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Overview

1

After learning the material presented in this chapter you should:
■■ understand how an atom is structured, in terms of both the nucleus and the 

electronic orbitals
■■ understand the assignment of an electronic configuration to atoms and ions
■■ be able to discuss how atomic orbitals combine to form molecular orbitals
■■ appreciate how sp3, sp2 and sp hybrid orbitals are formed
■■ be able to discuss how hybridised atoms form single, double and triple bonds
■■ understand the factors that determine molecular shape and bond angles, and 

appreciate why some molecules deviate from theory
■■ review the drawing of resonance hybrids using the curly arrow notation.

■■ An atom is composed of a nucleus and a surrounding cloud of electrons.
■■ The nucleus contains both protons and neutrons and has an overall positive 

charge. 
■■ Fundamental properties

Particle Proton Neutron Electron
Charge +1 0 −1

Mass (amu) 1.00728 1.00866 0.00054

■■ The atomic number of an element is given by the number of protons in the 
nucleus or the number of electrons in the unionised element.

■■ The mass number of an element is given by the sum of the protons and neutrons 
(Figure 1.1).

■■ Atoms which contain the same number of protons in the nucleus but a different 
number of neutrons are termed isotopes. Isotopes have different physical and 
chemical properties.

chapter 1
Chemical structure and 
bonding

Figure 1.1
The chemical symbol.

Mass number (number of protons + neutrons)

Atomic number (number of protons)

Element name
C6
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2 Chemistry of Drugs

Cations and anions

■■ An atom can be ionised by either adding or removing an 
electron. The addition of an electron results in the formation 
of a negatively charged species, an anion. The removal of an 
electron results in the formation of a positively charged species, 
a cation.

Electron orbitals

■■ The electrons of an atom occupy discrete atomic orbitals. These 
orbitals describe the probability of locating an electron in the 
region outside the nucleus.

■■ In the same way that light demonstrates both wave and particle-
like behaviour, electrons also demonstrate this duality, and 
hence an electron can be described by its mathematical wave 
function. 

■■ Individual atomic orbitals can accommodate a maximum of two 
electrons. These must be of opposite spin and are termed spin-
paired. 

■■ Atomic orbitals can be described as s, p or d orbitals (Figure 1.2).
■■ The three p orbitals are degenerate; they are each of the same 

energy.
■■ The five d orbitals are degenerate; they are each of the same 

energy.

Figure 1.2
Shapes of s, p and d 

atomic orbitals.
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Electronic configuration

■■ Atomic orbitals (Figure 1.3) are filled to give the lowest-energy 
electronic configuration for an atom, the ground state.
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 Chemical structure and bonding 3

■■ The ground state electronic configuration of oxygen can be found 
by accommodating eight electrons (Figure 1.4). 
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INCORRECTINCORRECT

Figure 1.4 Correct and incorrect filling of atomic orbitals for oxygen.

■■ When a shell of electrons becomes full it is 
termed core. Core electrons typically do not 
participate in chemical reactions.

■■ Electrons in incomplete shells are termed 
valence. Valence electrons are available 
to participate in chemical reactions and 
bonding.

Molecular orbitals

■■ In the same way that electrons in an atom occupy atomic 
orbitals, the electrons in a molecule occupy molecular orbitals.

■■ Molecular orbitals are formed from the linear combination of 
the individual atomic orbital wave functions. This combination 
can either be as the sum of the two wave functions or as the 
difference of the two wave functions. That is, 

Ψ   = caψa + cbψb

Ψ* = caψa − cbψb

4s

3p

3d

2p

E
N
E
R
G
Y

1s

2s

3s

Figure 1.3 Energy level diagram.

■■ Rules for filling atomic orbitals
1. Aufbau principle: Electrons 

are added to the lowest-
energy atomic orbital first.

2. Pauli exclusion principle: 
Each atomic orbital can 
accommodate two electrons 
with opposite spin.

3. Hund’s rule: Half-fill orbitals 
of equivalent energy before 
spin pairing. 

KeyPoints

■■ Radicals are species with 
unpaired electrons.

■■ This is not the same as ions, 
which have an overall charge.

KeyPoints
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4 Chemistry of Drugs

where caψa and cbψb describe the 
individual atomic orbitals, Ψ describes 
the bonding molecular orbital and Ψ* the 
antibonding molecular orbital. 

■■  The linear combination of two atomic 
orbitals will result in the formation of two 
molecular orbitals, one of which will be 
bonding, the other antibonding (Figure 1.5).

Figure 1.5
Forming molecular orbitals from 

individual atomic orbitals.

Ψ∗ (antibonding)

Ψ (bonding)

ψbψa

■■ If the two atoms are identical, each will contribute equally to the 
molecular orbitals. The bonding molecular orbital will be lower 
in energy than the starting atomic orbitals by the same amount 
as the antibonding molecular orbital is higher in energy than the 
starting atomic orbitals.

■■ Each molecular orbital can accommodate a maximum of two 
electrons, each with opposite spin.

■■ Molecular orbitals are filled with electrons in the same way as 
atomic orbitals, starting at the lowest energy available molecular 
orbital and spin pairing before filling the next highest molecular 
orbital.

■■ In a hydrogen molecule (H2) each hydrogen atom is contributing 
a single 1s electron; these are spin paired in the lowest energy 

molecular orbital, the sigma (σ)-bonding orbital. 
The σ*-antibonding orbital remains empty 
(Figure 1.6).

■■ The bonding molecular orbital is 
lower in energy than the initial 
atomic orbitals.

■■ The antibonding molecular 
orbitals are higher in energy 
than the initial atomic orbitals.

Tips

If you bring the two hydrogen 1s 
orbitals together so that they 
overlap you can imagine a region of 
increased electron density between 
the two atoms. This is like adding 
the two hydrogen wave functions 
together to create the bonding 
molecular orbital. If you now 
consider the region of overlap and 
subtract one of the overlaps from 
the other you would end up with 
nothing – a region without electron 
density between the two atoms. 
This is what the antibonding 
molecular orbital looks like.

Tips

σ∗

σ

1s1sH •

H H

• H

H − H 

Figure 1.6 Molecular orbitals for molecular hydrogen.
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 Chemical structure and bonding 5

■■ In the same way that s orbitals combine to give σ and σ* molecular 
orbitals, p orbitals combine to give pi (π) and π* molecular orbitals 
(Figure 1.7).

■■ Although s orbitals and p orbitals describe individual  
atomic orbitals, they are not suitable for describing molecular 
orbitals. 

Promotion

■■ Promotion allows an element to increase the 
number of bonds it can make through the 
movement of a paired non-core electron to 
an empty orbital.

■■ In the case of carbon, paired 2s electrons 
would only allow the formation of two 
covalent bonds. Promotion of one of these 
electrons to the empty 2p orbital allows 
all four electrons to participate in bonding 
(Figure 1.8).

π∗

π

2p2p

Figure 1.7
Molecular orbitals from 
p orbitals.

2p

2s

2p

2s

Electron
promotion

Two-bond mode Four-bond mode

Figure 1.8 Electron promotion in carbon.

■■ All group 2, 3 and 4 elements 
promote an electron in this 
way to increase their bonding 
capability.

■■ Phosphorus and sulfur are able 
to promote into nearby vacant 
d orbitals to form five and six 
bonds respectively. 

KeyPoints
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6 Chemistry of Drugs

Hybridisation

■■ The individual atomic orbitals on an atom must be combined in 
a process termed hybridisation so that the resulting molecular 
orbitals are of the correct geometry and type for bonding to 
occur.

sp3 hybridisation

■■ In sp3 hybridisation the 2s and all three 2p orbitals are combined 
to create four sp3 hybrid orbitals. 

■■ Each hybrid orbital has a 1/4 contribution from each of the four 
starting atomic orbitals.

■■ The four sp3 hybrid orbitals are of an equivalent energy, which is 
lower than the starting 2p orbitals but higher than the starting 2s 
orbital. 

■■ During hybridisation orbitals are not created or destroyed. The 
four atomic orbitals mix to give four hybrid orbitals.

■■ Electrons in hybrid orbitals experience electron–electron 
repulsion in the same way as electrons in atomic orbitals. Each 
sp3 hybrid orbital will be occupied singly before spin pairing if 
necessary (Figure 1.9).

■■ The four sp3 hybrid orbitals adopt a tetrahedral geometry to 
minimise electron–electron repulsion between the hybrid 
orbitals (Figure 1.10). Each hybrid orbital experiences identical 
interactions with the other three hybrid orbitals. The four  
hybrid orbitals must therefore be of equivalent energy: they  
are degenerate.

Hybridisation

2s

sp3 hybrid orbitals

2p

Figure 1.9
sp3 hybridisation.

sp3 hybrid orbital

C

109°

tetrahedral geometry

Figure 1.10
Geometry of sp3 hybrid orbitals.
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 Chemical structure and bonding 7

sp2 hybridisation

■■ In sp2 hybridisation the 2s and two of the 2p orbitals are 
combined to create three sp2 hybrid orbitals. The remaining 2p 
orbital remains unchanged by the hybridisation process. 

■■ Each hybrid orbital has a 1/3 contribution from each of the three 
starting atomic orbitals.

■■ The three sp2 hybrid orbitals are of an equivalent energy, which 
is lower than the starting 2p orbitals but higher than the starting 
2s orbital. 

■■ During hybridisation orbitals are not created or destroyed: the 
three atomic orbitals mix to give three hybrid orbitals.

■■ Electrons in hybrid orbitals experience electron–electron 
repulsion in the same way as electrons in atomic orbitals. Each 
sp2 hybrid orbital will be occupied singly before spin pairing if 
necessary (Figure 1.11).

■■ The three sp2 hybrid orbitals adopt a trigonal planar geometry 
to minimise electron–electron repulsion between the hybrid 
orbitals (Figure 1.12). Each hybrid orbital experiences identical 
interactions with the other two hybrid orbitals. The three 
hybrid orbitals must therefore be of equivalent energy: they are 
degenerate. 

■■ The unhybridised 2p orbital will be perpendicular to the plane 
of the sp2 hybrid orbitals as the hybrid orbitals will only have 
contributions from the p orbitals along two of the coordinate 
axes, px and py in Figure 1.12. The remaining pz orbital is 
unchanged. 

Hybridisation

Unmixed 2p orbital

2s

sp2 hybrid orbitals

2p 2p

Figure 1.11
sp2 hybridisation.

sp2 hybrid orbital

Unmixed 2p
orbital trigonal planar

geometry

C
120°

z Figure 1.12
Geometry of sp2 hybrid orbitals.
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8 Chemistry of Drugs

sp hybridisation

■■ In sp hybridisation the 2s and one of the 2p orbitals are 
combined to create two sp hybrid orbitals. The two remaining 2p 
orbitals remain unchanged by the hybridisation process. 

■■ Each hybrid orbital has a 1/2 contribution from each of the two 
starting atomic orbitals.

■■ The two sp hybrid orbitals are of an equivalent energy, which is 
lower than the starting 2p orbital but higher than the starting 2s 
orbital. 

■■ During hybridisation orbitals are not created or destroyed. The 
two atomic orbitals mix to give two hybrid orbitals.

■■ Electrons in hybrid orbitals will experience electron–electron 
repulsion in the same way as electrons in atomic orbitals. Each 
sp hybrid orbital will be occupied singly before spin pairing if 
necessary (Figure 1.13). 

■■ The two sp hybrid orbitals adopt a linear geometry to minimise 
electron-electron repulsion between the hybrid orbitals  
(Figure 1.14). Each hybrid orbital experiences an identical 
interaction with the other hybrid orbital. The two hybrid  
orbitals must therefore be of equivalent energy: they are 
degenerate. 

■■ The two unhybridised 2p orbitals will be perpendicular to the sp 
hybrid orbitals as the hybrid orbitals will only have contributions 
from the p orbital along one of the coordinate axes, px in  
Figure 1.14. The remaining py and pz orbitals are unchanged.

Hybridisation

Unmixed 2p orbital

2s

sp hybrid orbitals

2p 2p

Figure 1.13
sp hybridisation.

Figure 1.14
Geometry of sp hybrid orbitals.

sp hybrid orbital

Unmixed 2p
orbital

Linear geometry

C

180°

z

x

y
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 Chemical structure and bonding 9

Comparison of hybridisation modes

Hybridisation

2s

sp2 hybrid orbitals

2p 2p

Figure 1.15
sp2 hybridisation of oxygen.

■■ Hybridisation involves the mixing of s and p 
orbitals to create new orbitals which possess 
both s and p character.

■■ The number of p orbitals mixed with the s 
orbital will affect the shape and character 
of the hybrid orbital. The more p orbital 
contribution, the greater p character the new 
hybrid orbital will have (Figure 1.16).

■■ sp3 hybrid orbitals have greatest p character, whereas sp hybrid 
orbitals have greatest s character.

Figure 1.16
Comparison of hybridised 
orbital shape.

sp3 sp2 sp

Bonding

■■ σ bonds form from the overlap of two sp3 
hybridised orbitals, two sp2 hybridised 
orbitals or two sp hybridised orbitals which 
each contain a single electron (Figure 1.17). Hydrogen atoms are 
free to form σ bonds with sp3, sp2 and sp hybridised orbitals.

■■ Hybridisation occurs for all 
elements other than hydrogen. 
In each case the mixing of 
individual atomic orbitals is the 
same; the only difference is 
the number of electrons to be 
distributed into the hybridised 
orbitals (Figure 1.15).

KeyPoint

The two atoms in a double or triple 
bond must have the same 
hybridisation – sp2 for a double 
bond and sp for a triple bond.

Tip

C C

H

H

H

H

H

H

Figure 1.17
Combining hybridised orbitals to 
form molecules.
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10 Chemistry of Drugs

■■ π bonds form from the overlap of two adjacent p orbitals which 
each contain a single electron (Figure 1.18).

Valence shell electron pair repulsion (VSEPR)

■■ When considering bond angles, the repulsion between different 
types of electron pairs must be considered. 

■■ Lone pair–lone pair repulsion is greater than lone pair–bonding 
pair repulsion, which in turn is greater than bonding pair–
bonding pair repulsion (Figure 1.19).

■■ In addition to accounting for bond angles in molecules such 
as ethane, VSEPR accounts for the distortions away from the 
anticipated hybridisation bond angles, for example the 104.5° 
bond angle observed in water.

Figure 1.18
π bonding in formaldehyde.

C O

H

H

Figure 1.19
Effect of lone pair–lone pair  

repulsion in water.

Least repulsion

Greatest repulsion
Bonding pairs of
electrons pushed
closer together

O

H

H

There is nothing magical about 
electronegativity. As you go across 
the periodic table the number of 
protons in the nucleus increases 
but the corresponding electrons 
are added to the same orbitals. 
The result is that the electrons are 
increasingly tightly held as you 
move from left to right. The 
‘effective nuclear charge’ is 
increasing. As you go down a 
period of the periodic table you 
have additional shells of electrons 
shielding the nucleus; this reduces 
the effective nuclear charge.

Tip

Nucleophiles and electrophiles

■■ Molecules that are electron-rich with either 
a free pair of electrons or a π bond that 
they can donate are termed nucleophilic 
(nucleus loving). Since nucleophiles 
donate a pair of electrons they are also 
Lewis bases.
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 Chemical structure and bonding 11

■■ Molecules that are electron-deficient and are able to accept a pair 
of electrons from a nucleophile are termed electrophilic (electron 
loving). Since electrophiles accept a pair of electrons they are 
also Lewis acids. 

Drawing chemical structures

■■ Chemical structures can be represented graphically in a wide 
range of ways (Figure 1.20).

■■ A simple molecular formula provides information on the atoms 
present in a molecule but there is no information concerning 
connectivity or structure.

■■ Structural and skeletal formulae both provide additional 
information concerning the arrangement of atoms within a 
molecule and their connectivity. Whereas the structural formula 
displays all atoms present, the skeletal formula focuses on the 
carbon framework and omits hydrogen atoms attached to carbon, 
though those attached to other atoms are still included.

■■ For reaction mechanisms we will adopt the skeletal formula 
approach.

■■ Molecular models are useful when considering chemical 
reactivity and how molecules might interact with each other or 
with a protein.

H H
O

H H
N

H

OH
O

H N H

H

H C C

H

H

O H

H

H

H C C C H

H

H

OH

H

H O H

H2O NH3 C2H6O C3H6O

Water

Molecular
formula

Structural
formula

Skeletal
formula

Molecular
model
(ball-and-stick
type)

Molecular
model
(space-�lling
type)

Ammonia Ethanol Acetone

Figure 1.20 Different ways of representing a molecule.
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12 Chemistry of Drugs

Resonance/mesomerism

■■ The electrons in a π bond are less tightly 
bound to the individual atoms of the bond 
than the electrons of a σ bond.

■■ A conjugated system is a series of overlapping 
p orbitals which allows for the delocalisation 
of π electron density across the whole system.

■■ In a conjugated system an excess or deficiency 
in electron density associated with one atom 
can be propagated along the system through 
the delocalisation of the π bonds. 

■■ This delocalisation of π electron density can be represented 
pictorially as a series of resonance hybrids or canonical structures. 
The conjugated system does not exist as a single, individual 
structure; rather it is a sum of the contributing resonance hybrids.

Drawing resonance hybrids

■■ Curly or curved arrows (  ) are used to represent the 
movement of a pair of electrons and to convert between 
individual resonance hybrids. 

■■ Curly arrows always begin at an electron-rich source and point 
towards an electron-deficient site (Figure 1.21).

■■ Not all resonance hybrids 
contribute equally. 

■■ Major contributors will have a 
full valence shell, will have a 
minimum of charges present 
and, where charges exist, 
negative charges will be located 
on the most electronegative 
atoms and positive charges on 
the most electropositive atoms.

Tips

A               B     Irreversible reaction

A               B     Reversible reaction

A               B     Resonance

Figure 1.22
Different types of arrows.

Figure 1.21
Rules for drawing curly arrows.

■■ Arrows pointing between atoms indicate that a 
bond is formed between those two atoms.X Y

■■ Arrows pointing directly at atoms indicate that 
the electrons are located on that atom as an 
unshared pair.

X Y

■■ In the case of resonance one arrow will typically 
result in the movement of a second pair of 
electrons as electron density is delocalised 
across the system.

X Y Z

■■ Resonance hybrids are separated by a double-headed arrow; this 
is distinct from the usual reaction arrows that denote irreversible 
or reversible processes (Figure 1.22).

■■ In resonance, electrons always move away from a negative 
charge to create a new double bond (Figure 1.23). Since carbon 
can only form four bonds, the pre-existing double bond must 
break and the electrons localise on the carbon at the other end. 
In this way the negative charge has moved along the molecule.
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 Chemical structure and bonding 13

■■ If there is a positive charge present, the 
electron pair will move towards this charge 
through the breaking of one double bond and 
the creation of a new double bond. In this 
way it appears as though the positive charge 
is moving along the molecule, though in 
reality it is electrons moving in the opposite 
direction (Figure 1.24).

O O
Figure 1.23
Anions in resonance.

Figure 1.25
The drawing of benzene.

■■ When moving a negative charge 
to convert between resonance 
structures two curly arrows are 
required.

■■ When moving a positive charge 
to convert between resonance 
structures only one curly arrow 
is required.

Tips

Figure 1.26
Resonance in the phenoxide 
anion.

O O O O O

Figure 1.27
Resonance in the benzyl cation.CH2 CH2 CH2 CH2 CH2

■■ Although a conjugated system has the electron pairs delocalised 
over the entire system, when using the curly arrow notation to 
convert between resonance hybrids it is necessary to consider 
the system as a series of localised π bonds.

■■ You should always draw benzene and its derivatives as localised 
π bonds (Figure 1.25). The importance of this will be seen later 
when considering the reactivity and chemistry of benzene and 
its derivatives.

■■ Benzene derivatives experience resonance due to the overlapping 
of adjacent p orbitals. 

■■ This resonance can either push electron density into the ring or 
withdraw electron density from the ring (Figures 1.26 and 1.27).

Figure 1.24
Cations in resonance.
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14 Chemistry of Drugs

Self-assessment
1. Which of the following rules are not required when considering the filling of 

atomic orbitals?
a. Aufbau principle 
b. valence shell electron pair repulsion
c. Pauli exclusion principle
d. Hund’s rule

2. The following ground state electronic configuration describes which element?

1s2 2s2 2p5

a. nitrogen
b. oxygen
c. fluorine
d. chlorine

3. Which of the following ground state electronic configurations correctly describes 
the sodium ion Na+?

a. 1s2 2s2 2p6

b. 1s2 2s2 2p6 3s1

c. 1s2 2s2 2p5 3s1

d. 1s2 2s2 2p5 3s2

4. The bent geometry of a water molecule is due to which of the following 
factors?

a. The oxygen atom is sp hybridised.
b. Water molecules are able to hydrogen bond to each other.
c. The hydrogen atoms are only weakly bound to the central oxygen atom.
d. Non-bonded pairs of electrons on the oxygen atom are repulsed.

5. During hybridisation, the sp2 mode requires the mixing of which orbitals?
a. one s orbital and three p orbitals 
b. one s orbital and two p orbitals
c. one s orbital and one p orbitals
d. only the three p orbitals

6. Which of the bonds labelled in the following molecule is shortest?

a cb

a. bond a
b. bond b
c. bond c
d. they are all carbon–carbon bonds and are therefore the same length
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 Chemical structure and bonding 15

7. What is the hybridisation of the atom labelled in the following molecule?

C
N

a. sp3 hybridised
b. sp2 hybridised
c. sp hybridised
d. both sp2 hybridised and sp3 hybridised

8. Which of the following molecules can undergo resonance?

a. 

b. 
NH2

c. 
NH2

d. OH

9. Which of the following phenolate canonical structures is the lowest in energy?

a. O

b. O

c. O

d. O
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16 Chemistry of Drugs

10. Which of the following functional groups will donate electron density to an 
adjacent double bond by resonance? 

a. an ester
b. a nitro group
c. an amino group
d. a nitrile group
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