C. Y. Yeung (AL Chemistry)

F7 Essay Writing (VESPR and Hybridization Theory)
Q.
Write an essay on the prediction of Molecular Shapes by adopting VESPR and Hybridization Theories.  You may illustrate these theories by taking BF3, NF3 and ClF3 as examples.
Outlines:

(I)
Basic Idea of VESPR Theory

(a)
electron pairs are arranged to minimize repulsions (3 types of repulsion),



i.e. to achieve the most stable spatial arrangement;


(b)
the relationship between “no. of electron pairs” (including bond pairs and lone pairs) 
and the “geometry of electron pair arrangement”.
(II)
Predicting Molecular shape by adopting VSEPR Theory


(a)
deduce the Lewis Structure of BF3, NF3 and ClF3;


(b)
count the no. of electron pairs surrounding the central atom;


(c)
geometric arrangement of electron pairs and coordination of atoms:


(
molecular geometry = trigonal planar (no lone pair)


(
molecular geometry = trigonal pyramidal (one lone pair)


(
molecular geometry = T-shaped (two lone pairs)

(III)
Basic Idea of Hybridization Theory and Prediction of Molecular Shapes

(a)
limitation of VSEPR Theory: cannot explain the bond angles;


(b)
excitation of electrons to form half-filled orbitals for bond formation;

(c)
mixing of valence shell atomic orbitals and formation of hybrid orbitals;


~
in BF3, sp2 hybridization


~
in NF3, sp3 hybridization (one lone pair)


~
in ClF3, sp3d hybridization (two lone pairs)

(d)
head-on overlapping of hybrid orbitals and formation of - bonds.
(IV)
Conclusion

P.S.:
Diagram required:
Lewis structures, 3D diagrams showing molecular geometry,





Electron-in-boxes diagram showing hybridization.
~ Sample Essay ~

The shape of a covalent molecule or polyatomic ion is governed by the arrangement of the electron pairs around the central atom.  VSEPR is a useful model for chemist to predict the molecular geometry by considering the repulsions between electron pairs around the central atom of the molecules or ions.  However, due to the limitation of VSEPR theory, the molecular shape could be further rationalized by the Hybridization Theory, in which the bond angles could also be explained.
VSEPR Theory

VSEPR stands for Valence Shell Electron Pair Repulsion.  Covalent bonds consist of electron pairs, and electrons do not like to stay around next to each other much as they have the same charge (negative charge).  The theory predicts that bond pair and lone pairs in a molecule will adopt a geometry in which the distance between the electron pairs is maximized from one another in order to minimize the repulsions between electron clouds.
The repulsions mentioned could be classified into 3 types, namely the lone pair-lone pair (lp-lp) repulsion, lone pair-bonding pair (lp-bp) repulsion and bonding pair-bonding pair (bp-bp) repulsion.  The lp-lp repulsion is considered to be stronger than the lp-bp repulsion, which in turn is stronger than the bp-bp repulsion.  Hence, the weaker bp-bp repulsion is preferred over the lp-lp or lp-bp repulsion.  In an attempt to attain the highest stability, a molecular geometry with the lowest possible energy would be achieved.
Prediction of Molecular Geometry with VSEPR Theory
Prediction of molecular geometry should include both the bond pairs and lone pairs of electrons.  For example, BF3 molecule bears 24 valence electrons, so that it has the following Lewis structure:

As shown in the Lewis structure (see [1]), the molecule does not have any lone pair.  Thus, there are only three bond pairs around the central boron atom, which are arranged in a trigonal planar geometry with bond angles of 1200 so as to minimize the repulsion (see [2]).
While in the case of NF3, 26 valence electrons give rise to three bond pairs and one lone pair on the central N atom, as shown in the following Lewis structure [3]:


Hence, the four electron pairs are positioned as tetrahedral shape, and the molecule is trigonal pyramidal in shape [4].  Due to the stronger lp-bp repulsion, the lone pair forces the bond pairs together slightly, and the bond angles are reduced from 109.50 (typical bond angle of tetrahedral) to 1070.
ClF3 molecule has 28 valence electrons which give rise to three bond pairs and two lone pairs around the central Cl atom and it is reasonable to have the Lewis structure shown below [5]:
The five electrons pairs are arranged as a trigonal bipyramidal shape. The lone pairs are located along the equatorial plane, so that each lone pair is at 900 to two bond pairs, i.e. the ones above and below the plane [6].  This makes a total of 4 lp-bp repulsions, while the F atom on the plane is 1200 away and feels negligible repulsion from lone pairs.  Therefore, ClF3 is described as T-shaped.
Hybridization Theory

Though the molecule shape could be deduced easily by VSEPR Theory, the shapes of atomic orbitals seem to be unmatched with the bond angles in the molecular geometry.  For example, s-orbitals are spherical in shape whereas the three p-orbitals are 900 apart, and it is difficult to explain the 109.50 bond angle of tetrahedral simply by VSEPR theory.
According to the Hybridization theory, four atomic orbitals (1 s-orbital and 3 p-orbitals) are mixed when covalent bonds are formed, resulting in the formation of four identical sp3 hybrid orbitals with 109.50 bond angles.  Depending on the number of s- and p-orbitals mixed, a bunch of different bond angles could be obtained.
Prediction of Molecular Geometry with Hybridization Theory
Basing on the Hybridization Theory, boron atom has a ground state electronic configuration of 1s2 2s2 2p1.  When it is going to form covalent bond with F atom, an electron is excited from 2s orbital to the empty 2py orbital, so that the B atom has three half-filled orbitals ready.



    Before hybridization




    After hybridization


(excited state)
These three atomic orbitals adopts sp2 hybridization to form three equivalent hybrid sp2 hybrid orbitals in trigonal planar orientation, which then overlap with the half-filled 2p orbitals of three F atoms to form three B – F -bonds with bond angles of 1200 apart..
The ground state electronic configuration of nitrogen is 1s2 2s2 2p3, and all the orbitals of the valence shell (i.e. one 2s and three 2p-orbitals) perform sp3 hybridization to give four identical sp3 hybrid orbitals which are positioned as tetrahedral to achieve minimum electrostatic repulsions.



     Before hybridization


          After hybridization

One of the sp3 hybrid orbitals carries the lone pair while the other three overlap with the 2p-orbital of F atom to form three N – F -bonds with bond angles of 1070 approximately.
In the case of ClF3, ground state electronic configuration of Cl is [Ne] 3s2 3p5.  Cl is a period three element which possesses low lying vacant d-orbtials.  In order to bond covalently with three F atoms, one electrons is promoted from 3py-orbitals to 3dxy-orbitals and thus three half-filled orbtials are ready.  Then, the valence shell orbitals of Cl (one 3s, three 3p and one 3d-orbitals) adopt sp3d hybridization to produce five degenerate hybrid orbitals for covalent bond formation:


    Before hybridization




    After hybridization


(excited state)
These five sp3d bybrid orbitals are orientated as trigonal bipyramidal geometry.  Two of them carry lone pair electrons, which are located on the equatorial plane so as to minimize repulsions, while the other three overlap with the 2p-orbitals to form three Cl – F -bonds with bond angles of about 900.
Conclusion
In conclusion, the VSEPR Theory definitely provides a simple framework for chemist to predict the spatial arrangement of electron pairs around the central atom of simple covalent molecules and polyatomic ions.  To integrate the concept of mechanical wave model of atomic structure as well as the molecular geometry of minimum electrostatic repulsion, the Hybridization Theory provides a satisfactory explanation on the transformation of atomic orbitals and the formation of degenerate hybrid orbitals which are aligned in an orientation consistent with the prediction of VSEPR Theory.
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