�ه�, ا�"+�'* %$ ا��"!�� ا�

1.1     Introduction      /  /  /  /  ا�"�'��
 

What is molecular modelling?  

“Molecular” clearly implies some 
connection with molecules. The 
oxford English Dictionary defines 
“model” as ‘a simplified or 
idealized description of a system or 
process, often in mathematical 
terms, devised to facilitate 
calculations and predictions’. 
Molecular modelling would 
therefore appear to be concerned 
with ways to mimic the behavior of 
molecules and molecular systems. 
Today, molecular modelling is 
invariably associated with 
computer modelling, but it is quite 
feasible to perform some simple 
molecular modelling studies using 
mechanical models or pencil, paper 
and hand calculator. Nevertheless, 
computational techniques have 
revolutionized molecular modelling 
to the extent that most calculations 
could not be performed without the 
use of a computer. This is not to 
imply that a more sophisticated 
model is necessarily any better than 
a simple one, but computers have 
certainly extended the range of 
models that can be considered and 
the systems to which they can be 
applied. 

 

 

Fig1: Example of 

Molecular Model 

(Source: 

http://www.giantmolecu

le.com/shop/scripts/prod

View.asp?idproduct=6) 

 

 

Fig2: Example of 

Molecular 

Modelling(Source: 
http://www1.imperial.ac

.uk/medicine/people/r.di

ckinson/) 

��� � ؟ �� ه$ ا��"!�� ا�
",VV&-(./ل   " ا��WVV*Nح ا�VV@�� �VV�)(

��س   .�VVVVV  ا�/.)-�VVVVVت �VVVVV� ف�ّVVVVV)(و
 �`:Model   _VVأوآ�38VVرد ا�VVـ���ذج

T8VVV أو ��VVV9�� ���VVVaم أو    "� bVVV#و
   ,&VV@�(�ت ا����<WVVا�� �VV1 ، ,VV&���
آVVV&a�اً �P�8VVV( �VVV"م ��F8VVV&% ا�(��&�VVVت  

*VVVF�4 ا���VVV!0, ".ا����8VVV&, وا����(�VVVت
أ:V�9, ا�/.)-�V    ا�/.)-&, ���6&" ���ك    

T ه20VV ا���VV!0,  .وا�/.)-&�VVت*�VV* �VVآ�
   ,&��V0!, ا��������� e��Q %=C�.  �V=و�

��VV ا���=�VV أن ُ*�/fVV)� .VV درا��VVت 
ا����VVذج ا�/.)-&VV, ا�P�VV��� ,<&8VV"ام    
:��ذج �&=�:&=&,  أو ��4 ، ور�, ، و+�,         

,VVVV(و"( ,VVVV��? . ،gVVVVذ�  VVVV�أ?eQ"VVVV و
ا���V!0,   ا�����VQ ,&��Vرة �V1      ا���6&�ت

,VVVVVV&-(./إا�  �VVVVVV�,VVVVVV!در ,VVVVVV& أن '��
ا�����8VVVت �VVV=�( N أن ُ*�/VVV� .VVV"ون     

ه0VVا �VV�)( N أن  . إ�VV�(��ل ا�����VVب
:��VVذج أآVVa� �VV<*راً ه�VV��� �VV�ورة     
  �VVV=و� ، T&8VVV� "VVV?أي وا �VVV� %�VVV1أ
     "VVVVVV&آ`���� �F("VVVVV� �*�VVVVV&أ!VVVVVF.ة ا�=�
  �VVVV�ذج ا��VVVVا��� �VVVV�  VVVVأو� ,VVV���/�
   �VV=�( �VV�49 ا��VVوا� �VVF&1 �VV9ا�� �VV=�(

�F6&<*. 
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The ‘models’ that most 
chemists first encounter are 
molecular models such as the 
‘stick’ models devised by 
Dreiding or the ‘space filling’ 
models of Corey, Pauling and 
Koltun (commonly referred to 
as CPK models). These models 
enable three-dimensional 
representations of the 
structures of molecules to be 
constructed. An important 
advantage of these models is 
that they are interactive, 
enabling the user to pose ‘what 
if …’ or ‘is it possible to …’ 
questions. These structural 
models continue to play an 
important role both in teaching, 
and in research, but molecular 
modelling is also concerned 
with some more abstract 
models, many of which have a 
distinguished history. An 
obvious example is quantum 
mechanics, the foundations of 
which were laid many years 
before the first computers were 
constructed. 
There is a lot of confusion over 
the meaning of the terms 
‘theoretical chemistry’, 
‘computational chemistry’ and 
‘molecular modelling’. Indeed, 
many practitioners use all three 
labels to describe aspects of 
their research, as the occasion 
demands! 

 
 

 

 

 

 

Fig3: space filling model of 

formic acid 
�space-filling’ f‘:��ذج ��� 

g&� ا��3ر

(Source: 

http://www.answers.com/topic/

molecular-graphics) 

 
 

 
Fig4: Stick model 

(Created with Ball View) 

‘Stick’    :��ذج

 
 

 
Fig5: ‘Ball and Stick’ model of 

proline molecule (Source:  
http://commons.wikimedia.org/w

iki/File:L-proline-zwitterion-

from-xtal-3D-balls-B.png) 

 �VVVV1 �&&h�VVVV&�&=ا� ,VVVV&#�VVVVدف '��
    %VVVVa� ,VVVV&-(./ذج ا��VVVVا��� ,VVVV(ا"ا�

ا��� ا����Stick "    �VF":��ذج ا� ـ
Dreiding   ذج�V�: أو "space 

filling  " �F����ا��� اCorey 

 ، Pauling  و ، Koltun 
 ). VVVV)*ُCPK�ف ��VVVVدةً ����VVVVذج (

   �VVQHQ �(�WVV* ذج�VV20 ا���VVه ;&VV�*
 ,VVVا�/.)-&�VVVت ا���VVV ا�VVV)�kد ���آ&

�VVV�*ُ . 20VVVF� ,VVV�Fا�� �VVV(ا��.ا �VVV�و
  �VVV�� ، ,VVV&���3* �VVVF:أ �VVVذج ه�VVVا���
)�P�8VVV��� ;&VVV"م 1�VVV#, ا���8VVVؤل   

��V ا���=�V   'أو  ' ...��ذا �� ' %Vه... '
ه20VVV ا����VVVذج ا�VVV* N ,VVV&�=&F.ال  ..

  �VVVVVV1 اء�VVVVVV� �VVVVVV�*�(nVVVVVV دورا ه�
 و�=�VV .ا��VV"ر)p ، أو �VV1 ا���VVث

   �ً�VVVV(أ �VVVV�)*ُ ,VVVV&-(./ا� ,VVVV!0ا���
 :9�VVV(, أآVVVa�qVVV&�� ، أن   ����VVVذج

��Vaل   .ا�(")" ���F �")_ *�ر)s ��رز  
   qVV&�� ، 4VV=ا� �V=&:�=&� �VVه ;V@وا
    %VVVV� e)VVVV@و �VVVV�ا� pVVVV�kأن ا
���VVVVVات �")VVVVV"ة VVVVVt&"ت أ!VVVVVF.ة 

 .ا�=�&�*� اkو��

��VVV اGر��VVVك ?�VVVل      �VVV&aآ "VVV!�(
 ,VVVVVVV&���ت ا����<WVVVVVVVا�� �VVVVVVV�)� :

  ,VVV(�9ء ا���VVV&�&=ا�“theoretical 

chemistry”  ، ,VVVVVVV&*��ا��(��
 VVVVVVV&h�&� “computational,ا�=&

chemistry”  ,VV&-(./ا� ,VV!0وا��� 
“molecular modeling”  .  �VV1

 u)VVVVVVVVVVVم ا�"P�8VVVVVVVVVVV(  VVVVVVVVVVVا��ا�
   bVVVVV#�� ,VVVVVQHaت ا����<WVVVVVا��
   ��"VV* �VV� n8VV�� 4FQ�VVأ�� nVV:ا�!

 .ا���!,
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‘Theoretical chemistry’ is often considered 
synonymous with quantum mechanics, 
whereas computational chemistry encompasses 
not only quantum mechanics but also 
molecular mechanics, minimization, 
simulations, conformational analysis and other 
computer-based methods for understanding 
and predicting the behavior of molecular 
systems. Most molecular modelling studies 
involve three stages. In the first stage a model is 
selected to describe the intra- and inter- 
molecular interactions in the system. The two 
most common models that are used in 
molecular modelling are quantum mechanics 
and molecular mechanics. These models enable 
the energy of any arrangement of the atoms 
and molecules in the system to be calculated, 
and allow the modeler to determine how the 
energy of the system varies as the positions of 
the atoms and molecules change. The second 
stage of a molecular modelling study is the 
calculation itself, such as an energy 
minimization, a molecular dynamics or Monte 
Carlo simulation, or a conformational search. 
Finally, the calculation must be analyzed, not 
only to calculate properties but also to check 
that it has been performed properly.  

 �VV�)* �VV� �VV��'',VV(�9ء ا���VV&�&=ا� ' �VV=&:�=&�� �VV1اد��
    %�CVVV* N �&VVV? �VVV1 ، 4VVV=ا�  ,VVV&h�&�&=ا� ,VVV&*��ا��(��

       ,V&-(./ا� �V=&:�=&ا�� ��V(أ %V� ، n8�1 4=ا� �=&:�=&�
          �Vh.! �(�=�� 7�)��، وا��" ، وا����آ�ة ، و*��&% 

� ,VV�h�6ا� n&��VV�kا �VV� �VVه�4 و'&VVF3� ب�VVا���� �VV�
 .و*��  ���ك ا��49 ا�/.)-&,

�(4VVV9 درا��VVVVت ا���VVVV!0, ا�/.)-&HVVVVQ %�CVVVV* ,VVVVث  
%VVV?ا���VVV1 ا���?�VVV, اkو��VVV�: "VVV("�* 4�VVV( �VVVذج    . 

 Qv   �&VVV� �VVV�&1�ات ا�"ا��&VVV, وا��QvVVV�  VVV�ات ��#bVVV ا� 
�&=�:&=�VVV ا�=4VVV وا��&=�:&=�VVV  . ا�/.)-&�VVVت �VVV1 ا���VVV9م 

  �VVVV1 �ً�ا�/.)-&VVVV, ه��VVVV ا����VVVVذ!&� اkآVVVVa� ا�P�VVVV"ا
ه20 ا����Vذج *�=�8V? ,V&��� �Vب         . ���0!, ا�/.)-&, ا

ا�>��,  kي  �/���, ذرات و!.)-�ت �1 ا���V9م ،     
 ���")" آ&3&, ا�H�Vف  the modelerو*�8; �����0ج 

8ً, إ�VV&ّB*  �VV� ا�0VVرات وا�/.)-�VVت     VV: م�VV9ا�� ,VV��M 
      �VVه ,VV&-(./ا� ,VV!0ا��� ,VVدرا� �VV� ,VV&:�aا� ,VV�?�ا��

  �V� ا�>��V, ، ود)���&�Vت   ا���8ب :83_ ، �a% ا���6&% 
��(�Monte Carlo    7Vا�/.)-&, أو ���آ�ة  qV�� أو ،

 �h.! �(�=�� .          ���8تVا�� %V&��* �V� "� N ، ا�&�وأ
       ��V(أ �V=و� uh�WVPأ!% ?�8ب ا� �� T61 p&� ،

;&�# %=C� ./:أ:_ �" أ �� . ���`آ" 

 

1.2 Coordinate Systems/ :49 ا���8&7   

 
It is obviously important to be able to specify 
the positions of the atoms and/or molecules in 
the system to a modeling program. There are 
two common ways in which this can be done. 
The most straightforward approach is to 
specify the Cartesian (x, y, z) coordinates of 
all the atoms present. The alternative is to use 
internal coordinates, in which the position of 
each atom is described relative to other atoms 
in the system. Internal coordinates are usually 
written as a Z-matrix. The Z-matrix contains 

      �V�� رة"V6ك ا��Vن ه��V=( 4 أنFا�� ���� ا��ا@; أن 
��ا�V  ا�0Vرات و     "V("�* /   �VV1 دة�V!ت ا����V-(./أو ا�

  ,VVVVV!0ا��� S��VVVVV:�� �VVVVV1 ،م�VVVVV96�&�  . ا��(�VVVVVM ك�VVVVVه�
 g�0VV� م�VV&6�� �&�آ��CVV�.  ,VV�ّد �VVaآkا SF�VVا�  "VV("�* �VVه

 )Cartesian coordinates(إ?VVVVVV"اQ&�ت ا�VVVVVV")=�ر*�  
)x,y,z (  دة�VV!0رات ا���VVا�  VV&�/� .ا   �VVه %("VV�SF�VV ا�

  ,VVVVVVV&��ت ا�"ا�&Qا"VVVVVVV?Gام ا"P�VVVVVVVا�)internal 

coordinates(   ,ً8VV: ذرة %VVآ bVV��� bWVV* �VV�ا� ، 
اVV?G"اQ&�ت *=�nVV  .إ��VV ا�0VVرات اk�VV�ى �VV1 ا���VV9م   

�1�3WVV, زي   %=VVt �VV�� ًدة�VV� ,VV&��ا�"ا)Z-matrix( .
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one line for each atom in the system.     ,1�3WVي ا�����*)Z-matrix (     �V� "V?وا �<V� �V��
 .آ% ذرة �1 ا���9م

 
In the first line of the Z-matrix we define 
atom1, which is a carbon atom. Atom 
number2 is also a carbon atom that is a 
distance of 1.54 Aº from 1 (columns 3 and 4). 
Atom 3 is a hydrogen atom that is bonded to 
atom 1 with a bond length of 1.0 Aº. The angle 
formed by atoms 2-1-3 is 109.5º, and the 
torsion angle (defined in fig7) for atoms 4-2-1-
3 is 180º. Thus for all except the first three 
atoms, each atom has three internal 
coordinates: the distance of the atom from one 
of the atoms previously defined, the angle 
formed by the atom and two of the previous 
atoms, and the torsion angle defined by the 
atom and three of the previous atoms. Fewer 
internal coordinates are required for the first 
three atoms because the first atom can be 
placed anywhere in space (and so it has no 
internal coordinates); for the second atom it is 
only necessary to specify its distance from the 

  :�"د)Z-matrix(�1 ا�8>� اkول �� ا��1�3W, زي

 2ا�0VVVVVVرة. ، وه�VVVVVV ذرة آ���VVVVVVن  )Atom1( 1 ا�0VVVVVVرة
)Atom2( ,1�8VVV� �VVV��  VVV6*ن و�VVV��ذرة آ �ً�VVV(أ �VVه  

1،54 Aº 0رةVVVVVVا� �VVVVVV� 3ا�0VVVVVVرّة ). 4 و 3اVVVVVV��k"ة  (1
)Atom3 ( 0رةVV� ,�WVV�� �>�VVل 1ه�VV ذرة ه&VV"رو!&� 

1،0 Aº .   109،5 زاو),   2-1-3*=�ن ا�0رات   ,V!در 
،  ,VVVV(��ا��� ,VVVV(وا�.او )   %=CVVVVا� �VVVV1 ف�ّVVVV)ا��Fig7 (

وه=0Vا �/�&V    .  در!V, 180 *�8وي  4-2-1-0��3رات  
              ,VQHQ �F("V� ذرة %Vآ ، �Vو�kا ,VQHaء ا���a���� ا�0رات

ا��1�8, �internal coordinates( :  �V(إ?"اQ&�ت دا��&, 
           �V�ا� ,V(ا�0رة إ�� إ?"ى ا�0رات ا���"دة ���6ً� ، ا�.او

    V���V ا�0Vرات ا�6��8V, ، وزاو)�F��=t            ,V ا�0رة  �&V�Qا 
��VVV ا�0VVVرات    ,VVVQHQ  VV�ا�VV��Nاء ا��VVV�* �VVV"ده� ا�0VVVرة 

,6��8VVا� .     %VV!أ �VV� %VV�kا ,VV&��ت ا�"ا�&Qا"VV?Gا nVV�<*
��=�VV أن       �VVو�N0رة اVVن ا�k �VVو�kث اHaVV0رات ا�VVا�

و�0VVا �VV=*)  "VV!�( N _VV:�1ن �VV1 أي �=�VVن �VV1 ا���VV3ء   
  ,VV&��ت دا�&Qا"VV?أي إ �F("VV� (� ,8VVو���� ،  ,VV&:�a0رة ا�VV�

A sample Z-matrix for the 
staggered conformation of ethane 
(see Fig6) is as follows: 
 
 
 
1   C 
2   C   1.54   1 
3   H   1.0     1   109.5   2 
4   H   1.0     2   109.5   1   180.0   3 
5   H   1.0     1   109.5   2   60.0     4 
6   H   1.0     2   109.5   1 -60.0     5 
7   H   1.0     1   109.5   2   180.0   6 
8   H   1.0     2   109.5   1   60.0     7 

 
 
 

 
Fig6 : The staggered 

conformation of ethane. 

 

��aل )Z-matrix (  %�ا"�� %=C��
)�� ا�a(Gن Ethane() �9:ا

Fig6 ( ��( آ��: 
 

1   C 
2   C   1.54   1 
3   H   1.0     1   109.5   2 
4   H   1.0     2   109.5   1   180.0   
3 
5   H   1.0     1   109.5   2   60.0     
4 
6   H   1.0     2   109.5   1 -60.0     
5 
7   H   1.0     1   109.5   2   180.0   
6 
8   H   1.0     2   109.5   1   60.0     
7 
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first atom and then for the third atom only a 
distance and an angle are required. 
 

 

 
It is always possible to convert internal to 
Cartesian coordinates and vice versa. 
However, one coordinate system is usually 
preferred for a given application. Internal 
coordinates can usefully describe the 
relationship between the atoms in a single 
molecule, but Cartesian coordinates may be 
more appropriate when describing a 
collection of discrete molecules. 
 

 
Internal coordinates are commonly used as 
input to quantum mechanics programs, 
whereas calculations using molecular 
mechanics are usually done in Cartesian 
coordinates. The total number of coordinates 
that must be specified in the internal 
coordinate system is six fewer than the 
number of Cartesian coordinates for a non-
linear molecule. This is because we are at 
liberty to arbitrarily translate and rotate the 
system within Cartesian space without 
changing the relative positions of the atoms.  
 

      �V� ه�"V)* �V�1�8, ا�Vا�� "("�* T61 ،وري���1 ا��
      TVV61 ,VV(1�8, وا�.اوVVا�� nVV�<* 4VVQ �VV�ذرة اkو��VV، و

,a��a0رة ا���. 

 

��VVVVVVV إ?VVVVVVV"اQ&�ت       %VVVVVVV(��* �VVVVVVV�hدا �VVVVVVV=ا��� �VVVVVVV�
,VVVVV&��دا(internal)   ,VVVVV&*ت د)=�ر�&Qا"VVVVV?إ �VVVVVإ� 

(Cartesian)p=)��VV� pVV=)وا�  . %�VV3( ، gVVذ�  VV�و
   TVV61 "VV?8&7 واVV�* ًدة�VV�  �&VV)�&�VV9: 7VVم <��  . �VV=�(

��?VV"اQ&�ت ا�"ا��&VV, أن *bWVV ا�(VV� ,VV�H&� ا�0VVرات     
�VVV! �VVV1 "VVV&3.يء   �VVV�: �VVV��(molecule) ، "VVV?وا 

  ,VVVVVVVV&*ت ا�")=�ر�&Qا"VVVVVVVV?Gا �VVVVVVVV=و�(Cartesian 

coordinates)          ,V���/� bV#و "V�� n8:kن ا�=* "� 
,�W3���� !.)-�ت . 

 

     S�VV�ا� %�"VVآ� ,VV&��ت ا�"ا�&Qا"VV?Gام ا"P�VVع ا��CVV(
�  4V=ا� �=&:�=&)quantum mechanics (   �&V? �V1 ،

     ,VV&-(./ا� �VV=&:�=&ام ا��"P�VV��� ,&��8VVت ا���VV&��)أن ا�
 ,VVV&*ت ا�")=�ر�&Qا"VVV?Gا �VVV1 دة�VVV� 4�VVV* . د"VVV� ���VVV�!إ

اG?"اQ&�ت ا��� )/n أن *�"د �1 ا���9م ا�"ا��� ه�         
��, أ�% �� �"ده� �1 اG?"اQ&�ت ا�")=�ر*&, �/V.يء          

 �VVV<� �VVV&')non-linear.(   �(و"VVV* �VVV�:�=��� _VVV:k
 �VVV&&B* ر*� دون�=("VVVء ا���VVV3ا� %VVV�دا ,VVV(��� م�VVV9ا��

 .اkو@�ع ا��8&, ��0رات

 

 

What is a Torsion angle? 

A torsion angle A-B-C-D is 
defined as the angle between 
the planes A, B, C and B, C, D. 
A torsion angle can vary 
though 360º although the 
range -180º to +180º is most 
commonly used. 
 

 
Fig7 

 ��ه$ زاو � ا��0�اء؟

 ABCD   ا�VVV��Nاء زاو)VVV)*ُ,VVV�ف 
  �VF:`�    �&V� ,V)ا��ا� ,V(ا�.اوABC  و 

BCD .� �VVV=�(و ,VVV(اء.او�VVV��Nأن  ا
�&VVV� اوح�VVV�* -180 ,VVV(�-� ,VVV!و در 

 .در!, 180+
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1.3 Potential Energy Surfaces/ ��������أ�ط� ا�ط�	�  ا�آ��أ�ط� ا�ط�	�  ا�آ��أ�ط� ا�ط�	�  ا�آ��أ�ط� ا�ط�	�  ا�آ��         
 
 
 

In molecular modeling the Born-
Oppenheimer approximation is invariably 
assumed to operate. This enables the 
electronic and nuclear motions to be 
separated; the much smaller mass of the 
electrons means that they can rapidly adjust 
to any change in the nuclear positions. 
Consequently, the energy of a molecule in its 
ground electronic state can be considered a 
function of the nuclear coordinates only. If 
some or all of the nuclei move then the energy 
will usually change. The new nuclear 
positions could be the result of a simple 
process such as a single bond rotation or it 
could arise from the concerted movement of a 
large number of atoms. The magnitude of the 
accompanying rise of fall in the energy will 
depend upon the type of change involved. 
For example, about 3 kcal/mol is required to 
change the covalent carbon-carbon bond 
length in ethane by 0.1Aº away from its 
equilibrium value, but only about 0.1kcal/mol 
is required to increase the non-covalent 
separation between two argon atoms by 1Aº 
from their minimum energy separation. For 
small isolated molecules, rotation about single 
bonds usually involves the smallest changes 
in energy. For example, if we rotate the 
carbon-carbon bond in ethane, keeping all of 
the bond lengths and angles fixed in value, 
then the energy varies in an approximately 
sinusoidal. The energy in this case can be 
considered a function of a single coordinate 
only (i.e. the torsion angle of the carbon-
carbon bond), and as such can be displayed 
graphically, with energy along one axis and 
the value of the coordinate along the other.  
Changes in the energy of a system can be 
considered as movements on a 

           ,V6(�M ام"P�Vا� �V�hض دا��1 ا���0!, ا�/.)-&, ، )3�
(Born-Oppenheimer approximation) 

�VVVVV�WVVVVV3% ا���آ�VVVVVت ��VVVVV6��� . ;�8VVVVV( �VVVVV")� ا��6�)
  ,VV(وا���و ,VV&:و��=�Nا;  �BVV#kت ا�VV:و��=�Gا ,VV��آ  ,

�V  أي       ,��8V� b&=�أن ه20 ا�=��, ��درة ��� ا� ��)*
,VV(ا���و bVVا���ا� �VV1 �VV&&B* .�( ، ���VV�ر و����VV=�VV ا��

       ,VVVV3&و� ،,VVVV&:و��=�Nا �VVVVF���? �VVVV1 يء.VVVV/ا� ,VVVV��M
  TVV61  ,VV(ت ا���و�&Qا"VV?��.    %VVأو آ fVV)�  eVV�6�:إذا ا

)�=�V ����ا�V  ا���و)V,      .. ا���اة �1ن ا�>��, *V&&B� ��Vدة      
   ,<&8VV� ,VV&��)� ,VV/&�: ن�VV=* ة أن"VV("/ا� %VVa� دوران  

أو  )�=�V أن   )single bond rotation(ا�V�ا�T ا��V3�د   
 ,VVV/&�: `CVVV�*      �VVV� �VVV&��1��VVV�ة �VVV� �VVV"د آ ,VVVآ�? 

�VVط �VV1     .ا�0VVراتF�� ,?�WVVدة ا���VV(.4 ا�VV/? "VV��)*
       �V�)ا�� �V�&B�ع ا��V: ��� ,��<ل ،       . ا��Vaا�� %&V� �V��

��VVل /  آ&��VV آ���VVري �VV? nVV�<(ُ3ا�� )3 kcal/mol (
-  �VV&� ا�=���VVن  VV&&B��covalent bond� �VVMل ا�VVـ   

,  در!A  V 0.1إ�� :�ethane (      �V(آ���ن �1 اG)�aن    
  ، �VVF:از�* ,VV�&� �VV� ا"VV&)�     ا���VV? TVV61 nVV�<(ُ �VV=و�

��VVVل /  آ&��VVV آ���VVVري 0.1)0.1  kcal/mol( دة�VVV(.�  
��VV اkر!�VVن   non-covalentا����VV" ا�VVـ  �&VV*ذر �&VV�

Argon    ����  1 A           �V:دkا ,V��<ا� "V��* �V� ,V!در   .
8, ��/.)-�VVت ا�BWVV&�ة ا��(.و��VV1 ، ,VVن دوران     VV����

��VVدة ��VV<�( �VVي  )  single bonds(ا�VV�وا�T ا��VV3�دة  
&% ا���Vaل ،    . ��� أ#B� ا��B&�ات �1 ا�>��,  V� �V��
ا�=���VVن �VV' �VV1ز  _إذا ���VV�� �VV"و)� روا�TVV ا�=���VVن  

ا)�V  ا�a(Gن ، �  ?�VM ,�&� �3ل !�&V  ا�V�وا�T وا�.و     
      ! %=CV� b��P* ,��<�1ن ا� ،,���aـا� V&  �(sinusoidal) 

�VV&�VV=�(  ,VV3 ا���VVر ا�>���VV1 ,VV ه20VV ا����VV, و�    . *6�)
single coordinate   TVV61)    �VV1 اء�VV��Nا ,VV(زاو %VVa�
، و)�=V� �V�ض ه20V       ) آ���Vن   _ا��ا�T �&� ا�=���Vن   

             ,V�&ول و�kر ا�V���&�:&ً� ، ��@  ا�>��, ���VM �Vل 
.  ���VVM �VVل ا����VVر ا��VV�coordinate((اV?G"اQ&�ت  

و)�=� ا���Vر ا��V&&B�ات V��M �V1, ا���V9م آ���آ�Vت             
 .(�د *��M ��8, ا�8>;��("دة ا�k" ا�8>;"��� 
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multidimensional ‘surface’ called the energy 
surface. 

 

1.4 Molecular Graphics/ر�و��ت ا��ز����ر�و��ت ا��ز����ر�و��ت ا��ز����ر�و��ت ا��ز���� 

 
Molecular graphics (MG) is the discipline and 
philosophy of studying molecules and their 
properties through graphical representation. 
IUPAC limits the definition to representations 
on a "graphical display device". 
 

Computer graphics has had a dramatic impact 
upon molecular modelling. 
It is the interaction between molecular graphics 
and the underlying theoretical methods that has 
enhanced the accessibility of molecular 
modelling methods and assisted the analysis 
and interpretation of such calculations. 
 
Over the years, two different types of molecular 
graphics display have been used in molecular 
modelling. First to be developed were vector 
devices, which construct pictures using an 
electron gun to draw lines (or dots) on the 
screen, in a manner similar to an oscilloscope. 
Vector devices were the mainstay of molecular 
modelling for almost two decades but have now 
been largely superseded by raster devices. These 
divide the screen into a large number of small 
"dots", called pixels. Each pixel can be set to any 
of a large number of colors, and so by setting 
each pixel to the appropriate color it is possible 
to generate the desired image. 
Molecules are most commonly represented on a 
computer graphics using stick' or 'space filling' 
representations. Sophisticated variations on 
these two basic types have been developed, such 
as the ability to color molecules by atomic 
number and the inclusion of shading and 
lighting effects, which give 'solid' models a more 
realistic appearance.  
Computer-generated models do have some 

    ,V&-(./ت ا����ط وMG (      ,38V�1(ر���V:Nا �Vه
 4VV��ل ا�HVV� �VV� 4FWVVh�W�ت و�VV-(./ا� ,VVدرا� .

  bVVVV(�)* �WVVVV�ا�IUPACـVVVV�� MG   _VVVV:أ �VVVV��  
 " .!�Fز ��ض ا������ت"

  ,VV!0ا��� �VV�� �VV&��ت ا�����VVب أVVQ� آ�VV��� ن�VVآ
,VV&-(./إن. ا� %VV��3�ا� �&VV� ت���VV��و ا� n&��VV�kا
,VV&-(./وراء ا� ,VV��إ�=�:&VV�  ,VV.زت ، ا��9�VV(, ا�=�

�VVل إ��VV#ا�� n&��VVأ� ,VV!0و ا��� ,VV&-(./ت ا�"��VV�
�a% ه20 ا�����8ت*83&� و *��&�1% . 

 

          �V� �&V3��P��� ا���8ات، *4 ا��P"ام :��&�  ���
 .��ض ا������ت ا�/.)-&, �1 ا���0!, ا�/.)-&,

ا��vector devices (،  �VV( اVVF!k.ة ا�����VV,   ،اkول
��VVV6م *VVVام  �ء�"P�VVV��� ر�WVVVا� ,VVV&�"�� إ ,VVV&:و��=� 
، �>�)VVV6,  ا��VV6: (  �VV�� ,t�CVVط أو (�� 4VV��VV<ط   �

 ,F��CVVVV� ���VVVVد !VVVVF.ة اkوآ�:eVVVV ه��0VVVV�0�. 20VVVVت�
,VVV&-(./ا� ,VVV!0ا���  ��.VVVا� �VVV� �("VVV6� ى"VVV� �VVV��

�VV(�6* �VV=ا�ن و�  _VV��� eVV�? ة.VVF!kا ,VV&<6ا��)  
raster devices  ( �VV&�VV=�(  T.إ�VV? �VV" آVV@ %VVآ 

%8=�  �V��  ن�V�   �&V)�     �V�g ذ�V و،   ا�=V&a�ة  ا�V�kان  
  VV@ل وHVV� �VV� %VV8% آVV=� �VV�� ن �ا�VV�nVVا�����  

 .ا��Wرة ا��>���, ����&"

   �VV� �ًVV��VV�a,ا�/.)-�VVت *=�VVن'�� �VV��  ت���VVر� 
 .  'space filling'  أو  'P�VV���stick"ام  ا�����VVب

       �(0VVVه �VVV�� ات�(�VVV<�ا� fVVV)� ,1�VVV@4 إVVV* "VVVو�
   �(�VVVV�* �VVVV�� رة"VVVV6ا� %VVVVa�  ،�&VVVV���kا �&��VVVVا��

ة،  وإدراج ا��VVV&�9% ا�/.)-�VVVت ��ا�VVV>, ر�4VVV ا�0VVVرّ
,   و*Q`VV&�ات ا�VV@Gءة �WVVذج ا��VVا��� �VV<)* �VV�ا� ،
�F9� أآa� وا�(&,. 

�V    ا�����ب  ا��� )�!"ه����ذجإن ا���6ر:, �&� ا�   
 �VVVVF� ,VVVV&=&:�=&4 ا��Fhا�VVVV9:�VVVV(ا��.ا fVVVV)� . �VVVVF�� 

،,ًVVVV#��Nًأن أو ,VVVV6&6?   ذج�VVVV�:  م"ّVVVV6( أن �VVVV=�(
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advantages when compared with their 
mechanical counterparts. Of particular 
importance is the fact that a computer model can 
be very easily interrogated to provide 
quantitative information, from simple 
geometrical measures such as the distance 
between two atoms to more complex quantities 
such as the energy or surface area. Quantitative 
information such as this can be very difficult if 
not impossible to obtain from a mechanical 
model. Nevertheless, mechanical models may 
still be preferred in certain types of situation due 
to the ease with which they can be manipulated 
and viewed in three dimensions.  
A computer screen is inherently two-
dimensional, whereas molecules are three-
dimensional objects. Nevertheless, some 
impression of the three-dimensional nature of 
an object can be represented on a computer 
screen using techniques such as depth cueing (in 
which those parts of the object that are further 
away from the viewer are made less bright) and 
through the use of perspective. Specialized 
hardware enables more realistic three-
dimensional stereo images to be viewed. In the 
future ‘virtual reality’ systems may enable a 
scientist to interact with a computer-generated 
molecular model in much the same way that a 
mechanical model can be manipulated. 
 
Even the most basic computer graphics program 
provides some standard facilities for the 
manipulation of models, including the ability to 
translate, rotate and ‘zoom’ the model towards 
and away from the viewer. More sophisticated 
packages can provide the scientist with 
quantitative feedback on the effect of altering 
the structure. For example, as a bond is rotated 
then the energy of each structure could be 
calculated and displayed interactively. 
 
 
For large molecular systems it may not always 

  �*�&��ت   ا�=���)� ,��F� %=� ,&ّت � ا��آ��V��&6 
��VV ا�VV�"�F&, ا� �&VV�Qا �&VV� ,1�8VVا�� "VV)� %VVa� ,<&8VV

�Va% ا�0رات إ�� آ�&�Vت أآVa� V&6)*"ا              ,V��<ل ا��V/� 
;<8VVأو ا�.  �VV=و�   ,VV&ّت آ��VV���)� �VV�� ل�WVVا��

#VV(VV! n"ا إن �4VV )=�VV=(    �VVن  �VV"، آ��VV�� ذُآVV�ت 
 ًH&��8VVVVVV���VVVVVVV  ا���WVVVVVVVل ��،   �VVVVVVF&  ذج�VVVVVVVا���
و�  ذ�N ، g ).ال ا�V�(��ل ا����Vذج         .  .ا��&=�:&=&,

  fVVV)� �VVV1 Hً�VVV3� ,VVV&=&:�=&ا��kا  n8VVV� ع�VVV@و
 �F@�و� �F� n�H�ا� ,��F��QHaا� kدا�)�.  

 
 

&(�VV&h��Q �VVF, ا�VV)�kد ، VV&:�Qً� إن <� �*�VV&VVt�t, ا�=�
 .VV? �VV1&� أن ا�/.)-�VVت ه�VV آ��VV�hت VV&QHQ, ا�VV)�kد

     �=�( ، gذ�  �&(V&QHQ ,V,   ذات  �(f ا1k=�روM
  �h�VVVV=�� د�VVV)�kا %VVVVaّ�*ٌ أن �t �VVV�� �*�VVVV&VVVVt, ا�=�

 7VVV�� %VVVa�أ!VVV.اء (P�VVV���  cueing"ام *�VVV&�6ت 
 ً�VV6(�� %VVن أ��VV=*  ًا"VV)� �VVaآk48 اVV/ل و )ا�HVV� �VV�

 اVVVVVVVF!k.ة *�=�VVVVVVV .ا���4VVVVVVV ا����VVVVVVV9ري ا�P�VVVVVVV"ام 
,WVVWP�ض ا���VV� VV/��VVa48 أآ  ,VV&)وا�VVر��W 
�VV" " ا��ا�VV  ا1G��ا@�VV"إن أ:VV&QHQ.  ,VV�9, ا�VV)�kد
  4��VVV)ا� �VVV=ّ�*) ء�VVV��� د�VVV3� (  ،%6�8VVVا�� �VVV1VVV� �

 ,VVVVV&-(./ذج ا��VVVVVا���  VVVVV� %VVVVV��3�ه� ا�"VVVVV!�( �VVVVV�ا�
         %V��3�ا� �V=�( �V�ا� ,V6(�<ا� p3�� ،ا�����ب   �VF&1 

�  ا����ذج ا��&=�:&=&,. 
 

4��VVV� �VVV1 ا���VVV!0, ا�/.)-&VVV, ا����VVV/: ، ,&��VVV" أن 
         fV)� �1�V( ت ا�����ب��?�� أ�T8 ��ا�S ر��
          �V1 �V�� ، �1 ا����ذج n�H��� ,&���kت اH&F8�ا�

  �VVV�� رة"VVV6ا� gVVVو ذ� �و)"VVV*و ، ,VVV�!��ا� 'nVVV(�6* '
 أآVVVVa� إن .ا����VVVVذج :��VVVV و�(&VVVV"ا ��VVVV ا���CVVVVه"   

�VV3�د ����VVء  (��(4�ِ�VV م�ُ*�VV<* "VV6راً ، �/����VVتا� (
�&V,    ا�=�&V,  ردود ا�3(% �� �V��  �VQـ أ VB*� �&Vه�ـ.  �V��

     n8VV��*ُ ، Tا��VVا� �و)"VV* ل�VV? �VV1 ، ل�VVaا�� %&VV�
�ً&h�6�* �F@�� 4�(آ% ��&, و ,��M. 

 

 

   ,�9:kة  ا� &,ا�/.)-�1 ا�V&=   N "V�  ن�V=(   ب�V'��
  �ً�hأن  دا%�C*   %آ �*�&إذ أن  . ا�0Vرّات  #�رة ا�=�

   %VVh�Fد ا�"VV)ا��VVV� VV0رّات ا�  S�VV�( أن �VVV=�( رة�VVV# 
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be desirable to include every single atom in the 
computer image; the sheer number of atoms can 
result in a very confusing and cluttered picture. 
A clearer picture may be achieved by omitting 
certain atoms (e.g. hydrogen atoms) or by 
representing groups of atoms as single ‘pseudo-
atoms’. The techniques that have been 
developed for displaying protein structures 
nicely illustrate the range of computer graphics 
representation possible. Proteins are polymers 
constructed from amino acids, and even a small 
protein may contain several thousand atoms. 
One way to produce a clearer picture is to 
dispense with the explicit representation of any 
atoms and to represent the protein using a 
‘ribbon’. Proteins are also commonly 
represented using the cartoon drawings 
developed by J Richardson. 

,t�CVV�,VV=���#�VVرة  ا���#VV% إ�VV!. �VV=�( �VV"ا  و
�(&�V,    ذرات ?0Vف  �� M�)7  أو@;)   %Va�ذرات 

� �VV�HVVل *�VV&a%  أو) ا�VV&F"رو!&� �VV��/����VVت  
_ ذرة  ا�0VVراتVVt �VV1وVV?ة ا"),VV3h). ذرة زا*َ�ُVVض( 
 ا�V�و*&�،  ��&V, (�ض  � ا��� *4 *>�)�ه�  ،   ا���6&�ت
,VV���/� �VV���ت ا�����VVب �VVر� %VV&a�*ا� ,VV�=��. 

�VVت ه�VV�&*و���آّVV, ��&��ات�VV ا�  �VV�ا�VV�?kض  
,&�&�kا�?��  و،  ا  �&BWVو*&� ا��    "V�(   �V�� ي�V�� 
:��VVVج >�)VV6, ا��?&VV"ة G  ا� .ا�0VVVرات +Nف �VV�  �VV"ة 

,�VV@رة وا�VV# �VVه Nا�VV� ء��B�VV� %VV&a�*  %WّVV3�
. 'ا�CV�P�V��� ' T("ام  ا�V�و*&� *�V&a%   و �=% ا�0Vرات  

 ه�VVVV# �VVVVرة وا@�VVVV�:,�VVVVج >�)VVVV6, ا��?&VVVV"ة Gا�
 �VV� ء��B�VV�Nا %VV&a�*   0راتVVا� %VV=� %��VVt  م�VV&6وا�

� %VVVVVV&a���&*و�VVVVVV *�VVVVVVt'. %VVVVVVa�P�VVVVVV��� 'T("ام ا�
ا���V   ا�=�*�ن ر����ت ����P"ام ا��و*&��ت أ)�� 

�F)@رد��ن. جو�C�(ر) J Richardson( . 
 

1.5 Surfaces/�ت ا��ط������ت ا��ط������ت ا��ط������ت ا��ط�����    

 
Many of the problems that 
are studied using molecular 
modelling involve the non-
covalent interaction 
between two or more 
molecules. The study of 
such interaction is often 
facilitated by examining the 
van der waals, molecular or 
accessible surfaces of the 
molecule. The van der 
waals surface is simply 
constructed from the 
overlapping van der waals 
spheres of the atoms, Fig 8. 
It corresponds to a CPK or 
space-filling model. Let us 
now consider the approach 
of a small ‘probe’ molecule, 
represented as a single van 

 

 

 

 

 

 

 

 

 

Fig 8: The van der Waals surface is 

shown in red. The accessible surface 

is drawn with dashed lines and is 

created by tracing the center of the 

probe sphere (in blue) as it rolls along 

the van der Waals surface.(Source: 
http://en.wikipedia.org/wiki/Accessibl

e_surface) 

 

 

  �VVVVV�آ% ا��CVVVVVا�� �VVVVV� "VVVV(")إن ا�
   ,VVVVVVVV!0ام ا���"P�VVVVVVV��� eVVVVVVVدر�

 VVV�ا� �VVV�� ي�VVV<�* ، ,VVV&-(./ا��Qv 
    �Vaأو أآ �&V�Qا���8ه�� �&� ا �&'

��VV ا�/.)-�VVت  .   %F8VV* �VV�آVV&a�اً 
 van der(درا��VV1 ,VVن د)VV� �VV1ل 

waals(  ;<VVVVVVVVV�kيء وا.VVVVVVVVV/�� 
�VVVVVa% ه0VVVVVا   ،,VVVVV?��ا�� ,VVVVV&-(./ا�

%VV��3�ا� .    �VV(ن د�VV1 ;<VV� b�`VV�(
�� ) van der waals (�1ل ,M�8�

 van der(*V"ا�% �V1ن د)V� �V1ل      

waals(      ت ا�0راتN�/�آ�� ( �1 
 وهVVVVV@�*fig8.( �VVVVV; ا��WVVVVVرة  

 :��VVذج   أو �VV�: %VVaّ�(CPKذج 
space-filling .  ا�ن �VV9�: �VV:د��

إ��VVVVVVVVVVVV ا��VVVVVVVVVVVVV�اب !VVVVVVVVVVVVV.يء  
�&B#' �ّ�����V1 48/� %aّ�َن     '  ُ ،

د)� �1ل آ�وي وا?" ، إ�� �>;       
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der waals sphere, up to the 
van der waals surface of a 
larger molecule. 
The finite size of the probe 
sphere means that there will 
be regions of ‘dead space’, 
crevices that are not 
accessible to the probe as it 
rolls about on the larger 
molecule. 
 

 
Fig9 : (Source: 

http://www.ccp4.ac.uk/.../newsletter38/03
_surfarea.html ( 

 . �ل أآ� !.يء �1ن د)� 1

��/48VV ا�=VV�وي   ��VV"ود ا��/4VVا�
 VV�ّ��ا��  _VV:أ �VV�)(  ك�VVن ه��=�VV� 
7M�VV�� ' ,?�8VV�,VV�&�'.  &<�8VV( N

   �VVVVإ� %WVVVV( أن  VVVV�ّ��48 ا��VVVV/ا�
�V? bV��* �F:kل !V.يّء       ا��6Cق  

� .أآ

This is illustrated in fig 1.4. The amount of 
dead space increases with the size of the 
probe; conversely, a probe of zero size would 
be able to access all of the crevices. The 
molecule surface contains two different types 
of surface element. The contact surface 
corresponds to those regions where the 
probe is actually in contact with the van der 
waals surface of the ‘target’. The re-entrant 
surface regions occur where there are 
crevices that are too narrow for the probe 
molecule to penetrate. The molecular surface 
is usually defined using a water molecule as 
the probe, represented as a sphere of radius 
1.4 A°. 
 
The accessible surface is also widely used. As 
originally defined by Lee and Richards this is 
the surface that is traced by the center of the 
probe molecule as it rolls on the van der 
waals surface of the molecule (Fig.1.4). The 
center of the probe molecule can thus be 
placed at any point on the accessible surface 
and not penetrate the van der waals spheres 
of the atoms in the molecule. 

�VV  *.ا)VV� "VV"د ا�!�8VVم    ,VV�&�8?�ت ا��VVد ا��"VV� داد.VV(
,VV)�ّ��ا�� . p=)��VV�8وي    و�VV( 0يVVا�  VV�ّ��48 ا��VV/إن ا�

)���Vي   .?/�_ #3�، )�=�_ ا��#�ل إ�� آ% ا��6CVق       
 ;<VVVا��    �WVVV�� �VVV� �&VVV3��P� �&��VVV: �VVV�� يء.VVV/
 ;<8VV7       .  ا�M�VVا��� gVV�* �VVإ� ،gVV�8>; ا���VVا�  �&CVV(

  VV� ��VV1 ;<VVن ?&qV أن ا�/48VV ا�����VV��   VV�ّ ا?�=�VVك 
��>V6,  .'ا�F"ف'د)� �1ل  �VF9* ـ Vا�  re-entrant surface 
* qVV&?�ا� "VV!VV�6ق ا�CVV6,ا�&��VV��8;  ا�VV* N ل��"VV� 

�VVVV/�.�VVVV.يّء ا����VVVV�ّ ا �ًVVVV��'(ُ "ّVVVVيّء�.VVVV/ا� ;<VVVV� د 
���VV!   VV�ّ.يّء ��VV ا���VVء ���P�VV"ام 48VV/آ   �ُVV�a� �VV1 %

_��)t ��  .أ�b در!,  1.4  !48 آ�وي ، )
 

 .أ)CVVV� �ً�VVV=% وا�P�8VVV* accessible surface  VVV"م ا�VVVـ
 �VVVوه) bVVV(�)* n8VVV��Lee  و  Richards��VVV#kا( 

 إ��V   ا�/ّ.يء ا����ّ�  أو ��آ.���" �� و�T  ا�8>; ا� 
�VVV�;<VVV� ل�VVV?  ل�VVV1 �VVV(ن د�VVV1 يّء�.VVV/�  (Fig.1.4)  .

       �V1 ,<6: آ. ا�/.يّء ��� أي��و������� )�=� و@  
 ا�/48VV ا�=VV�وي "�% دون أن )accessible surfaceVVا�VVـ 

 . ا�/.يّءإ�� دا�%��0رّات 

  

1.6 Computer Hardware and Software/ تأ���ة��	
  ا�������� و��

 
The workstations that are commonplace in 
many laboratories now offer a real alternative 
to centrally maintained 'supercomputers' for 

V�ات            �Pا�� �V� "V(")ا� �V1 آ� ا�(�% ا���!�دة��*6"م أ
   ,VVVVVVVVVVVVV�H�)ا� ,VVVVVVVVVVVVV(.آ�ا�� n&VVVVVVVVVVVVVا����� H("VVVVVVVVVVVVV�
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molecular modelling calculations, especially 
as a workstation or even a personal computer 
can be dedicated to a single task, whereas the 
supercomputer has to be shared with many 
other users. Nevertheless, in the immediate 
future there will always be some calculations 
that require the power that only a 
supercomputer can offer. The speed of any 
computer system is ultimately constrained by 
the speed at which electrical signals can be 
transmitted. This means that there will come a 
time when no further enhancements can be 
made using machines with ‘traditional’ 
single-processor serial architectures, and 
parallel computers will play an ever more 
important role. 
 
 
To perform molecular modelling calculations 
one also requires appropriate programs (the 
software). The software used by molecular 
modelers ranges from simple programs that 
perform just a single task to highly complex 
packages that integrate many different 
methods. There is three items of software 
have been so widely used: the Gaussian series 
of programs for performing ab intio quantum 
mechanics, the MOPAC/AMPAC programs 
for semi-empirical quantum mechanics and 
the MM2 program for molecular mechanics. 

'supercomputers '    ,&��8VVت ا���VV&��)��� م�VV6* �VV�ا�
 ، ��&V=( qّ�س �=�Vن ا�(�V% أو ?��V      ����0!, ا�/.)-&, 

!�VVFز آ�&*�VV� VV�F�� �WVVPt, وا?VV"ة، VV? �VV1&� أن      
             �&�"P�8V�ا�����ب ا�(�HVق )=�Vن �CV��ك �V�  V"ة 

8�6% ا�6�V� nV(&=�ن ه��Vك           . +��)�V�1 ا�� ،gذ�  �و
           �V=�( N �V�ة ا��V6ا� nV�<�* ��ا�����8ت ا� f)� ��hدا

   TVV61 قHVV�)ب ا��VVا���� Nإ �F�"VV6( أي. ان ,��VV� إن 
  �VVVVF&1 %VVVV6��*  �VVVV�, ا���8VVVV��� ة"VVVV&6�:�VVVV9م ?���VVVVب  

,VV&h���F=رات ا��VVtGا .  N eVVو� �*`&VV� _VV:أ �VV�)( 0اVVوه
)�=� إ?�از ا��.)" ��V ا���8V&��ت ���P�V"ام اVF!k.ة           

',VVVVVV("&�6��8, ' ا�VVVVVV�8�� ,VVVVVV�"�F� "VVVVVV?وا S��VVVVVV)�، ذات 
  ,VV&أه� �VVaدورا أآ nVV)�* ف�VV� ,VV(ا����از n&VVوا���ا�

��� eأي و� ��. 

 

�(��&�ت ا��V!0���� ,&��8, ا�/.)-&V, أ)n�<�(     ��V أداء ا  
  ,VVVVV���� S��VVVVV�)S�ا�VVVVV:��/&�VVVVVت   *�VVVVV�اوح.)ا��ا�

,�"P�80!,ا����1   ا��  ,V&-(./ا�  �&V�  S� ا�8V&>,  ا�V�ا
V�ا�S وا TV61  وا?V"ة ��F,   *�دي ا����  Vا�  "V&6)�ة ا�"("C 
��6Sم � * ا���"     ,V3��Pق ا���ا�> ��ه��Vك VQHQ,    .ا�(")" 

 ا��P"ا��F ��� :>�ق وا�V       أ:�اع �� ا��ا�S ا��� *4    
  Gaussian  0&3���ab intio ���8, ��ا�S '�و�� :!"ا 

1 4VV=ا� �VV=&:�=&�  S� MOPAC / AMPAC ، و�VV�ا
    S��VVVVV:�و� ,VVVVV&_ ا��/�)VVVVVt 4VVVVV=ا� �VVVVV=&:�=&��2MM 

 .���&=�:&=&� ا�/.)-&,

 
 

1.7 Units of Length and Energy/ ا�����و ا���ل و��ات     

 
Z-matrix is defined using the angstrom as 
the unit of length (1 A°≡ 10 -10 m≡100pm). 
The angstrom is a non-SI (International 
System of units) unit but is a very 

 b(�)* 4�( Z-matrix ام"P����  وم�8�V/:ة  ا"V?ل  �� آ��V<
���100 ≡م   8VV/:≡10 - 10��وم ا1(�VV=&� ( . وم�8�VV/:ا�VVه 

�V�hH,  ، و�=��VF   ���9م ا�V"و�� ���?V"ات  *��(, �  '&� و?"ة
 V� 1- 2&�  ا�V�وا�T  أ�Mال �(49 *��اوح  و،  !"ا �P��H"ام 

                                                 
1 Ab initio quantum chemistry methods are computational chemistry methods based on quantum chemistry/ 

 n&أ��� Ab initio.�������, و)=&")� ا�G=��و:&, (ا�=4 آ&�&�ء ا��(����*&, ا�=&�&�h&, ا��� *8��" إ�� M�ق ه�  n8��( 
 



[15] 
 

convenient one to use, as most bond 
lengths are of the order of 1-2 A°. One 
other very commonly non-SI unit found in 
molecular modelling literature is the 
kilocalorie (1 kcal≡4.1840 kJ). Other systems 
of units are employed in other types of 
calculation, such as the atomic units used 
in quantum mechanics. 

  .ا:/8VVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVV��وم

ا���VVV!0, آ�P�8VV*  nVVV"م �VVV1  أ�VVV�ى آ��VV أن ه��VVVك و?VVV"ة 
 : ���VVV9م ا�VVV"و�� ���?VVV"ات  *��(VVV&' � ,VVV� ا�/.)-&VVV,،وه�

  ,V(ار�ات ا���)8Vا�  kilocalorie  )1  ,VV(ار�ة ?�)V� ≡ 
��VVVV أ�VVVV�ى أ:VVVV�9,وه��VVVVك أ)�VVVVً� ). آ&��!�VVVVل 4،1840 

�VVa%، ا�����8VVت �VV1 أ:�VVاع أ�VV�ى �VV?� �VV"ات *P�8VV"ما� 
�&=�:&=� ا�=P�8* �1 4"م 0رّ), ا��� ا��?"ةا�. 

 

1.8 Mathematical Concepts/ ا����ه�م ا�ر�����ا����ه�م ا�ر�����ا����ه�م ا�ر�����ا����ه�م ا�ر����� 

 
A full appreciation of all the techniques of 
molecular modelling would require a 
mathematical treatment. However, a proper 
understanding does benefit from some 
knowledge of mathematical concepts such as 
vectors, matrices, differential equations, 
complex numbers, series expansions and 
lagrangian multipliers and some very 
elementary statistical concepts. 
 

        �("V6* %V!أ �V�!�&n/(   V ا�6&�م ������)/, ا���(@&,، 
�)�g�0VV� nVV/( ,VV1 ، .ا���VV!0, ا�/.)-&�VV&�6* ,VVت fVV)� 

 ,&VVVVVVVVVV@�(�ه&4 ا��VVVVVVVVVV3ا�� %VVVVVVVVVVa�  _VVVVVVVVVV/�ّا��vector ، 
 ، ا��(�VVVVدNت ا��matrices ,&�VVVV@�3ا���1�3WVVVVت

differential equations  ة"V6)م ا���Vر�kوا ،  complex 

numbers ،  ,�8V�� ت�)VV���و ، ا� ���V� VV'N�ا:�3Sت 
 .اkو�&, اf)�,&h�W?G ا���3ه&4 و
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2 Computational Quantum Mechanics 

�4���)�� ��2��2�3� ا�2,/� 

2.1 Introduction / ��'�� 

 
There are number of quantum theories for 
treating molecular systems. The one which has 
been widely used is molecular orbital theory. 
However, alternative approaches have been 
developed, some of which we shall also describe, 
albeit briefly. We will be primarily concerned 
with the ab initio and semi-empirical approaches 
to quantum mechanics but will also mention 
techniques such as Huckel theory, valence bond 
theory and Density functional. 
 

       ,VV�9:kا ,VV/��)�� 4VV=ت ا��VV(�9: �VV�ه��VVك �VV"د 
,VVVVV&-(./ا� . ، �VVVVV-(./ار ا�"VVVVVا�� ,VVVVV(�9: �VVVVVو*(�

  ًN��)�VVا� �VVaآkا ,VV(�94 . ا��VV* �VVآ�  fVV)�  VV@و 
SFى ا����kـ  .ا Vا� Sه�V�� Nًأو �0آV:ab initio ـ Vوا� 

semi-empirical  �4VV=ا� �VV=&:�=&�.  �ً�VV(أ �0آVV: �VVآ�
 ، :9��VVVV&�6�Huckel ,VVVV(ت �9: %VVVVa�fVVVV)� ,VVVV( ا�

�VV=* �8"اتVV�1 ا�valence bondو  ,VV(�9: ,VV1�a=ا� 
 .Density functionalا���&3&, 

 
The starting point for any discussion of quantum 
mechanics is the Schrödinger equation. The full , 
time-dependent form of this equation is: 

,VVVVVد��)� هVVVVVtSchrödinger ,VVVVV<6: �VVVVV�ود:B�  إن 
HVV<:Gاk 4قVV=ا� �VV=&:�=&� �VV1 ,CVV���� ,VV( .ذج ا��VV��

 ا�=��% ���(�د�, ا���(�6, ���.�� ه�
 

 
eq.2,1 

 
Eq. (2,1) refers to a single particle (e.g. an 
electron) of mass m which is moving through 
space (given by a position vector 

 ) and time (t) under the 
influence of an external field V (which might 
be the electrostatic potential due to the nuclei 
of a molecule). h is Planck’s constant divided 
by 2π and i is the square root of -1. Ψ is the 
wavefunction which characterizes the 
particle’s motion; it is from the wavefunction 
that we can derive various properties of the 
particle. When the external potential V is 
independent of time then the wavefunction 

 �&CV( Eq. (2,1)    4&8V! �Vإ� )  ون�V�=�Gا %Va� (  ,V��=�m  

ُ)�VVVVVVVVVVّ"د ��ا�VVVVVVVVVV��()  ,<VVVVVVVVVV�ك �VVVVVVVVVV� ا���VVVVVVVVVV3ء   ،
_VVV/ّ�� ( eVVVوا���(t)   �&Q`VVV* eVVV�*

ا���VV=( "VV� �VVن إ�=�:&VV, ا�=F���VVء  (  Vا��VV6% ا��VVPر!� 
 ا�Planck ,VV���a هh  ,VV�&� �VV). ا���*>�VV�� ,VVى ا�/VV.يء  

 ��� ,��86�2π  . i �)&���1- �ـه� ا�/0ر ا� . Ψ  �Vه 
ا�0VVي ه�VV . ا�"اVV�ّ, ا���!&VV, ا�0VVي )�&VV. ?�آVV, ا�/8VV&��ت

��VVV ا� ���VVV����,VVV&ّ!ا��� ,VVVج "ا�����VVVا� �VVV� �VVV��=�* �VVV�ا� 
�� *=�VVVن ا�=��VVV, . ا�uh�WVVVP ا��8VVV/�� ,VVV3��P&��ت"VVV��

 ,VV&!ر�Pا�V  ا� ,VV���آ �VV=�(ُ ،eVV����� ,VV<*�� �VV&'  ,VVا�"
,VVVVVVVVV&ّ!ا���    �:�VVVVVVVVV�: آ��&/VVVVVVVVV/� ,VVVVVVVVV.ء �=�VVVVVVVVV:� وز
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can be written as the product of a spatial part 
and time part: . We shall 
only consider situations where the potential is 
independent of time, which enables the time-
dependent Schrödinger equation to be written 
in the more familiar, time-independent form: 

 .   �&VVVV)� تN�VVVV0 ا��VVVV�`*ُ أن nVVVV/(
          �V�� ،eV����� ,<*���ر، ��"�� *=�ن ا�=��, '&� ��Gا

   ,V�8; ��(�د�V(      nV�=* ن`V� ،eV����� ,V<Vt�ود:B� ا���*
e����� T*�� �&Bه0ا ا���� ا� ���: 

 
eq.2,2 

 
E is the energy of the particle and we have 
used the abbreviation (pronounced ‘del 
squared’): 

E 4&8/ا� ,��M ر . ه��W��Gو�" *4 ا��(��ل ه0ا ا
 ’del squared‘ )ا��8ّ��(

 
eq.2,3 

 
It is usual to abbreviate the left-hand side of eq. 

(1,1) to Ĥ Ψ, where Ĥ is the Hamiltonian 
operator: 

     4VVر� ,VVا��(�د� �VV���VVدةً �WVV�P*ُ �VV� ا�/VVF, ا�&8VV�ى 
)11, (  �Vإ�Ĥ Ψ �� ـ Vأن ا� qV& Ĥ   �VهHamiltonian 

operator: 
 

eq.2,4 

 
This reduces the Schrödinger equation 
to . To solve the Schrödinger 
equation it is necessary to find values of E 
and functions Ψ. The Schrödinger equation 
falls into the category of equations known as 
partial differential eigenvalue equations in 
which an operator acts on a function (the 
eigenfunction) and returns the function 
multiplied by a scalar (the eigenvalue). A 
simple example of an eigenvalue equation is:  

      �VVإ� �B:ود�VVt ,VVد��)� �WVV�P( �VV��  %ّVV��
�(�د�,  .Ψ وا�ـ  Eه20 ا��(�د�,، )/n إ)/�د �&�, ا�ـ   6*

  %VVV@�3���� ,VVV1و�ت ا��(Nد�VVV)ا�� ,VVV-1 %VVV�دا �B:ود�VVVt
 �V��ُ"د  ، ?&�V6( qVم ا   ا�V�&6, ا�0ا*&V,  ا�/.�V)�� �VhدNت   

��V�و�,   )Q`����)eigenfunction&� ��� و�&3,    �Vده�و)ُ
��VVaل ��VV�� T&8VV ). ا�VV�&6, ا�0ا*&VV�scalar )  ,VVـ ,VVد��)� : 

  ا�6&�, ا�0ا*&,

 
Eq.2,5 
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The operator here is . One eigenfunction 

of this equation is y  with the eigenvalue r 
being equal to a. Eq.1,5 is a first-order 
differential equation. The Schrödinger 
equation is a second-order differential 
equation as it involves the second derivative 
of Ψ. A simple example of an equation of this 
type is  

  �Vه�� ه %BّCـ  . ا�� Vا� ,V3&و�Eigen    ,V20 ا��(�د�VF� 
*����8V*a .   �Vوي  ) ا�V�&6, ا�0ا*&r )   ,Vزاy     "Vh: ه�

 ,VVVا,51ا��(�د� �VVVول إ�kا ��VVV@�3�ا� nVVV&*��� . �VVV���*و
        %�CV*و ،�:�aا���3@�� ا� n&*��إ�� ا� �B:ود�t ,د��)�

��aل �T&8 ��(�د�, �� ه0ا ا���ع. Ψا��C�7 ا��a:� �ـ: 

 
Eq.2,6 

 
 

The solutions of eq.2,6 have the 
form , where A, B and k 
are constants. In the Schrödinger equation Ψ 
is the eigenfunction and E the eigenvalue.  

 ,VVا��(�د� %ّVV? 0VVP�(6 2, %VVآ  ،
�(�د�VVt ,VV�ود:B���VVQ .   ،��نqVV&?A,B,k أن  �VV1Ψ  �VVه
 . ه� �&��E�F وا�ـ Eigenو�&3, ا�ـ

 

2.1.12.1.12.1.12.1.1 Operators / ن�    ا�"��7ّ

 
The most commonly used operator is that for 
the energy, which is the Hamiltonian operator 
itself, Ĥ. The energy can be determined by 
calculating the following integral: 

. t&��ً� اkآa�>��, ه� ا��BC% إن �BC% ه��&���ن ��
�%)�=� ا?��8ب ا�>��, �� �Hل ا?��8ب ه0ا ا��=�: 

 
Eq.2,7 

 
 

 
(Ψ*) : the wavefunction may be a complex 
number. 
E: scalar and so can be taken outside the 
integral. 
If the wavefunction is normalized then the 
denominator in eq.2,7 will equal 1. 
The Hamiltonian operator is composed of two 
parts that reflect the contributions of: kinetic and 
potential energies to the total energy. The kinetic 
energy operator is: 

(Ψ*) :nّآ�� .ا�"ا�, ا���!&, �" *=�ن �"د 

E : %VVV�إذا آ�:eVVV ا�"ا��VVV=�( . ,VVV أن *VVVP�ج ��VVV ا��=�
   ,VVا��(�د� �VV1 ج�VVPن ا���VV1 ,VV&)&M ,VV&!ا��� eq.2,7 

 .1)�8وي 

 

     qVV&��،�&h.! �VV��&���ن �VVه %BCVV� b�`VV�(pVV=)* 
��ت�FVVإ� :  ,VV&آ�ا�� ,VV��<و ا�   VV@ا�� ,VV��M �VV�� 

�BّC% ا�>��, ا���آ&, ه�. إ!���� ا�>��,: 
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Eq.2,8 

 

 
And the operator for the potential energy 
simply involves multiplication by the 
appropriate expression for the potential 
energy. For an electron in an isolated atom or 
molecule the potential energy operator 
comprises the electrostatic interactions 
between the electron and nucleus and the 
interactions between the electron and the 
other electrons. For a single electron and a 
single nucleus with Z protons the potential 
energy operator is thus: 

  ,VV(��VV��M %BّCVV, ا��@VV@  VV�ب ا�(�VVرة ا�/ %�CVV(و 
,VVا����� G,VV��<ت ا��VV:�=�8, VV�=�G�ون �VV1 ذرّة . VV����

�VVVV��M %BّCVVVV, ا��@VVVV     أو !VVVV.يّء �(VVVV.ول،  %�CVVVV( 
 ا���VVاة و و اVV�=�G�ون  ا�=F�و�VV� ,&=&*��VV&�  ا��H��VV3ت

VVVV�اتا��Qv�&VVVV�  ون�VVVV�=�Gت و ا�VVVV:و��=�Gىا�VVVV�kا  .
G ,8VVV���� ون�VVV�=�"VVV?اة و وا�VVV:ةوا"VVV?  VVV�  �VVV�زد 

��VVV1 ،%BCVVVن ا��و*�:�VVVت ,VVV��<ا� �VVVه ,VVV���ا���  �VVV��
 :ا���� ا����� 

 
Eq.2,9 

 
 

Operator for linear momentum along the x 
direction : 

   ,VV&<Pا� ,VVآ�ا�� ,VV&أو آ� �V<Pا� ,VVآ�4 ا��VV�ز %BCV�
 2�/*Nازاة  ا�� �1x: 

 
Eq.2,10 

 
 

The expectation value of this quantity can 
thus be obtained by evaluating the following 
integral: 

  �VV�� ل�WVVا�� �VV=�(و ,VV�&ا��  VV����  ,VV&�=20 ا�VVF  �VV�
�% ا����� ا��Hل *6&&4�=�� : 

 
Eq.2,11 

 
 

2.1.22.1.22.1.22.1.2 Atomic Units    / / / / و9'ات ا�!رّة    

 
The atomic units of length, mass and energy 
are as follow: 
 

• 1 unit of charge equals the absolute 

      �Vا��� �V�� ا��?"ات ا�0ر), ��=��, وا�>�ل وا�>��, ه�
 :ا����� 

 

•      ,��CVVV� ,VVV6�<ا�� ,VVV�&6�8وي ا�VVV* ة"VVV?وا ,��VVVt
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charge on an electron, 
  

 
• 1 mass unit equals the mass of the 

electron,  
 

 
• 1 unit of length (1Bohr) is given by 

  
 
It is the radius of the first orbit in 
Bohr’s treatment of the hydrogen 
atom. It also turns out to be the most 
probable distance of 1s electron from 
the nucleus in the hydrogen atom. 

 
• 1 unit of energy  (1 Hartree) is given 

by 
 

 
It corresponds to the interaction 
between two electronic charges 
separated by the Bohr radius. The 
total energy of the 1s electron in the 
hydrogen atom equals -0.5 Hartree. 

 . إ�=��ون

 

•  ,VVVVV��=ة ا�"VVVVV?ة(و"VVVVV?وا ,VVVVV��آ ( ,VVVVV���8وي آVVVVV*
 :ا�G=��ون

 

 

) :��Vذج ��Vر أو ��Vه�       1( ا�>�Vل     ُ*(>� و?V"ة   •
 ,<VVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVا���

 

 

إ:VVt _VV(�ع ا��VV"ار اkول �VV�: �VV1ذج ��VVر �0VVرّة   
و)���VVVVل أ)�VVVVً� إ��VVVV أن )=�VVVVن . ا�VVVV&F"رو!&�

   �VV� �ًVV�&!�* �VVaآk1�8, اVV1ا��s  �VV� إ�=�VV�ون 
 .ا���اة �1 ذرّة ا�F&"رو!&�

 
 ��ا�>,)  ه�ر*�ي 1(ُ*(>� و?"ة ا�>��,  •

 
 

    � إ�=�V�و:&��  Qv �&�  �&���Vt��� ا آ�� إ:_ )��ا71 
 ��F�WV3(   ع�)Vt   �ه�V� .   ,VV��<ع ا��V�/�)�8Vوي 

 0.5- إ�=�VVVVVV�ون �VVVVVV1 ذرّة ا�VVVVVV&F"رو!&�  VVVVVV�1sـ
 . ه�ر*�ي

 

2.2 One-electron Atoms 

 
In an atom that contains a single electron, the 
potential energy depends upon the distance 
between the electron and the nucleus as given 
by the Coulomb equation. 
It is more convenient to transform the 
Schrodinger equation to polar coordinates r, θ 
and φ, (wavefunction) where: 
r: the distance from the nucleus 
θ: the angle to the z axis  
φ: the angle from the x axis in the xy plane 
 

، *�*=. وا?" إ�=��ون ا��� *���ي ��� ا�0رة �1
 ,��ا���اة و ا�G=��ون �&� ا��1�8, ���ا�>��, ا�=�

�n8� ,د��)� n� .آ���

�� t�ود:/� �(�د�,*��)% ، �Hء�, آa� اkو
 ,& :?&q ) دا�, ��!ّ&,( φ و ��r،θ?"اQ&�ت ا�6>

r : ,1�8ا�� �� :�اة 

θ : ,(ر �� زاو���z 

φ : (زاو, �� xy ا�>�h�ة x �1 ا����ر 

Eq.2,12 
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Y(θ,φ) : angular function called a spherical 

harmonic 

R(r) : radial function 

n: principal quantum number: 0, 1, 2,… 

l: azimuthal quantum number : 0, 1,…, (n-1) 

m: magnetic quantum number : -l, -(l-1), …0…(l-

1), l 

Y(θ,φ) :وي�و�&3, زاوّ), *��8 *���7 آ 

R(r) :,&��)t ,3&و� 

n :�8&h�2,1,0,…: �"د ا�=4 ا� 

l :ا�=4 ا��8�� �"د :(n-1),…,1,0 

m :�8 ا�=4 �"د&M��Bا�� :l,(l-1)…0…,-(l-1),-1 
 

 
Eq.2,13 

 
 

, where  is the Bohr radius. 
 is a special type of function called a 

Laguerre Polynomial 
 

, ، q&?  �ع ��ه�)t ه�. 

         ��8VVV* bh�VVVا��� �VVV� .VVV&��ه�VVV: �VVVع 
Laguerre Polynomial 

Eq.2,14 

 
With: 

 

 
 

: The solutions to the Schrödinger 
equation for a particle on a ring. 

: Series of function called the 
associated Legendre polynomials. 

 .�/8&�4(�د�, t�ود:/� � ا����ل: 

 : ,�8V��   ��"V* bh�Vو� )the associated 
Legendre polynomials.(  
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The energy of each solution is a function of the 
principal quantum number only; thus orbitals 
with the same value of n but different l and m 
are degenerate. The orbitals are often 
represented as shown in fig 2.1. These graphical 
representations are not necessarily the same as 
the solutions given above. For example, the 
‘correct’ solutions for the 2p orbitals comprise 
one real and two complex functions: 
 

 ,��M �8 ا�=4 ا�("د و�&3, ه� ?% آ% إن&h�ا� T61 ،
  l,m أ��F�    ,V�&� pV3: n    ,V�&� �V   ا��"ارات إن     و�������

,VV3��P���VV=�1 . %VVaّ��* �VVن  �VVآ��VV ه�VV  ا��VV"ارات و'��
 �1 �&��p&V   اVtk=�ل ا�&�:&V,    ه20. 2،1 ا�C=% ر�4  

���VV . ا��0VVآ�رة أ�2HVV ا����VVل :�VV��� �VVF� pVV3�ورة
*�=�Vن   �2p"ارات  �ا��W&�,  'ل  ��� ا� �&% ا���aل ،  

�(6"*&��&3�&� و ?6&�6 �� وا?" : 

 

 
 

 
 
R(r): The radial part of wavefunction 

: A normalization factor for the angular 
part. 
2p (0): function corresponds to the 2pz orbital 
that is pictured in Fig 2.1. 

R(r) :ا�"ا�, ا���!&,ا�/.ء �� ���)Cا� . 

�% *�n&8 أ?�دي ��/.ء ا�.اوي:�� . 

2p (0) : ار"�  � Fig ا���Wر 2pz �1و�&3, *��ا71 
2.1. 

 

Fig 2.1:  
The common graphical representations of s, p and d orbitals/ 

%&a��ا� ا�ا� �� C� s,p,d��ك ��"ار���

Src: http://butane.chem.uiuc.edu/pshapley/GenChem2/Intro/orbit.gif 
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The linear combinations below are the 2px and 
2py orbitals shown in Fig 2.1. 

 2py و�V"ار   2pxا���ا61&�ت ا�Pّ>&, أد:�2 *(�د ��"ار 
 .Fig 2.1ا���!�د)� �1 

 

 
 

 
These linear combinations still have the same 
energy as the original complex wavefunctions. 

         ,Vا�"ا� ,��M p3: �F("� زال �� ,&<ّPه20 ا���ا61&�ت ا�
,&�#kا , .ا���!&, ا���آّ

 

2.3 Polyelectronic Atoms and Molecules/ ّتإ���2ون ��4'د ا�!ر��� �ات وا�     

 
Solving the Schrödinger equation for atoms 
with more than one electron is complicated by 
a number of factors. The first complication is 
that the Schrödinger equation for such systems 
cannot be solved exactly (solutions can only be 
approximations to the real true solutions). 
A second complication with multi-electron 
species is that we must account for electron 
spin. 
Spin is characterized by the quantum number 
s, which for an electron can only take the value 
½. The spin angular momentum is quantized 
such that its projection on the z axis is either 
+ħ or –ħ. These two states are characterized by 
the quantum number ms , which can have 
values of +1/2 or -1/2, and are often referred to 
as ‘up spin’ and ‘down spin’ respectively. The 
spin part defines the electron spin and is 
labeled α or β. These spin functions have value 
of 0 or 1 depending on the quantum number 
ms of the electron. Each spatial orbital can 
accommodate two electrons, with paired spins. 
In order to predict the electronic structure of a 
Polyelectronic atom or a molecule, the Aufbau 

principle is employed, in which electrons are 
assigned to the orbitals, two electrons per 
orbital. For most of the situations that we shall 
be interested in the number of electrons, N, 
will be an even number that occupy the N/2 
lowest-energy orbitals. 

 %VV? ,VV&��� د إن�)�,VV� �/:ود�VVt VV� ذات 0رات  �VVaأآ
�VV�  ,VV&��� �VVـ"، هVV?ون وا�VV�=ة إ�"VV6)� gVVوذ�  n8VV�
�VV� �VV"د %VV� أ:�VV=�( N _VV ه�VV اkو��VV ا��CVV=�, .ا�(�ا

. a% ه20V اt ��    ,V�9:k�ود:/� �(�د�,إ)/�د ?% د�&7 �   
)�VVV=�( ل�VVV�? د�VVV/(إ ,VVV&(�6* TVVV61 �� ل�VVV�� ,VVV&6&6ا��

,�&�WVVVا�( .,�=CVVVا�� ,VVV&:�aا�  VVV�kاع ا�VVV: دة"VVV)�ا�� 
 'VVVVV.ل ?�8VVVVVب ه�VVVVV أ:VVVVV�=�G �VVVVV�&�� nVVVVV/( _VVVVV�ونا

 .ا�G=��ون

.VVV&��(  �&8VVVل أو ا�.VVVBد �ا�"VVV) 4VVV=ا� s  ،�VVV�ا� �VVV=�( 
 .�1/2&�, *�8وي  أن )`��0=��ون ��

���Vر              �V�� _M�6Vإ� %Va� V' ")(ُz.ل ا�V.�4 ا�V.اوي 
 ا�=4V  �(V"د  ه�*�Vن ا������Vن   *��&ħ. .   .V– أو   ħ+ه� أ)�ً�   

ms    ,V�&� 0VV�`( أن �V=�� �V�و .1/2-  أو 1/2+، ا� �VV��'
�� )�Cر      4V��� �VF&��8,      "إ�Vرب ا��V6�  V��=pV  "أو  " 

8&�   "  ��6رب ا���8, Vد !.ء ا�"�()  �V�.Bء ا�.V/ا� (
8&�(إ�=�VVV�ون ا�VVVB.ل  VVV��8 ) ا�VVV(وα أو β . �8ويVVV*

و��bh ا�8&� ه3V# ,V�&� 20� أو وا?V� n8V�� "V"د               
 .msآ4VVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVV اVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVV�=�G�ون 

  �&�.VV'  VV��VV"ار )�=�VV أن )n���8VV إ�=�VV�و:&�،  %VVآ
)2.VV' ل/�&VV� .( %VV!أ �VV�  VV��* ,VV&� ا�N=��و:&VV, ا�
 ���V   ��%، )�4   ا�G=��و:�ت ا���("د /.يء ا� أو 0رة��

���VVV"ة اوف ��VVVو، ا��* �VVV�n8VVV: �VVV�� .VVV=*      أ��VVVس 
8, ��(4V9   . ا�G=��و:�ت إ�� ا��"ارات  Vت   و����N�Vا��

�VV�د  ا�"VV)� �VVF�H� �VV� 4�VVF: ت�VV:و��=�Nا ،N ،ف�VV� 
�VVV"ار ا�>��VVV, اkد:�VVV ا�VVV ـ  %BCVVV(N/2"VVV�، دوج.VVV� .د 
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Electrons are indistinguishable. If we exchange 
any pair of electrons, then the distribution of 
electron density remains the same. According 
to the Born interpretation, the electron density 
is equal to the square of the wavefunction. It 
therefore follows that the wavefunction must 
either remain unchanged when two electrons 
are exchanged, or else it must change sign. In 
fact, for electrons the wavefunction is required 
to change sign: this is the antisymmetry 

principle.  

����VV).ة   �VV&' ت�VV:و��=�Gأي  .إن ا %("VV�� �VV��� إذا
       �V6( ,V1�a=و:�ت، �1ن *�ز)  ا���=�Gا ��زوج 

_8VV3:.  ون�VV�=�Gا ,VV1�aون، إن آ�VV� �&8VV3�� �ًVV61و
    ,VV&!ا��� ,VVا�"ا� nVV)=�ا�"ا�VV,   إن ��8VV*. g�0VVوي 

")%    )/n أن B�* N&�    ا���!&,* 4�( ��اV�Q&�   أ)�ً� ��"
���V&&B*  ,V�  V:�1   nV/(_  وإN،  ا�G=��و:�Vت  H)ا�.   �V1 

     ,8VVVV���� ,VVVV���<� ,VVVV&!ا��� ,VVVVإن ا�"ا�  VVVVا��ا�
          �V��V,، وه0Vا H)ا� �V&&B* %V!أ �V����=��و:�ت 

 .ُ)(�ف ��"ئ �"م ا������

Eq.2,15 

 
 
 

2.3.12.3.12.3.12.3.1 The Born-Oppenheimer Approximation/ / / / رن�أو��>� "�-���ر�3 �     

 
The electronic wavefunction depends only on 
the positions of the nuclei and not on their 
momenta. Under the Born-Oppenheimer 
approximation the total wavefunction for the 
molecule can be written in the following form: 

 ,VV&!ا��� ,VVا�"ا� "VV��)* ,VV&:و��=�Nا  �VV�� TVV61  VVا��� 
��V��  �VF  و�&p ا���ى.�.  nV!و���  nV(�6*  ر�Vن�- 

��(�VVVFأو�� ، ,VVV���آ �VVV=�(   ,VVV&���!Gا ,VVV&!ا��� ,VVVا�"ا�
 :ا�C=% ا�����  ���/.يء ��

 
Eq.2,16 

 
 

The total energy equals to the sum of the 
nuclear energy and the electronic energy. The 
electronic energy comprises the kinetic and 
potential energy of the electrons moving in the 
electrostatic field of the nuclei, together with 
electron-electron repulsion: 

,VVVV��<ا� ���VVVV�!�8وي إVVVV( ع�VVVV�/�  ,VVVV(ا���و ,VVVV��<ا�
، ا�N=��و:&4�VVVV* ,VVVV ا�>��VVVV, .ا�N=��و:&VVVV,ا�>��VVVV, و

,VV��<ا� ,VV&آ�ا�� ,VV���ا��� ,VV��<وا� �VV� ا�G=��و:�VVت 
,VVVآ�ا���� �VVV1  �h�VVV��F=ا� %VVV6ا��VVVى���� �VVVإ� �VVV�! ،

 n�! � "�� .ا�G=��ون -ا�G=��ون *

 
Eq.2,17 
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2.3.22.3.22.3.22.3.2 General Polyelectronic Systems and Slater Determinants / / / /  أ3="� ا��2�0ون ا�"�4'د ا�4��� و

    ��'دات �<)�

 
A determinant is the most convenient way to 
write down the permitted functional forms of 
a Polyelectronic wavefunction that satisfies the 
antisymmetry principle. In general, if we have 
N electrons in spin orbitals X1,X2,…,XN then an 
acceptable form of the wavefunction is: 

�V�hH, �   اkآVa�  ا�>�)V6,  ه�V  إن ا�ُ��ّ"د    ,V���= ل�=Vtkا 
  ��"ا�V, ا���!&V, ا���(V"دة ا�G=��و:�Vت        ا����?, ا���&3&,

VV"أ �  7VV<*ُ �VV�ا�  ���VV��م ا�"VV�.  ن�VVم، إذا آ�VV� %=CVV� 
  ��("�N       ,V&�.Bارات ا�"Vا�� �V1 ت�V:و�إ�=� X1,X2,…,XN 

 :، �1ن t=% ا�"ا�, ا���!&, ا��4hH ه�

 
 

Eq.2,18 

                                                 

 
X1(1): indicates a function that depends on the 
space and spin coordinates of the electron 
labeled ‘1’. 

: ensures that the wavefunction is 

normalized. 
This functional form of the wavefunction is 
called a Slater Determinant and is the simplest 
form of an orbital wavefunction that satisfies the 
antisymmetric principle. 
(If any two rows of determinant is identical, 
then the determinant vanishes) 
When the Slater determinant is expanded, a total 
of N! terms results. This is because N! different 
permutations of N electrons. 
For example, for the three-electron system the 
determinant is 

X1(1) :  ت�&Qا"VV?ء وإ��VV3��� ,VV6�)�� ,VV3&و� �VV�� ل"VV*
 ".1"ا�B.ل ���=��ون 

8ّ, +?�د)�ًَ: �� .)��� إن ا�"ا�, ا���!&,

��VVV"د  ُ ��8VVV( ,VVV&!ا��� ,VVV�3 ��"ا�&��VVVا� %=CVVV0ا ا�VVVه
         �V�ا� ,V&!ار ا�"ا�, ا���"�� T8�kا %=Cوه� ا� �*H�

"أ �"م ا������ُ)�t 03ّ�وط �. 

 ، )�Vدي    ا���V"د  �� #3&� ه��ك *>��7 �&�     إذا آ�ن (
 )ا���"دذ�g إ�� ا���3ء 

       �VVV� ,VV���/� ،�*H8VVد ا�"VV��ُ  VV�ّ�* �VV� S�VV�(N! 
 ;�<WVV�8n ا�VVـ. VV� gVVوذ� N! ـVV� bVV��P� %("VV* N 
إن ا�ُ��"د ���9م ذو VQHQ, إ�=��و:�Vت        : ��aل.إ�=��ون

 :هُ�
 

 

 
 

Expansion of the determinant gives the following 
expression: 

 :)��S �� ا��"اد ا�ُ��"د، ا�(�رة ا�/�), ا����&,
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This expansion contains six terms ( . The 
six possible permutations of three electrons 
are: 123,132,213,231,312,321. Some of these 
permutations involve single exchanges of 
electrons; others involve the exchange of two 
electrons. For example, the permutation 132 
can be generated from the initial permutation 
by exchanging electrons 2 and 3 (If we do so 
we will obtain the wavefunction with a 
changed sign –Ψ).By contrast, the permutation 
312 requires that electrons 1 and 3 are 
exchanged and then electrons 1 and 2 are 
exchanged. (This gives rise to an unchanged 
wavefunction).  
In general an odd permutation involves an 
odd number of electron exchanges and leads 
to a wavefunction with a changed sign; an 
even permutation involves an even number of 
electron exchanges and returns the 
wavefunction  

��VVV"اد )���VVVي ��VVV? ,�VVV� �VVV"ود      N0ا اVVVإن . )ه
 ,VVVVVVVQHaت ا��VVVVVVV:و��=��� ,VVVVVVV�=8�, ا���VVVVVVVا� %VVVVVVV(د�ا��

�VVVVي.123,132,213,231,312,321:ه�VVVV<�* 20VVVVه fVVVV)� 
 %VV(د��VVدNت �VV3�دة ��VV ا�G=��و:�VVت، �VV1    ا��* �VV��

        �VV� �&VV�Qدل ا�VV* �VV�� �VV�ا� f)VVي ا��VV<�( �&VV?
 ,"�VVV ا��:��VVV=�(�VVV�� %WVVV أن  �HًaVVV،. ا�G=��و:�VVVت

132   ��V")% اV�=�G�ون    �V� ا��"�V, اkو�&     ,V�HVل   * 
إذا ���� ��V�� %WV��� ،g�0V ا�"ا�V,          (3 وا�G=��ون   2

*  VV� ,VV&!ا��� ,VV�H)��� �VV&&B–Ψ( . nVV�<�* ،p=)��VVو�
  ,�"V")%       3 و 1 *V")% ا�G=��و:�Vت      312ا��* 4VQ �V� و

��!&VV&' ,VV�    (2 و1ا�G=��و:�VVت  ,VVدا� n8VV( �VV�ه0VVا 
��B&�ة.( 

�VVدل �VV"د   * �VV�� دة�VV3ا�� ,VV�"��VV� %=CVVم، *�>�VVي ا��
   ,VV�H� �VV&&B* �VVدي إ��VV( �VV���VV3�د ��VV ا�G=��و:�VVت 

, ا��.دو!, ��� *�Vدل      ، *�>�ي ا��"�   ;ا�"ا�, ا���!&, 
   ,VV&!ا��� ,VVا�"ا� "VV&)(ت و�VV:و��=�Gا �VV��VV"د �VV.دوج 

�&&B* دون. 

 
The Slater determinant can be reduced to a 
shorthand notation. In one system of the 
various notation systems, the terms along the 
diagonal of the matrix are written as a single-
row determinant 

�=�( u&�6* د"���V�.�P,   إ��   H8*�ا�  ,���/� .  �V�
ا��VV"ود  *VV�4 آ���VV,  ،ا��VVM  ,VV3��P�ق اG��VV.ال  إ?VV"ى

��V"د     ا��V<�  ,1�3WV�ي  ���VM �Vل   ا���!�دة   bWVآ
�3�د . 

 
Eq.2,19 

 
 

 
The normalization factor is assumed. It is 
often convenient to indicate the spin of each 
electron in the determinant; this is done by 
writing a bar when the spin part is β (spin 
down); a function without a bar indicates an 
spin (spin up). Thus, the following are all 
commonly used ways to write the Slater 

��VV=( �VVن '��VV@ .�ًVV�وري ا���n&8VV ا�VV?kدي ���VV%إن  
  �VVرة إ��VVt�� nVV�����VV"د؛ ُ�ا�آVV% إ�=�VV�ون VV'  �VV1.ل 

         ,V���7 آV(�M �V� gو)�4 ذ�       ،,V3&ق ا����V1 �V61أ T(�Vt 
  ��"��     �V�.Bن ا�/.ء ا��=(β)    �Vل إ�.V' k3% اV�(؛   �V� أ

�� )=�ن ا  "��   �V�.Bء ا�.V/�α)    �V��kا �Vل إ�.V' (  ن�V1
V&�! �V�( �V�&1        . أ�VF��1 �61   �"ون t�T( *=�ن  ا���&3,  
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determinantal wave function for the Be atom 
(which has the electronic configuration 1s2 
2s2 ) 

 ,VV���=� ,�"P�8VVق ا���VV<ا�� �*HVV� د"VV�� ,VVا��"ا�!��VV& ,
 )1s2 2s2*�ز)(�F ا�G=��و:� ه�  ( ا��)�&�مة�0رّ

 
Eq.2,20 

 
 

 
 

 
 

 
An important property of determinants is that 
a multiple of any column can be added to 
another column without altering the value of 
the determinant. This means that the spin 
orbitals are not unique; other linear 
combinations give the same energy. 

إ?VV"ى ا��3WVVت ا��VV��ُ�� ,VV�Fّ"دات ه�VV أن ُ��آnVVّ أي    
     �V(ُ أن �V=�( د����  Vف إ��         %("V��د +�V� �V"ون *�V� �

 ه0VVVا )(��VVV أن 'VVV.ل ا��VVV"ارات �&VVV�&�.   e8VVV, ا�VVV��ُّ"د
 ����ا7VVV&1 ا�VVV&<P, اk�VVV�ى أن *(>�VVV  ، و)�=1�VVV�VVV("ة

�F*ا�>��, ذا. 

 

2.4 Molecular Orbital Calculations / $� � 9?���ت ا�"'ار ا�

 

2.4.12.4.12.4.12.4.1 The Energy of a General Polyelectronic System/The Energy of a General Polyelectronic System/The Energy of a General Polyelectronic System/The Energy of a General Polyelectronic System/  �@�Aا�4�م ا�"�4'د��و3$ �=�م ا��2�0 ا�  

 
For N n-electron system, the Hamiltonian takes 
the following general form: 

�� أ!�V9: %Vم   N n-     0اVن ه���&��VF0 ا�VP�* ، ون�V�=إ�
 :ا�C=% ا�(�م

 

 
 

A, B, C, etc: indicates the nuclei. 
1, 2, 3, …: indicates the electrons. 
The Slater determinant for a system of N 
electrons in N spin orbitals can be written:  

A, B, C...sل ��� ا���ى: إ�"(. 

 .)"ل ��� ا�G=��ون..: .3 ,2 ,1

     �V� N إ�=�V�ون و N)�=� آ���, ا���"د �*H� ���V9م 
�"ار '.�� ?n8 ا�C=% ا�����: 
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Each term in the determinant can thus be 
written Xi(1)Xj(2)Xk(3)…Xu(N-1)Xv(N) where 

i,j,k,…,u,v is a series of N integers. 
As usual, the energy can be calculated from  

)�=�VVVVVVVV آ���VVVVVVVVV, آ�VVVVVVVVV1 "ّVVVVVVVV? %VVVVVVVVV ا���VVVVVVVVV"د آVVVVVVVVVـ   
(1)Xj(2)Xk(3)…Xu(N-1)Xv(N) qVVV&? i,j,k,…,u,v 4VVVه 

�%H8�8*Nت �ـ�=* . 

�� :آ��(�دة، )�=� ا?��8ب ا�>��, 
 

 

 

 
 

 
If the spin orbitals form an orthonormal set 
then only products of identical terms from 
the determinant will be non-zero when 
integrated over all the space. 
(If the spin orbitals are normalized, integral 
will equal 1) 
(If the term involves different electrons, it 
will equal zero, due to the orthogonality of 
spin orbitals). 
 
The numerator in the energy expression can 
be broken down into a series of one-electron 
and two-electron integrals. Each of these 
individual integrals has the general form: 

  VVVP*ل إ�VVV? �VVV1    ,VVV���/� %=VVVt ,VVV&�.Bارات ا�"VVV0ت ا��
,�9��8VVVV��VVVV"ة و�)�� )�VVVV1 ،) "ّVVVV?  VVVV�!termن ا��VVVV"ود 

               ��"V�� �3V# �8ويV* N د"Vا��� �V� TV61 ,/*ا��� ,�Qا����
%��=�*. 

8ّ, +?�د)�8VVV( ،�ًVVVوي      (VVV�� ,VVV&�.Bارات ا�"VVVا�� eVVV:إذا آ�
 )ا��=��% وا?"

��VV�� "ّVV إ�=��و:�VVت ��VV? �VV1    _VV:�1 ،,VV3��Pل إ?��VVاء ا�  (
�"ارات ا�B.ل)�8وي 3#�، � "��)* n8.( 

 

�VV1 T8VV ا�(�VVرة ا�/�)8VV6* �VV=�( ,VV&4 ا� �VV� ,�8VV�� �VVإ�
  �VVVV� �&VVVV�QNت اH��VVVV=*و "VVVV?ون ا��ا�VVVV�=�Gت اH��VVVV=*

��3�د �� ه20 ا��=��Hت *      . ا�G=��ون %� ه0ا  `�0آ% *=�
 :ا�C=% ا�(�م

 

 
 

[term1] and [term2] each represent one of the ا�ـ %aّ�(ُ[term1] و [term2]  %آ    �*H8Vد ا�"V�� �V� "ّV?. 
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N! terms in the Slater determinant. To 
simplify this integral, we first recognize that 
all spin orbitals involving an electron that 
does not appear in the operator can be taken 
outside the integral. For example, if the 
operator is 1/r1A, than all spin orbitals other 
than those that depend on the coordinates of 
electron 1 can be separated from the integral. 
The orthogonality of the spin orbitals means 
that the integral will be zero unless all indices 
involving these other electrons are the same 
in [term1] and [term2]. 
 
For integrals that involve two-electron 
operators (i.e. 1/rij), only those terms that do 
not involve the coordinates of the two 
electrons can be taken outside the integral. 

T&8VV ه0VVا ا��=��nVV/( ،%VV أن :VV"رك  * %VV!أ �VV�أوNً أن 
    �VV1 �VVF9( N ون�VV�=إ� �VV�� ي�VV<�( �VV�.' ار"VV� %VVآ

&%  .)VVVP�ج ��VVV ا��=��VVV% ا���VVV=�( ،%BّCVVV أن  VVV� �VVV��
�VV"ارات    r1A/1ا���VVaل، إذا آ�VVن   %VVن آ�VV1 ،%BّCVVا�� �VVه 

ا�VVVVB.ل �VVVV� �VVVV"ا ا���VVVVا*� )(��VVVV"ن ���VVVV إ?VVVV"اQ&�ت       
��VV ا��=��VV%   1اVV�=�G�ون  4F�WVV1 �VV=�( ،. إن ,VV("��)*

�% )�8وي #3� إN إذا     ا��"ارات ا�B.�&, *(�� أن ا��    �=
 eVVVV:ات  آ��VVVVtا��� %VVVV20  آVVVVه ���VVVV�* ت�VVVV:و��=�Gا

�1 �F83: ى ه���kا  [term1] و [term2]. 

       �VV� �&VV�Qا %BّCVV� ���VV�* �VV�ت ا�H��VV=�ا� ,VV��? �VV1
) terms(، TVV61 ه20VV ا��VV"ود   )rij/1(ا�G=��و:�VVت ��VVaل  

 �VV�ا� Nت ا�&Qا"VV?إ ���VV�* N   ،ت�VV:و��=�Gا �VV� �&VV�Q
�� ا��=��%*8�>&  أن *P�ج . 

 
It is more convenient to write the energy 
expression in a concise form that recognizes 
the three types of interaction that contribute to 
the total electronic energy of the system. 
 
First, there is the kinetic and potential energy 
of each electron moving in the field of the 
nuclei. The energy associated with the 
contribution for the molecular orbital Xi is 
often written Hiicore and M nuclei. For N 
electrons in N molecular orbitals this 
contribution to the total energy is (the actual 
electron may not be ‘electron 1’): 

          .!�V� %=CV� ,(��� ا�1k% آ���, ��رة ا�>��, ا�/
    ���VV�!إ �VV1 4F8VV* �VV�ا� ,VVQHaا� �QvVV�اع ا��VV:أ ���VV�(

 .ا�>��, ا�G=��و:&, ����9م
 

أوNً، )�!" ه��ك ا�>��, ا���آ&, وا�>��, ا��@  �=%        
�nVV�=*ُ �VV ا�>��VV��. ,VV�ك دا�VV% ا���VVىإ�=�VV�ون ) �ًVV��'
 ,VV<�VV"ار ا�/VV.يء ��FVVم��ا���* Xi0اVV=ه  Hiicore و M 

��VV أ!�VV:.  %VVىN �VV1 ون�VV�=إ� N ،يء.VV! ارات"VV� 
0VVVم ااه�FVVV�G �VVVه ,VVV��<ا� ���VVV�!إ �VVV�� ) ون�VVV�=�Gا

  ):’electron 1‘ا�p&� ��)3 �����ورة 

 

 
 

The second contribution to the energy arises 
from the electrostatic repulsion between pairs 
of electrons. This interaction depends on the 
electron-electron distance (Jij).The total 
Coulomb contribution to the electronic energy 
of the system is obtained as a double 
summation over all electrons, taking care to 

 `CVVVVVVV�( VVVVVVV��<�� �:�VVVVVVVaم ا��FVVVVVVV�Gا  "VVVVVVV����VVVVVVV ا�� ,
)(��VV" . ا�=F�و�VV� �=&*��VV&� أزواج ��VV ا�G=��و:�VVت

 (Jij)إ�=�V�ون -ه0ا ا����" ��� ا��1�8, �&� اV�=�G�ون      
.    ,VV��<� nVV�)VV�4 ا���WVVل ���VV إ!����VV إ��FVVم آ���

 ,VV&:و��=�Gم ا�VV9ا�� %VVآ �VV�� دوج.VV�  VV�! 2ر�VV����
   �VV� �QvVV* %VVآ "VV� �VV�� ص�VVا��  VV�ة ا�G=��و:�VVت، 
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count each interaction just once: وا?"ة:  

 

 

 
 

The third contribution to the energy is the 
exchange ‘interaction’. 
If two electrons occupied the same region of 
space and had parallel spins then they could be 
considered to have the same set of quantum 
number. Electrons with the same spin thus tend 
to 'avoid' each other, and they experience a 
lower Coulombic repulsion, giving a lower 
energy. The total exchange energy is calculated 
by the following equation: 

�دل ا�F�Gم ا�q��a ��>��, ه� ا��"�Qv�ا�." 

��VV ا�G=��و:�VVت :pVV3 ا���  �&VV�Qا %VV�?إذا ا �VV1 ,VV6<
  pVVV3: 4F("VVV� ن�VVV=( ،�ًVVV(از�� 4F�.VVV' ن�VVVء وآ��VV3ا�

�/���, أر��م ا�=4  .       �&8Vت ذات ا��V:و��=�Gا %&�* 
(nVV�ّ/* "  ،f"ا���>��VV6, إ��VV  ) ا�VVB.ل(VVا� �F�VV)�

          �V<)( �V��� اkد:�، �و*FC" ���&, ا����" ا�=���
 �VVV:أد ,VVV��M.     لHVVV� �VVV� ,VVV��<ا� ���VVV�!إ n8VVV��(ُ

 :ا��(�د�, ا����&,

 

 
 
: Energy due to the exchange. 

The prime on the counter indicates that the 
summation is only over electrons with the 
same spin as electron i. 

�دل:���� ,6�)�� ,��M. 

�, �1ق ا�(ّ"اد     H)إن ا�        V61 �Vه  V�/ل ��� أن ا�"* T
 �&VVV� ت ذات�VVV:و��=�Gا �VVV��)ل.VVV' (  VVV� ,VVV6��<��

&� ا�G=��ون �i. 
 

2.4.22.4.22.4.22.4.2 Calculating the Energy from the Wavefunction: The Hydrogen Molecule / Calculating the Energy from the Wavefunction: The Hydrogen Molecule / Calculating the Energy from the Wavefunction: The Hydrogen Molecule / Calculating the Energy from the Wavefunction: The Hydrogen Molecule / ����: ا�9?�ب ا�C� �@�A ا�'ا�� ا�"
C����يّء ا�>�'روُ 

 
In the most popular kind of quantum 
mechanical calculations performed on 
molecules each molecular spin orbital is 
expressed as a linear combination of atomic 
orbitals (the LCAO approach)2. Thus each 
molecular orbital can be written as a 

&, �VVVV1 ا���VVVVع)VVVVt �VVVVaآk��8&,  اVVVVت ا���VVVV&��)ا� �VVVV� 
�V. إ��V     ا�/.)-�Vت  ا��� */�ى ���   �=4ا ��&=�:&=&,�(ُ ،

  ,VV(ّارات ذر"VV�� �VV<� 7VV&1��� يء.VV! ار"VV�آVV' %VV.ل 
��ج ا�V��� �V<P"ارات ا�0ر)V, وا��V"ارات          (":N6, ا(�M

,VVV&-(./ا� .( �VVVh.! ار"VVV� %VVVآ nVVV�=(ُ أن �VVV=�(ُ 0اVVV=وه
 :آ�/��ع ا�C=% ا�����

                                                 
2 LCAO is a quantum superposition of atomic orbitals and a technique for calculating molecular orbitals in 
quantum chemistry.(Ref:Wikipedia)/ ا�=4 آ&�&�ء ا�/.)-&, �1 ا��"ارات��8ب �*�6&, و ا��"ارات ا�0ر), �� ا�=4 *�اآn ه�  
LCAO 
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summation of the following form: 
 

Eq.2,21 

 
 

 
where  is a molecular orbital represented as 
the sum of k atomic orbitals , each 
multiplied by a corresponding coefficient , 

and � represents which atomic orbital is 

combined in the term.3 There are two 
electrons with opposite spins in the lowest 
energy spatial orbital (labeled 1σg), which is 
formed from a linear combination of two 
hydrogen-atom 1s orbitals: 

qVV&?  �VVار ه"VVا�� �VV-(./ا� HًaVV���k  �VV آ/��VVع ُ
��VVV�وب ��(��VVV% ، آVVV% وا?VVV"  ا�0ر)VVV, ا��VVV"ارات 
,VVو،   ا����� %VVa�* μ   VV�  VV�/4 ا��VV( qVV&?  ار"VVا��
�VV  �=��و:�VVتا�VV��: Gن ��VV ه��VVك. ا��VV"ى �VV1 ا�0VVري 

&��ت ���VVدةVV��VV1 ,VV��=)� �VV"ار ��اkد:�VV ا�>��VV, أو 
 �>�V  *�1&7 ا�0ي )�=�ن ��، و )1σgا����8  (ا��=�:�  
�� �&�QN ارات"� 1s رو!&� 0رة�"&Fا� : 

 
Eq.2,22 

 
 

To calculate the energy of the ground state of 
the hydrogen molecule for a fixed 
internuclear distance we first write the 
wavefunction as a  determinant: 

��VVVV أ!VVVV% ا?��8VVVVب VVVV��M, ا����VVVV, ا�VVVV/� ,VVVV&��6.يء    
��&��VV أن . ا�VV&F"رو!&� ���1�8VV, ا�"ا��&VV, ا��VV��� ,VV���aى 

 .:=�n أوNً ا�"ا�, ا���!&, آ��"د 

 
Eq.2,23 

 
 

(See paragraph 2.1.1 operators) In atomic 
units the Hamiltonian is thus: 

����ن �V1 ا��?V"ات     ). ا��BC% 2.1.1را!  ا��6>    (�Fا�
 :ا�0ر), ه�

 
Eq.2,24a 

 
 

Eq.2,24b 

                                                 
3 Ref: http://en.wikipedia.org/wiki/Linear_combination_of_atomic_orbitals_molecular_orbital_method ر"Wا��:  



[33] 
 

 
 

1 and 2: indicate the electrons. 

A and B: indicate the nuclei. 

ZA and ZB: nuclear charges =1. 

The energy of this hydrogen molecule: 

A, B :ل ��� ا���ى"(. 

 . )"ل ��� ا�G=��و:�ت:2 ,1

ZA و ZB ا���ى *�8وي ,��t 1. 

 :��M, !.يء ا�F&"رو!&�
 

 
Eq.2,25 

 
 

The normalization constant for the wavefunction 
of the two electrons hydrogen molecule is 1/√2 
and so the denominator in Eq.2, 25 is equal to 2. 
Substitution of hydrogen molecule wavefunction 
into Eq.2, 25 

ا���n&8 ا�?�دي ا�e��a ��"ا�, ا���!&, �G=��و:�      
  �Vرو!&� ه"V&F2√/1ا�     ,Vا��(�د� �V1 م�V625 ,2 و ا�� 

 .2*�8وي 

  �VVV1 �&!رو"VVV&Fيّء ا�.VVV/� ,VVV&!ا��� ,VVVا�"ا� %("VVV*
  25 ,2.ا��(�د�, 

 
Eq.2,26 

 
 

Eq.2,27 

 

 

 

 

 

 
 

Each of these individual terms can be 
simplified if we recognize that terms dependent 
upon electrons other than those in the operator 
can be separated out. For example, the first 
term in the expansion, Eq.2,25,is: 

        V�9?N د، إذا�V3�� �) أن ا��V"ود   �(=� ا��.ال آ% ?ّ" 

terms (    pVVVVVVVVV=)� ت�VVVVVVVV:و��=�Gا �VVVVVVVV�� ة"VVVVVVVV��)�
      �VVV=�( �VVV�د وا�"ّVVV��ُا� �VVV1 دة�VVV!ت ا����VVV:و��=�Gا

�F�&8VV6* .    ,VVا��(�د� �VV���VVaل ���VV ذ�gVV، ا��VVّ" اkول 
Eq.2,25:  
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Eq.2,28 

 

 
 

The operator Ĥ is a function of the coordinates 
of electron 1 only, so terms involving electron 2 
can be separated as follows: 

 1 ه�VVV و�&VVV?G ,VVV3"اQ&�ت اVVV�=�G�ون Ĥا��BّCVVV% إن 
     ,VVVVV6�)�ت ا�����<WVVVVVا�� %WVVVVV1 �VVVVV��=�( ًإذا ،TVVVVV61

 : آ�������G��2=��ون 

 
Eq.2,29 

 

 
 

If the molecular orbitals are normalized, the 
integral  =1. 

        ��V"ارات ا�/V.يء  eV:ن      �1 ?�ل آ��V1 ،�ًV(د�?+ ,8V�
  %� .1 )�8وي  ا��=�

 
Eq.2,30 

 
 

dv indicates integration over spatial coordinates. 
dσ indicates integration over the spin 
coordinates. The integral over the spin 
coordinates =1. 
Now we can substitute the atomic orbital 
combination for 1σg: 

 �&C(dv ,&:�=ت ا���&Qا"?Gا %��"ى *=� ���. 

 �&CVV(dσ   ت�&Qا"VV?Gا %VV��VV"ى *=� �VV�� ,VV&�.Bإن . ا�
� اG?"اQ&�ت ا�B.�&, )�8وي � %� .1ا��=�

 : ��F��&6 ا��1σg,&6&6 )�=��� ا�ن ا��"ال

 

 

Eq.2,31 

 
 

The integral in Eq.2,31 can in turn be factorized 
to give a sum of integrals, each of which 
involves a pair of atomic orbitals: 

 �VVVVVV=�(ُ يء.VVVVVV/* %VVVVVV��/���Eq.2,3  ,VVVVVVا��=� �VVVVVVإ�
�Hت، )���� آ% وا?" ���F زوج ��V ا��V"ارات     �=*

 :ا�0ر),
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Eq.2,32 

 
 

If we apply the same procedure to the second 
term in Eq.2,27 : 

 7VVV&<�� �VVV��� إذا   �VVV1 "ّVVVا�� �VVV�� اءات�VVV!Gا pVVV3: 
 :Eq.2,27ا��(�د�, 

 
Eq.2,33  

 
Eq.2,34 

 
 

Eq.2,34 equals zero because the molecular 
orbitals are orthogonal. 

 3#� kن �"ارات ا�/.يء  Eq.2,34*�8وي ا��(�د�, 
�"ة�)��  . 

 
 

2.4.32.4.32.4.32.4.3 The energy of a ClosedThe energy of a ClosedThe energy of a ClosedThe energy of a Closed----shell System/shell System/shell System/shell System/ 7"ا� ���A3=�م ا� �@�G���     

 
In a closed-shell system containing N electrons 
in N/2 orbitals, there are two spin orbitals 

associated with each spatial orbital �i:�iα and 

�iβ. The electronic energy of such a system can 

be calculated in a manner analogous to that for 
the hydrogen molecule. First, there is the 
energy of each electron moving in the field of 
the bare nuclei. For an electron in a molecular 
orbital Xi, this contributes energy . If there 
are two electrons in the orbital then the energy 
is 2  and for N/2 orbitals. The total 
contribution to the energy will be: 

 ,VV6M م�VV9: �VV1  ,VV6�B� N/2 إ�=�VV�ون �VV��(N  �VV1ي 
            ,V<*���V"ارات ا�VB.ل  �V� �&�Qار، )�!" ه��ك ا"�

%=�  ��)�=�iβ.  �V و V&:�=�, �i:�iα ا� ات�V"ار ا�  وا?" 

����8V�?N ,�Qب     ا?��8ب ا�>��, ا�G=��و:&,   ,6(�<� 
,VVV��M�&!رو"VVV&Fيء ا�.VVV!  .  %VVVآ ,VVV��M ك�VVVه� ،Nًأو

��V أ!V%    .  ا���Vاة ا��/V�دة    �/�Vل إ�=��ون )���ك �1    
 .  . ،*=�Vن ا�>��Xi   ,Vإ�=��ون �1 �"ار !.يء 

��VV ا�G=��و:�VVت �VV1 ا��VV"ار،        �&VV�Qك ا�VVن ه��VVإذا آ
 ,VV��<ن ا��VV=*2ـVV�  N/2 ار"VV�إ!����VV و)=�VVن . 
 :إ��Fم ا�>��, 
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The Coulomb interaction between each pair of 
electrons in the same orbital must be included; 
there is no exchange interaction because the 
electrons have paired spins. The total energy is 
thus given as: 

 �VVVV�� �VVVV&� آVVVV% زوج ��VVVV��=ا� �QvVVVV�0 ا�VVVV�أ nVVVV/(
�Vر    ا�G=��و:�ت �1 ��Nا �&V)� ار"Vا�� p3: .  N �V=و�

&��ت   VVV� �F("VVV� ت�VVV:و��=�Gن اk �QvVVV* دل�VVV* "VVV!�(
 :)=�ن إ!���� ا�>��, إذاً. �.دو!,) '.ل(

 

 
 

 
 

2.5 The Hartree-Fock Equations/ ت ه�ر)�يHك-�4�د�%  

 
In most electronic structure calculations we are 
usually trying to calculate the molecular 
orbitals. But for many-body problems there is 
no ‘correct’ solution; so the variation theorem 
provides us with a mechanism to decide 
whether one proposed wavefunction is ‘better’ 
than another. (The best wavefunction is the 
one with the lowest energy). The Hartree-Fock 
equations are obtained by imposing this 
condition on the expression for the energy. 
 
The Fock operator ( ) takes the form: 

�(���8VV? 4VV9ت ا��&VV, ا���=��و:&�VV�: ،,VVول ��VVدةً  �VV1
��VV .ا?��8VVب �VV"ارات ا�/VV.يء "VV(")�� ,8VV���� �VV=و� 

h�8��0Vا  ، "#�&;"?% أي  )�!" ه��ك   N   اk!�8م،   %
��V إذا            �(���8":� ��� *6�� ,&�+ �&&B�), ا��6ّ"م ��� :9*

  �VVVه ,VVV?��6ا�� ,VVV&!ا��� ,VVVا�"ا� eVVV:آ�"%�VVV1أ " �VVV�
إن ا�"ا�, ا���!&V, ا�V1k% ه�V ا�"ا�V, ا���V            . (اk��ى

�(�VدNت     ُ)�=g���*.( �V ا�>��, اkد:�  �V�� ل�WVا�� 
� �VVV�HVVVل �VVV1ك-ا��VVVFر*�ي  �VVV1 ط�CVVV0ا ا�VVVل ه�VVV�إد

,��<�� ,(� .ا�(�رة ا�/

  : ا�C=% ا����� ())`�0 ُ��"د �1ك 

 

 
 

The Fock operator for a closed-shell system, has 
the following form: 

��"د �1ك ُ 0�6,  ())`ا�C=% ، ���9م ا�>6, ا��>
 :ا�����

 

 



[37] 
 

 
The Hartree-Fock equations then take on the 
standard eigenvalue form: 

�(�VVدNت ه�VVر*�ي   0VV�`*-  %=CVV� ك�VV1 ,VV&*ا�0ا ,VV�&6ا� 
&���kا, . 

 

 
 

2.5.12.5.12.5.12.5.1 HartreeHartreeHartreeHartree----Fock calculations for Atoms and Slater’s Rules/ Fock calculations for Atoms and Slater’s Rules/ Fock calculations for Atoms and Slater’s Rules/ Fock calculations for Atoms and Slater’s Rules/ ا�9?�ب ا�>�ر)�ي-�(>� 'Jا��ك ��!رّات و@%  

 
The Hartree-Fock equations are usually solved 
in different ways for atoms and molecules. For 
atoms, the equations can be solved numerically 
if it is assumed that the electron distribution is 
spherically symmetrical. However, these 
numerical solutions are not particularly useful. 
Fortunately, analytical approximations to these 
solutions can be used with considerable 
success. These approximate analytical functions 
thus have the form: 

�(�VVدNت ه�VVر*�ي  %VV�*ُ-  ق�VV<� 0رّاتVV�� ًدة�VV� ك�VV1
��VV� ,VV3��P ا�/.)-�VVت  .  %VV? �VV=�( ،0رّاتVV�� ,8VV����

 Gأن ا ,VV��? �VV1 �ًVV&ت ر��Nد�VV)ا�� ,VVز����=��و:�VVت 
  ���VV��� و�=�VV ه20VV ا����VVل ا����&CVV�.    ,VV=% آVV�وي 

�VVV&3"ة  �ًVVV�hدا e8VVV&�.  ام"P�VVVا� �VVV=�(ُ ،�VVV�8 ا��VVV�� 
 ;!�VVV: %=CVVV� ل�VVV20 ا���VVVF� �VVV�&���ا� nVVV(�6�20 . ا�VVVه
 :ا����bh ا��6�)&, ا����&�&, *`�0 ا�C=% ا�����

 

 
 

Y is a spherical harmonic and R is a radial 
function. Slater suggested a simpler analytical 
form for the radial functions: 

Y      وي و�ه� *�ا71 آ R    ,&��)Vt ,3&ح  .  ه� و��V�ا�
,&��)Cا� bh����� T8أ� ��&��* %=t �*H�: 

 

 
 

These functions are universally known as Slater 
type orbitals (STOs). The first three Slater 
functions are as follows: 

   �*HVV� ارات"VV�ُ*(VV�ف ه20VV ا���VV&���� bh�VVً� آ��VVع 
)STOs .(     %=CVVVا� �*HVVV� bh�VVVث و�HVVVQ 0 أولVVVP�*

 :ا�����
 

 

 

 
 

To obtain the whole orbital we must multiply 
R(r) by the appropriate angular part. Slater 
provided a series of empirical rules for 

�� أ!%      n/(R(r) @�ب    ،nء ا�.اوي ا�����./��� 
     %V�اVt��ط �*HV� ���8V,      . ا���Wل ��� ا��V"ار ا�=�

     �VV=�(ُ 0يVVس ، ا�kر ا�VV&��N ,VV&��VV ا��6ا�VV" ا��/�)
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choosing the orbital exponents �, which are 

given by: 

�� :ا���Wل ��&_ 

 

 
 

Z is the atomic number and σ is a shielding 
constant. n* is an effective principal quantum 
number, which takes the same value as the true 
principal quantum number for n=1, 2, 3, but for 
n=4, 5, 6 has the values 3.7, 4.0, 4.2, respectively. 
The shielding constant is obtained as follows: 
First, divide the orbitals into the following 
groups: 
 

Z      ه� �"د ذري و σ    ه� �"د shielding ا� eV��a .n* 

�V"د  , �"د آ4 رh&�8 1ّ(�ل، ��&q )`�V�&� p3: 0   ه�
 n=4,5,6 ، أ�� n=1,2,3    ,V��? �1 � ـا�=4 ا��h&�8 ا�3(��  

   S(ر"VVV���� ,VVV&���4 ا�&VVV60 ا�VVV�`(3.7, 4.0, 4.2. �VVV=�(ُ 
�� �Hل ا�shielding��aا���Wل ��� �"د  e: 

 :ا��/����ت ا����&,أوNً، *86&4 ا��"ارات إ�� 

 

 
 

For a given orbital, σ is obtained by adding 
together the following contributions: 

a)  Zero from an orbital further from the 
nucleus than those in the group; 

b) 0.35 from each other electron in the 
same group, but if the other orbital is 
the 1s then the contribution is 0.3; 

c) 1.0 for each electron in a group with the 
quantum number 1 fewer than the 
current orbital.; 

d) For each electron with a principal 
quantum number 1 fewer than the 
current orbital: 1.0 if the current orbital 
is d or f; 0.85 if the current orbital is s or 
p. 

The shielding constant for the valence 
electrons of silicon is obtained using Slater’s 
rules as follows. The electronic configuration 
of Si is : 

  �VVV�� ل�WVVVد،ُ)�=� ا��"VVV���VVV"ار  ,VVV��? �VVV1σ�VVV�  
��ت�Hل !�  ا�F�G,&���ا� : 

a(   �3# ��هN�Vء  � ا���Vى ��V   ا�k(" � ا��"ار   
 .ا���!�د)� �1 ا��/���,

b( 0.35     ،,VV���/ا�� pVV3: �VV1 ون�VV�=إ� %VVآ �VV� 
    �VVV�ار ا�"VVVن ا���VVVإذا آ ،,VVV��? �VVV1 ا"VVV���1s 

 .0.3)=�ن ا�F�Gم 

c( 1.0VV=�   4VVد آ"VV� ذو ,VV���/ا�� �VV1 ون�VV�=إ� % 
 . أ�% �� ا��"ار ا�����1)�8وي 

d( %VV=�    �8ويVV( �8VV&h4 رVVد آ"VV� ون ذو�VV�=1 إ� 
V��? �1, أن ا��V"ار       1.0 :أ�% �� ا��"ار ا�����   

 ���VVا��d أو f ،0.85  ���VVار ا��"VVن ا���VVإذا آ s 
 .pأو 

 ا��VVVVVV=�(ُshielding eVVVVVV��a ا���WVVVVVVل ��VVVVVV� �VVVVVV"د  
   "VVVام ��ا�"P�VVV��� 8&�&=�نVVV�� ,VVV-1�=�ت ا���VVV:و��=���

���VVVV�ا� �VVVVا��� �VVVV�� �*H8VVVVا� .�VVVV:و��=�Gا  VVVV(ا���ز 
 : ه�Si ��8&�&=�ن
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We therefore count 3×0.35 under rule (b), 2.0 
under rule (c) and 8×0.85 under rule (d), giving 
a total of 9.85. When subtracted from the 
atomic number (14) this gives 4.15 for the 
value of Z-σ. 

        �WV�: gVذ� �V�� ًة    0.35×���3ء"V��6ا� n8V��  b  ،2.0 

��n8VVV�� d �VVV ا�VVV��6"ة 0.85×8، وn8VVV��c ا�VVV��6"ة  ،
�/��VVVVع )�8VVVVوي   S�VVVV�(9.85.  ل�VVVV? �VVVV148VVVV? 0اVVVVه 

 ��  آV�� ,V�&6 ـ 4.15�4 ا���Wل ���V  ، ) 14ا��/��ع 

Z-σ. 
 

2.5.22.5.22.5.22.5.2 Linear Combination of Atomic Orbitals (LCAO) in Hartree-Fock Theory//// $AKا� L%ا�ا��

�ك-�"'ارات ا�!رّة %$ 3=� � ه�ر)�ي%     

 
The most popular strategy, to find solution of 
the Hartree-Fock for the molecules, is to write 
each spin orbital as a linear combination of 
single electron orbitals: 

    ,VVVد��)�� %VVV? د�VVV/(G ،,&)VVVt �VVVaآkا*&/&, ا��VVV�Gا
�VVV1ك ��/.)-�VVVت،  ه�VVV آ���VVV, آVVV' %VVV.ل    -ه�VVVر*�ي

� ."اري آ��ا1&7 �>&, ��"ارات ا�G=��ون ا��3�د

 

 
 

The one-electron orbitals  are commonly 
called basis functions and often correspond to 
the atomic orbitals. 
K: number of basis functions. 
At the Hartree-Fock limit the energy of the 
system can be reduced no further by the 
addition of any more basis functions; however, 
it may be possible to lower the energy below 
the Hartree-Fock limit by using a functional 
form of the wavefunction that is more extensive 
than the single Slater determinant. 
For a given basis set and a given functional 
form of the wavefunction (i.e. a Slater 
determinant) the best set of coefficients  is 
that for which the energy is minimum, at which 
point 

�VVV"ارات اVVV�=�G�ون ا��ا?VVV)*ُ   "VVV�ف  bh�VVV����� 
�� *"ل ��� ا��"ارات ا�0رّ),ا���k&, و'� �ً�. 

K :,&���kا bhد ا����"�. 

V��M, ا���V9م    ُ)�=� *f&V3P    �1ك،  -��" ?ّ" ا��Fر*�ي  
�� �Hل إ@�1, أي            ،,&V���kا bh�Vا��� �V�و�&3, 

�VVVV1ك -)�=f&VVVV3P* �VVVV ا�>��VVVV? eVVVV�* ,VVVVّ" ا��VVVVFر*� 
            �V�)* �V�ا� ,V&!ا��� ,V�3 ��"ا�&��Vا� %=Cام ا�"P����

"ّ��ُ �� Nً��t �aدأآ�ا��3 �*H� د. 

  %VVV��)� ,VVV���/� %�VVV1إن أ   ,&VVVأ��� ,VVV���/��
   ,VVV&!ا��� ,VVVد ��"ا�"VVV�� �VVV3&و� %=VVVt دة و"VVV��أي (ُ

 �*H� د"��ُ(  ،      ,V��<ن ا��=* q&? ه�    �V:دkه� ا"V��
 �1 ه20 ا��6>,

 

 
 

for the coefficients . The objective is thus to 
determine the set of coefficients that gives the 
lowest energy for the system. 

 %VVVV��)�� .   ,VVVV���/� "VVVV("�* �VVVVف إذاً ه"VVVVFإن ا�
 . ا��(��% ا��� *(>� أ�% ��M, ����9م
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2.5.32.5.32.5.32.5.3 ClosedClosedClosedClosed----shell Systems and the Roothashell Systems and the Roothashell Systems and the Roothashell Systems and the Roothaaaaannnn----Hall Equations/ Hall Equations/ Hall Equations/ Hall Equations/ ��7"ا� ���A3=�م ا�CMت روHه�ل-� و�4�د     

 
We shall initially consider a closed-shell 
system with N electrons in N/2 orbitals. The 
derivation of the Hartree-Fock equations for 
such a system was first proposed by 
Roothaan [Roothaan 1951] and 
(independently) by Hall [Hall 1951].Unlike 
the integro-differential form of the Hartree-
Fock equations, Roothaan and Hall recast the 
equations in matrix form, which can be 
solved using standard techniques and can be 
applied to systems of any geometry. 
The standard form for the expression for the 
Fock matrix in the Roothaan-Hall equations: 

                 V� ,V6�Bا�� ,V6 ��Nف :(�V� CV�،=% أو��V9: ،�Vم ا�>
  �VV1 ون�VV�=إ�N/2ار"VV��(�VVدNت إ�VV����ج *4VV إ��VV�اح  .  

V%       -ا��VFر*�ي � �V� �V1Roothaanك ��Va% ه0Vا ا���V9م، 

[Roothaan 1951]8�6%  ( وV� %=CV� (Hall [Hall 1951] .
 %=VVVVVVVVVVt فHVVVVVVVVVVP�integro-differential تNد�VVVVVVVVVV)�� 

أ��Vد رو�VQن وه�Vل #V&�', ا��(�VدNت       �1ك،  -ا��Fر*�ي
    ،,1�3W� %=t ت         إ���V&�6* ام"P�V��� �VF�? �V=�(ُ q&��

 .أ���&, ُ)�=� ا��P"ا��F ��� أي :�9م !&����ي

       �VV1 ك�VV1 ,1�3WVV�� ,VV(��VVرة ا�/)�� �VV���kا %=CVVا�
�Qت روNد�)� :ل�ه-

 

 
 

2.5.42.5.42.5.42.5.4 Solving the RoothaanSolving the RoothaanSolving the RoothaanSolving the Roothaan----Hall Equations /Hall Equations /Hall Equations /Hall Equations / ه�ل- N9 �4�دHت روM�ن     

 
The Fock matrix is a K×K square matrix is 
symmetric if real basis functions are used. 
The Roothaan-Hall equations can be 
conveniently written as a matrix equation: 
 

��VVVVVV1 ,1�3WVVVVVVك *=�VVVVVVن K×K ,1�3WVVVVVV�  VVVVVV��� 
�����VVVV�ة   VVVV:ل آ��VVVVV? �VVVV1 ،e ا�  bh�VVVV��kا ,&VVVVV���
,��)�8�. 

�VV)� ,VV���آ �VV=�(ن�VVQت روNد-VV4 �هVVhH� �VV�: �VV�� ل
,1�3W� :آ�(�د�, 

 
FC=SCE 

 
The elements of the K×K matrix C are the 
coefficients Cvi: 

 �#���K×K ,1�3W� C  
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E is a diagonal matrix whose elements are the 
orbital energies: 

E      �VVVه� ه�VVV#��� أن qVVV&�� ,1�3WVVV� �VVV<�ُ �VVVه 
 :���Mت ا��"ار

 

 
 

A common scheme for solving the 
Roothaan-Hall equations is as follows: 

1. Calculate the integrals to form the 
Fock matrix, F. 

2. Calculate the overlap matrix, S. 
3. Diagonalise S. 
4. Form S-1/2. 
5. Guess, or otherwise calculate, an 

initial density matrix, P. 
6. Form the Fock matrix using the 

integrals and the density matrix P. 
7. Form F’= S-1/2.F S-1/2. 
8. Solve the secular equation |F’-EI|=0 

to give the eigenvalue E and the 
eigenvectors C’ by diagonalising F’. 

9. Calculate the molecular orbital 
coefficients, C from C= S-1/2.C’. 

10. Calculate a new density matrix, P, 
from the matrix C. 

11. Check for convergence. If the 
calculation has converged, stop. 
Otherwise repeat from step 6 using 
the new density matrix, P. 

This procedure requires an initial guess of 
the density matrix, P.  
The result of a Hartree-Fock calculation is a 
set of K molecular orbital, where K is the 
number of basis functions in the calculation. 
The N electrons are then fed into these 
orbitals in accordance with the Aufbau 
principle, two electrons per orbital, starting 
with the lowest energy orbitals. The 
remaining orbitals do not contain any 
electrons; these are known as the virtual 
orbitals. 

�(�دNت ا��و�Qن %ّ��  h�Cا� T<Pه�ل ه� آ������-ا��: 

�1�3W, �1ك، .1 %=t إ�� %� .Fا?��8ب ا��(�

 .Sا��1�3W,،   *"ا�%ا?��8ب .2

3.  u&PC*S. 

4. * %&=C S-1/2. 

�>�)VVVV6, أ�VVVV�ى ا?��8VVVVب، آVVVV�P*    ,VVVV1�a&�، أو  .5
 ،,&���k1�3, اWا��P. 

6.   ,VV1�aوآ %VV���VV1 ,1�3WVVك ���P�VV"ام ا��(� %&=CVV*
 ,1�3Wا��P. 

7.  %&=C*F’= S-1/2.F S-1/2. 

8.     ,Vا��(�د� %?|F’-EI|=0         �V�� ل�WVا�� %V!أ �V� 
 ,VVV&*ا�0ا ,VVV�&6ا� E  ,VVV&*ت ا�0ا�VVVF/�و ا�� C’ �VVV� 

 u&PC*F’. 

�VV% ا��VV"ار ا� ا?��8VVب  .9�)� ،�VVh./C �VV� C= S-

1/2.C’. 

10.    ،,1�3WVVVV��� ة"VVVV("! ,VVVV1�a�8ب آVVVV�?ا, P �VVVV� 
,1�3Wا�� C. 

�1 ?�ل أن ا���8ب �"     . ا���76 �� و!�د *�6رب    .11
وإVVVVVV=* nVVVVVV/( Nّ�ار . *�VVVVVV6رب، )/nVVVVVV ا����VVVVVVف
�  ا��P"ام ا�=1�a,    6ا�P>�ات ا��"اءً �� ا�P>�ة      

 ,1�3W��� ا�/")"ة P. 

 .1�3P, !�اء *�P&� أو�� �=1�a, ا��W اGا�>�n ه0)

�/���V,    -إن :�&/, ا�(��&V, ا����8V&, ه�Vر*�ي     �Vل ه�Vه
  ��k     q&�� ،�h.! ار"� k     ,&V���kا bhه� �"د ا���� 

 ,&��8VVVVا�� ,VVVV&��)ا� �VVVV1 .*ـ VVVVم ا��VVVV6N ون�VVVV�=ء  إ��VVVV���
��V ا�G=��و:�Vت               �&V�Qو، ا�V� ة أوف"V��6� �ًV61ا��"ارات و
      ,VVV��<ارات ذوات ا�"VVVا�� �VVV�����VVV"ار ا��ا?VVV"، ا��VVV"اءاً 

  .اkد:�

ُ*(VVV�ف ا��VVV"ارات ا���VVV&6, وا���VVV��* N �VVVي ���VVV أي     
  . ����"ارات ا1G��ا@&,إ�=��ون
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2.5.52.5.52.5.52.5.5 A Simple Illustration of the RoothaanA Simple Illustration of the RoothaanA Simple Illustration of the RoothaanA Simple Illustration of the Roothaan----Hall Approach/Hall Approach/Hall Approach/Hall Approach/ ن�Mرو O<�"� ��?� P�Q�ه�ل-)     

 
Example: HeH+. 
Objective: how the Roothaan-Hall method 
can be used to derive the wavefunction, for a 
fixed internuclear distance of 1 A°. 
There are two basis functions, 1sA (centered 
on the helium atom) and 1sB (on the 
hydrogen). 
Each wavefunction is expressed as a linear 
combination of the two 1s atomic orbitals 
centered on the nuclei A and B: 

�a� ..+HeH:ل

ه�Vل ��VV  -ا�P�VV"ام M�V6(, رو�VVQن  �(�VV1, آ&V&3,  :ا�VF"ف 
  ,VVV&��1�8, داVVV�� ،,VVV&!ا��� ,VVVا�"ا� �VVV�� ل�WVVVا�� %VVV!أ

 .°A ����1ى *�8وي 

          ،,&V���kا bh�Vا��� �� �&�Q1ه��ك اsA)     �V�� ة.Vآ��
 ).��� ا�F&"رو!&� (1sBو) ذرة ا�F&�&�م

           ,V(ارات ا�0ر"V��� ,V&<� 7&1آ��ا ,&!��ُ*(ّ�ف آ% دا�, 
1s  آ.ة �1 ا���ى�ا�ُ�A و B:  

 

 
 

 
Solving the Roothaan-Hall: 
-1 and 2- Calculate the integrals (here there is 2 
electron integrals) to form the Fock matrix, F, 
and calculate the overlap matrix, S:  
The diagonal elements of the overlap matrix, S, 
are equal to 1.0 as each basis function is 
normalised; if the off-diagonal elements have 
smaller, but non-zero, values that are equal to 
the overlap between 1sA and 1sB for the 
internuclear distance chosen. The matrix S is: 

ه��VV ( ا?��8VVب ا��(��VV%  -2و1-: ه�VVل-?VV% ا��و�VVQن 
�V% اV�=�G�ون        �)� �V� �&V�Qا "!�( (      %&=CV* %V!أ �V�

�1�3W, �1ك F,1�3Wوا?��8ب ا�� ,=��C�ا��  S: 

)�8VVVوي  ، VV<�S� ���VVV#� ا��1�3WVVV, ا�����CVVV=,  إن 
8ّ, +?�دّ)�ً    ،وا?"  ���V? �1ل أن    . آ=% و�&3, أ���&, 

أ#BV�  V&'� V&'N,     ��رج ا�<6� g��* �&�,     ا�(��#�  
 qVV&�� �&VV� g��CVV��8وي ا�VV*1sA 1 وsB  ,VV�&)� ,1�8VV��

 : ه�S ا��1�3W, .دا�% ا���ى

 

 
 

The core contributions  can be calculated 
as the sum of three 2×2 matrices comprising the 
kinetic energy (T) and nuclear attraction terms 
for the two nuclei A and B (VA and VB). The 
elements of these three matrices are obtained 
by evaluating the following integrals: 

            ,VQHQ ع�V�/آ� ,&V���kت ا���FV�G�8ب اV�?ا �=�(ُ
1�3WVVVVVVV�) 4�VVVVVVV*)T ا�>��VVVVVVV, ا���آ&( ,VVVVVVV 2×2( �ت

�� ا  و�W>���ت ا�/0ب ا���وي     �&�QN  اة���A   و B 
)VA  و  VB( .    �VVVV#��� �VVVV�� ل�WVVVVا�� �VVVV=�(ُ

� �� ,QHa�1�3ت ا�Wا����&,ا�� %� :Hل *6&&4 ا��(�
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The matrices are: �1�3ت ه�Wا��: 
 

      

 
H core is the sum of these three: H core ,QHaه� !�  ه20 ا� : 

 

 
 

As far as the two-electron integrals are 
concerned, with two basis functions there are a 
total of 16 possible two-electron integrals. There 
are however only six unique two-electron 
integrals, as the indices can be permuted as 
follows: 

�Hت ��� أن   �V=*          V��Vر، ��N�� ذة��`V� اV�=�G�و:&� 
�� ا��(�دNت ا���k&,،�1ن ه��Vك �/��Vع     �&�Q16ا 

�VV�=��� %VV�و:&�ا��=ا?���VVل � . ,�VV� TVV61 ك�VVه� �VV=و�
   %("VVVVV* �VVVVV=�( �VVVVVو:&�، آ��VVVVV�=��� ة"VVVVV(�1 %VVVVV��)�

 :ا���t�ات ��� ا�C=% ا�����

 

 
(ii) ( ( =(  
(iii) ( 0.112 
(iv) ( ( =0.496 
(v) ( = =0.244 
(vi)  

 
To reiterate, these integrals are calculated as 
follows: 

 : ��� ا�C=% ا������=��Hت���`آ&"، *�n8 ا�

 

 
 

Having calculated the integrals, we are now 
ready to start the SCF calculation. To formulate 
the Fock matrix it is necessary to have an initial 
guess of the density matrix, P. The simplest 
approach is to use the null matrix in which all 
elements are zero. In this initial step the Fock 
matrix F is therefore equal to H core. 
 
The Fock matrix must be transformed to F’ by 
pre- and post- multiplying by S-1/2: 

"VV)� �8بVV?%VV� ���VV ا�VV�("اد ��VV"ء :��VV ا�ن ،  ا��=�
��V أ!SCF .     %Vا�V ـ ?�8Vب  �1   ,'�&V# ,1�3WV� �V1ك  
 _VV:إ�VV� اkو�VV�P* �VV&� ا��VV�وري أن )=�VVن ه��VVك   

�,VVV1�a=1�3, � اWVVV�P . إنT8VVVأ� SVVVF: �VVVام ه"P�VVVا� 
 ه����#VV� �8VV* qVV&��  VV&�!وي �3ر'VV,ا� �1�3WVV,ا�

�V1ك   �1�3WV, *�8وي   &,اkو� ا�P>�ة ه20 �1. 3#�
F  ،Hcore. 
 

  �VVك إ��VV1 ,1�3WVV� %VV(��* nVV/(F’   "VV)و� %VV� �VV�
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 :S-1/2 ا���ب �ـ
 

 
 

F’ for the first iteration is thus: ا�ـF’ار�ول *=k : 
 

 
 

Diagonalisation of F’ gives its eigenvalues and 
eigenvectors, which are: 

   u&PC* إنF’      �*0اVا� _V/�و ا�� ,V&*ا�0ا ,V�&6ا� �<)(
: 

 

  

 
The coefficients C are obtained from C=S-1/2 C’ 
and are thus: 

� �V�HVل   Cا��(��% )�=� ا���Wل ���  C=S-1/2 C’ 
: 

 

 
 

To formulate P the density matrix P we need to 
identify the occupied orbital(s). With a two-
electron system both electrons occupy the 
orbital with the lowest energy. At this stage the 
lowest-energy orbital is: 

   %&=CVV* %VV!أ �VV�P   ارات"VVا�� "VV("��� ,VV!��� �VV�: ،
,��BCVVVا�� .�&VVV�QNم ا�VVV9:  VVV�- �VVV�آ� %VVV��* ،ون�VVV�=إ�

�VVV1 هk .  20VVVد:�VVVاVVV�=�G�و:&� ا��VVV"ار �VVV  ا�>��VVV, ا  
 :ا���?�, ا�>��, اkد:� ���"ار ه�

 

 
 

The orbital is composed of the s orbital on the 
helium nucleus; in the absence of any electron-
electron repulsion the electrons tend to 
congregate near the nucleus with the larger 
charge. The density matrix corresponding to 
this initial wavefunction is: 

         �V��V"ار، �V? �V1ل       b�`�(s ا��"ار �1 :�اة ا��V&�&Fم  
، *�&V% ا�G=��و:�Vت   إ�=�V�ون - اV�=�G�ون  *��1�'&�ب  

    ,��VVt �VVإن . إ��VV ا��/�6��VV�  VV�ب ��VV ا���VVاة �VV  أآ
 :آ1�a, ا��1�3W, ا���(�6, ���"ا�, ا���!&, اkو�&, ه�

 

 
 

The new Fock matrix is formed using P 
and the two-electron integrals together 
with Hcore. 
The complete Fock matrix is: 

�1�3W, �1ك ا�/")V"ة ���P�V"ام         b�`�*P و    �&V�QNا %V��=*-

  � .Hcoreإ�=��ون 

 :إن �1�3W, �1ك ا�=���, ه�
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The energy that corresponds to this Fock matrix 
is -3.870 Hartree. In the next iteration, the 
various matrices are as follows: 

 �8VVV*-3.870وي ا�>��VVV, ا���VVV1 ,1�3WVVV�� 7VVV�)�* �VVVك 
�VV1 ا��=VV�ار ا�����VV، ا���1�3WVVت ا�����VV,  . ه�VVر*�ي

 :ه� ��� ا�C=% ا�����
 

 
 

 
 

 
 

Energy =-3.909 Hartree 
 

The calculation proceeds as illustrated in the 
table below, which shows the variation in the 
coefficients of the atomic orbitals in the lowest-
energy wavefunction and the energy for the 
first four SCF iterations. The energy is 
converged to six decimal places after six 
iterations and the charge density matrix after 
nine iterations. 
The final wavefunction still contains a large 
proportion of the 1s orbital on the helium atom, 
but less than was obtained without the two- 
electron integrals. 

      �VV1 �&VV*8VV��� ا�(��&VV, ا��n8VV�� ,&��8VV ا�CVV=% ا��
ا��VV"ارات (��VV% "ول اد:2�VV، وا�0VVي )�VV3* �&VVوت �/VVا�

ا�0ر), �1 ا�>��, ا�":&� ��"ا�V, ا���!&V, وا�>��k ,Vول           
�6رب ا�>��, ��, أ��Vآ� �CV�SCF .*ُ    ,(أر�(, *=�ار   

   ,)8VV* "VV)� ,1�3WVVا�� ,VV1�aآ ,��VVtار و�VV=* ,�VV� "VV)�
 .*=�ار

          ,8V: �V�� ي�V��* ال.* N ,&h�Fإن ا�"ا�, ا���!&, ا��
�V"ار     �V��1s           �Vس آ&�ة  %Vأ� �V=م، و��V&�&F0رة ا�V� 

  �&VVVV�QNا %VVVV�-ا�0VVVVي *4VVVV ا���WVVVVل ��&VVVV� _VVVV"ون *=�

 .إ�=��ون

 
Iteration C(1sA) C(1sB) Energy 

1 0.991 0.022 -3.870 
2 0.931 0.150 -3.909 
3 0.915 0.181 -3.911 
4 0.912 0.187 -3.911 

 
Table: variation in basis set coefficients and 

electronic energy for the HeH+ molecule. 

*�3وت �1 *(&&� أ�p ا��(��% وا�>��, ا�G=��و:&V,        : !"ول
 .+HeH �/.يء ا�ـ

 


