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Topic 9 – Molecular Geometry and Chemical Bonding Theory

MOLECULAR GEOMETRY AND DIRECTIONAL BONDING

A. Molecular geometry

1. Is the general shape of a molecule, as determined by the relative 

    positions of the atomic nuclei

2. Can be predicted from Lewis electron dot structures

3. Can be explained by valence bond theory


B. The Valence-Shell-Electron-Pair-Repulsion (VSEPR) Model



1. Definition




The valence-shell-electron-pair-repulsion model (the VSEPR model) predicts the shapes of molecules and ions by assuming that the valence shell electron pairs are arranged about each atom so that electron pairs are kept as far away from one another as possible, thus minimizing electron-pair repulsions.



2. Foundations of the VSEPR Model




a. In covalent bonds, the atoms are held together by pairs 

                                        of electrons.




b. The electron pairs found in bonds are called “bonding 

                                         pairs.”




c. There can be one, two, or three bonding pairs between 

                                         atoms.

(1) Single bonds

One bonding pair

(2) Multiple bonds

(a) Double bonds

Two bonding pairs

(b) Triple bonds

Three bonding pairs




d. Atoms may also have pairs of electrons that are not part

                                        of a bond with another atom.

These are called “lone pairs” or “non-bonding” 

pairs.




e. These valence shell electron pairs arrange themselves 

                                        around their atom to get as far away from each other 

                                        (angularly) as they can.





(1) Electrons are negatively charged so they repel 

                                                      each other.





(2) Since they are tied to the same atom they will 

                                                     arrange themselves so that the angle between 

                                                     them is as large as possible.




f. Lone pairs take up more “space” than bonding pairs.

(1) Explanation of effects

The electrons pairs that form a bond are attracted to both of the nuclei of the bonded atoms.

This tends to reduce the amount of “space” they take up and so reduce the repulsion they experience with other electron pairs. 

(2) Rules of thumb

(a) Lone pair-lone pair (lp-lp) repulsion is 

      stronger than lone pair-bonding pair 

      (lp-bp) repulsion.

(b) Lone pair-bonding pair (lp-bp) repulsion 

      is stronger than bonding pair-bonding 

      pair (bp-bp) repulsion. 






(c) Summary of these rules of thumb:







lp-lp > lp-bp > bp-bp

(2) Comparing CH4, NH3, and H2O
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g. Multiple bonds take up more “space” than single bonds

(1) Explanation of effects

Multiple bonds require more space than single bonds because they simply have more electrons.





(2) Examples
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( H-C-H is 116( rather than 120( because of the double carbon-oxygen bond.
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( H-C-H is 117( rather than 120( because of the double carbon-carbon bond.

h. If it is possible to draw more than one structure, then 

   draw the one that minimizes repulsions the most.

(1) Three rules

 

(a) Angle rule

	repulsion at

180(
	<
	repulsion at

120(
	<
	repulsion at

90(







(b) Pair type rule

	bonding pair

to

bonding pair

repulsion
	<
	bonding pair

to

lone pair

repulsion
	<
	lone pair

to

lone pair

repulsion







(c) Separation rule

Separate lone pairs as far from each other as possible, then separate lone pairs from bonding pairs as far from each other as possible, then separate bonding pairs from bonding pairs as far from each other as possible.





(2) Example






It is possible to draw three 

structures for the tribromide ion:
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Using the separation rule, the structure that puts the lone pairs 

as far apart as possible is the last one…
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3. Description and examples

a. For two, three, or four pairs

(1) Description for two three or four 

      pairs of valence shell electrons






(a) For two pairs of valence shell electrons







[1] The two pairs minimize

      repulsion by being arranged on    

      opposite sides of the nucleus.







[2] The angle between them is 180(.

[3] The geometry is a linear 

      arrangement.



(b) For three pairs of valence shell electrons


[1] The three pairs minimize 

                  repulsion by being arranged in a 

                  two-dimensional plane with each 

                  pair being directed towards one 

                  corner of an equilateral triangle.







[2] The angle between them is 120(.







[3] The geometry is a trigonal 

                                                                               planar arrangement.







(c) For four pairs of valence shell electrons







[1] The four pairs minimize

                                                                              repulsion by being arranged in a 

                                                                              three-dimensional figure called a 


                                                                              tetrahedron with each pair being 

      directed towards one of the 

      corners of a tetrahedron.




[a] A tetrahedron is a 

                                          three-dimensional 

                                          shape with four faces.








[b] Each face is an 

      equilateral triangle.




[c] A tetrahedron is a 

triangular pyramid –   

its base is a triangle   

not a square.







[2] The angle between them is 

                                                                              approximately 109.5(.







[3] The geometry is a                  

                                                                              tetrahedral arrangement.

(2) Examples for a central atom with two, 

     three, or four electron pairs







(a) Two electron pairs (linear)








BeF2
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(b) Three electron pairs (trigonal planar)







BF3
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(c) Four electron pairs 







[1] All four pairs bonded to another 

                                                                              atom (tetrahedral):






CH4
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[2] Only three of the four pairs 

                                                                              bonded to another atom 

      (trigonal pyramidal):




NH3
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[3] Only two of the four pairs 

                                                                             bonded to another atom (bent):




H2O
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b. For five or six pairs

(1) Description for five or six pairs of valence shell  

      electrons


(a) For five pairs of valence shell electrons







[1] The directions in which the







      electrons point are not all 







      equivalent – unlike the case for 

                                                                              two, three, or four pairs.








This becomes important 

when deciding whether to place unshared pairs axially or equatorially.







[2] Axial








[a] Point along the axis 

                                                                                         through the central atom








[b] Each of the two axial 







      directions is 180( 
away

      from each other, and 90( 

      away from the equatorial   

      directions.








[c] An electron pair in an 

      axial position is 

      directly adjacent to 

      three other pairs of 

      electrons.







[3] Equatorial








[a] Point along the “equator” 

                                                                                          of the central atom








[b] Each of the three 

      equatorial directions 








      is 120( away from 








      each other and 90( 








      away from the axial 








      directions.

[c] An electron pair in an 

     equatorial position is 

     directly adjacent to 

     two other pairs of 

      






     electrons.

[4] The geometry is a trigonal 

      bipyramidal arrangement.


(b) For six pairs of valence shell electrons







[1] The directions in which the







      electrons point are all equivalent 

                                                                              – unlike the case with five pairs

                                                                              and like the case for two, three, 

                                                                              or four pairs.







[2] The angle between them is 90(.







[3] The geometry is an octahedral 

                                                                              arrangement.

(2) Examples for a central atom with five or six 

      electron pairs

(a) Five electron pairs

[1] All five pairs bonded to another 

      atom (trigonal bipyramidal):






PCl5
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[2] Only four of the five pairs    

      bonded to another atom (seesaw

                                                                              or distorted tetrahedron):








SF4
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[3] Only three of the five pairs 

      bonded to another atom 

      (T-shaped):








ClF3
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Remember that lone pairs

repel both other lone pairs and bonding pairs.

Therefore the lone pairs go equatorially, where they are separated by an angle of 120( rather than axially where they would be separated by an angle of 90(, for example:

	WRONG
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Here, all of the angles

involving lone pairs are 90(.

[4] Only two of the five pairs bonded

      to another atom (linear):








XeF2
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Remember that lone pair-lone pair repulsion is the greatest of all three types of repulsion.

Therefore the lone pairs go equatorially, where all of them are separated from each other by an angle of 120( rather than axially where at least two pairs would be separated by an angle of 90(, for example:

	WRONG
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(b) Six electron pairs

[1] All six pairs bonded to another 

      atom (octahedral):

SF6
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[2] Only five of the six pairs bonded  

      to another atom (square 

      pyramidal):








IF5
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[3] Only four of the six pairs bonded 

      to another atom (square 

      pyramidal):




XeF4

[image: image23.wmf]Xe

F

F

F

F

..

..


All of the angles are 90(
from each other, but this arrangement at least allows the lone pairs to be as far from each other as possible.



4. Predicting molecular geometry using the VSEPR model




a. Procedure





(1) Draw the Lewis electron dot structure – be sure 

                                                     to include any unshared pairs on the central 

                                                     atom.





(2) Determine the molecular geometry from the 




      bonding pairs – or the atoms attached to the 

                                                      central atom.





(3) If it is possible to draw more than one structure, 

     then draw the one that minimizes repulsions.




b. Examples





(1) Predict the molecular geometry for BeCl2.







Be x 1 =    2 e(






Cl x 2  = 14 e(
   16 e(
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Two electron pairs on central atom…

Both are bonding pairs…

Therefore, linear.

(2) Predict the molecular geometry for I3(.




I x 3 =       21 e(



   (1 =  add 1 e(



                 22 e(
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five electron pairs on central atom…

Two are bonding pairs…

Therefore, linear.
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(3) Predict the molecular geometry for BrF3.




Br x 1      7 e(



F x 3  =  21 e(



              28 e(

[image: image30.wmf]Br

F

F

F


28 e(
          ( 6 e(



       





            22 e(

[image: image31.wmf]Br

F

F

F

.

.

.

.

.

.

.

.

.

.

:

:

:

:


22 e(
         ( 18 e(



       





              4 e(

[image: image32.wmf]Br

F

F

F

.

.

.

.

.

.

.

.

.

.

:

:

:

:

.

.

.

.


4 e(
         ( 4 e(




                                                                        0

Five electron pairs on central atom…

Three are bonding pairs…

Therefore, T-shaped.
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B. Dipole moment and molecular geometry



1. Dipole moment




a. The cause of a dipole moment




When two atoms with a difference electronegativity 

are bonded to each other, there will be a shift in electron density to the more electronegative atom.

The result is a separation of charge, with the less electronegative atom having a partial positive charge and the more electronegative atom having 

a partial negative charge.

When such molecules are placed in the electric field between two plates they will orient with their negative end towards the positive plate and 

vice versa.




b. Dipole moment and a bond’s polarity





A bond’s dipole moment is a quantitative measure 

of the polarity of that bond. 


A polar molecule has a net dipole moment.

A nonpolar molecule does not have a net dipole 

moment.




c. Dipole moment as a vector





(1) Dipole moment is a vector quantity.






(a) It has a magnitude.






(b) It has a direction.

(2) The dipole moment arrow points from the partial 

      positive charge toward the partial negative 

      charge.

                                                                               (+            ((
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(3) When a molecule has more than one atom its net 

      dipole moment is the sum of all of the dipole 

      moments for the bonds.


(a) These may add:
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(b) These may also cancel


[image: image37.wmf]O

C

O


2. Relating dipole moment and molecular geometry for binary 

    molecular compounds


a. Molecular symmetry and net dipole moment


(1) When the molecular geometry is symmetrical

All of the dipole moments for the bonds cancel and there is no net dipole moment for the molecule.


(2) When the molecular geometry is not 

                  symmetrical.

The dipole moments for the bonds do not cancel and there is a net dipole moment for the molecule.





(3) The Table of Molecular Geometries classifies 

                                                      geometries by whether or not a net dipole is 

                                                      possible.




b. Examples





(1) Would SeF2 be expected to have a zero net 

                                                      dipole moment on the basis of its geometry?

Se x 1 =    6 e(






Cl x 2  = 14 e(
   20 e(
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Two bonding pairs on the central 

atom…

Two lone pairs on the central atom…

Therefore the geometry is “bent” and so, NO, it would not have a zero net dipole moment.

(2) Would PF5 be expected to have a zero net dipole 

      moment on the basis of its geometry?

P x 1 =   5 e(






F x 5 = 35 e(
                                    40 e(
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  0 e(
Five bonding pairs on the central 

atom…

No lone pairs on the central atom…

Therefore the geometry is “trigonal bipyramidal” and so, YES, it would have a zero net dipole moment.

VALENCE BOND THEORY

A. Definition

An approximate theory to explain the electron pair or covalent bond by quantum mechanics


B. Basic theory



1. Overlapping

As the two atoms approach each other, an orbital on one atom begins to occupy some of the same portion of space as an orbital on the other atom.

When this occurs, the orbital of one atom is said to overlap the orbital of the other atom.

Due to the overlapping, electrons are localized in region of space that forms the bond.



2. Occupancy

As with atomic orbitals, the maximum number of electrons in this resulting overlapping orbital is no more than two.

3. Formation of bonds




a. Formed by overlapping

As an orbital of one atom comes to overlap an orbital of another atom, each electron is no longer limited to its own nucleus, but begins to move about both nuclei.

Since the electron pair is attracted to both nuclei at the same time, that force of attraction pulls the atoms together.




b. Direction of overlapping

Orbitals bond only in the directions in which they protrude or point in order to obtain maximum overlap.

For example, the p orbitals –  which lie along the x, y, and z axes – can only overlap along those same axes, and so can only bond in the directions those orbitals point, namely, along the x, y, and z axes.

4. Strength of bonding




Depends on the amount of overlap

The greater the amount of overlap, the greater the bond strength.



5. Promotion

Promotion is the shifting of a paired electron to an empty orbital of higher energy and occurs during bond formation.

The purpose is to allow the formation of more bonds than would be possible otherwise by creating more unpaired electrons available for bonding

Promotion requires energy, but releases energy as extra bonds are formed.

It only occurs when the energy needed to promote an electron is more than compensated for by the release of energy through the formation of the bonds that promotion makes possible.



	Energy (
	2p
	(
	
	(
	
	
	
	2p
	(
	
	(
	
	(

	
	2s
	((
	
	
	
	
	
	2s
	(
	
	
	
	

	
	
	
	
	
	
	
	(
	
	
	
	
	
	

	
	1s
	((
	
	
	
	
	
	1s
	((
	
	
	
	

	
	C atom

(ground state)
	
	
	C atom (promoted)


6. Hybridization

a. Hybrid atomic orbitals are possible states of electron in 

    an atom, especially when it is bonded to other atoms.

b. Are orbitals used to describe bonding that are obtained 

    by taking combinations of atomic orbitals of the isolated 

    atoms

c. The total number of orbitals is conserved.

(1) The number of hybrid orbitals formed is the 

      same as the sum of the number of atomic 

      orbitals that were hybridized.

(2) The total number of orbitals before and after 

      hybridization is the same.

(3) The orientation and the energy of the orbitals are 

      different AFTER hybridization.



d. Each hybrid orbital is identical in energy but is oriented 

                            in a different direction from the others.

e. Determining the number of hybrid orbitals that are

    needed

The number of hybrid orbitals needed by an atom in a structure equals the number of atoms to which it is bonded, plus the number of lone pairs.




f. Representation of hybrid orbitals





(1) The types of atomic orbitals that go into making 

      the hybrid orbitals are indicated by their letter, 

      i.e., s, p, etc.





(2) The number of each type of atomic orbital is 

      represented by the superscript.

For example, the sp3 hybrid orbitals are formed from one s orbital and three p orbitals.

The superscript does not tell the number of electrons in that hybrid orbital.

7. Promotion and hybridization explain bond formation and bond 

    strength.




a. Bond formation





(1) Promotion





(a) Covalent bonds form when each atom 

      contributes an unpaired electron to the 

      bond.





(b) Many nonmetals form more covalent 

      bonds than would be expected from the 

      number of unpaired electrons they have 

      in the ground state.

Be (1s2 2s2) has no unpaired electrons in the ground state, and 

yet it forms two covalent bonds, 

i.e., BeF2.

B (1s2 2s2 2p1) has only one unpaired electron in the ground
 state, and yet it forms three covalent bonds, 


i.e. BF3.





(c) By promoting electrons from the s orbital 

     to the p orbitals the atom can create 

     unpaired electrons available to form 

      covalent bonds.






Be (1s2 2s2) 







can promote to 






1s2 2s1 2p1






to form two covalent bonds.






B (1s2 2s2 2p1)







can promote to 






1s2 2s1 2px1 2py1







to form three covalent
bonds.

(2) Hybridization

Promotion, alone, would create two (or more) different energy level unpaired electrons.

These in turn would form two (or more) different kinds of bonds, but experimental data shows that this is not the case.

Hybridization allows the atom to create new orbitals of equal energy.







Be forms two hybrid sp orbitals.







B forms three hybrid sp2 orbitals.






Example of carbon hybridizing:
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b. Bond strength

Hybrid orbitals no longer have lobes of equal size on opposite sides of the atom.

	
[image: image43.wmf]
	becomes
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The lobe that points in one direction is much bigger than the lobe that points in the reverse direction.

This allows greater overlap, and greater overlap produces a stronger bond.

This higher energy bond is what more than offsets the energy investment in the promotion of the electrons

C. Valence bond theory and multiple bonding

1. Comparison of single bonding and multiple bonding

a. In single bonding, bonding is described as the overlap of 

    one orbital from each of two bonding atoms.


b. In multiple bonding, bonding is described as the overlap 

               of more than one orbital from each of two bonding atoms.



2. Description




a. One hybrid orbital is needed to bond each pair of atoms 

    together.




b. One hybrid orbital is needed for each lone pair.




c. Additional bonds may form from leftover p orbitals.

3. Sigma and pi bonds

a. Sigma bonds

(1) Formed when



(a) Two s orbitals overlap
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(b) When an s orbital overlaps with a 

      p orbital
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(c) When a p, or a hybrid orbital, overlaps 

                              with another orbital along their axis.

	
[image: image51.wmf]C


	+
	
[image: image52.wmf]C


	(
	
[image: image53.wmf]C

C




(2) The two orbitals overlap end-to-end along the 

       axis between the two nuclei.

(3) The electron density is concentrated between the 

      nuclei of the bonding atoms




b. Pi bonds


(1) Formed when leftover (unhybridized) p orbitals

                 overlap sidewise above and below the plane of 

                 the nuclei.

(2) The electron density is concentrated above and 

      below the plane of the nuclei.
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4. Single, double, and triple bonding




a. Single bonds are made up of one sigma bond.




b. Double bonds are made up of one sigma bond and one 

    pi bond.




c. Triple bonds are made up of one sigma bond and two 

    mutually perpendicular pi bonds.

D. Predicting hybridization



1. Procedure




a. Draw the Lewis electron dot structure.




b. Determine the molecular geometry using VSEPR theory.




c. Count the number of atoms to which that specific atom 

                                        is bonded and add the number of lone pairs.




d. Identify the specific hybrid orbitals needed.



2. Examples




Predict the hybridization for each of the following:





a. IF5
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I is bonded to five other atoms and has one lone pair for a total of six hybrid orbitals needed.






Therefore, sp3d2.





b. ClF3
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Cl is bonded to three other atoms and has 

two lone pairs for a total of five hybrid orbitals needed.






Therefore, sp3d.

c. H2CO
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C is bonded to three other atoms and has no 

lone pairs.

Therefore sp2, with the second bond of the double bond formed by the overlap of the “leftover” p orbital on the carbon with a p orbital on the oxygen.
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