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Atomic Structure
Ionisation energy

First ionisation energy

First ionisation energy : X(g) → X+(g) + e−.

rises across a period (more nuclear charge)

dips at Al (3p < 3s) and S (spin-pair repulsion )
The dips are evidence for sub-shells.



Defining first ionisation energy exactly

the definition the energy to remove one electron from each atom in one mole of gaseous
atoms

why gaseous so there are no forces between the particles to include in the measurement

the equation X(g) → X+(g) + e−

the unit kJ mol−1

what it depends on nuclear charge, atomic radius , and shielding by inner shells

the trend increases across a period, decreases down a group – with the small drops
that reveal sub-shell structure

The state symbols (g) are part of the definition, not decoration. Omitting them loses the
mark even when the words are right.



First ionisation energy, in detail
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(3p above full 3s)

dip: P  S
(spin-pair repulsion)

1st IE generally rises Na Ar  ·  dips at Al (new p orbital) and S
(pair repulsion)

First ionisation energy rises across Period 3 but dips at Al and at S – evidence
that sub-shells exist



Atomic Structure
Ionisation energy

Successive ionisation energies

Each successive ionisation energy is larger (a more positive ion).

Big jumps reveal the shells: sodium’s 2, 8, 1 pattern. Electrons removed before
the first jump = the group number.



Atomic Structure
Ionisation energy

Successive ionisation energies, in detail
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big jump = next electron from a shell closer to the nucleus
(shell structure)

Each successive ionisation energy is larger (a more positive ion).



A-Level Chemistry

Exercises 2.1·2.2

Sub-shells, orbitals, and the two rules that fix an order
An orbital 轨道 is a region that can hold at most two electrons, and only if they
have opposite spins. The sub-shells and their capacities:

Sub-shell Orbitals Maximum electrons Shape
s 1 2 spherical
p 3 6 dumb-bell, along x, y, z
d 5 10 more complex

The filling order follows increasing energy, and the one crossover that matters is
that 4s fills before 3d:

1s 2s 2p 3s 3p 4s 3d 4p

Hund’s rule: within a sub-shell, electrons occupy the orbitals singly with parallel
spins before any orbital is doubled up, because electrons repel. That is why an
electrons-in-boxes diagram for nitrogen (2p3) shows three separate up-arrows, not
one pair and one single.

Two exceptions, both explained the same way – a half-filled or filled d sub-shell is
more stable: chromium is [Ar] 3d54s1 and copper [Ar] 3d104s1.

△ When an ion forms, the 4s electrons leave FIRST, even though 4s filled
first. Fe is [Ar] 3d64s2 but Fe2+ is [Ar] 3d6 and Fe3+ is [Ar] 3d5.

Ionisation energy is the evidence. Successive ionisation energies rise steadily
within a shell and jump sharply when the next electron must come from a shell
closer to the nucleus. Counting the electrons removed before the big jump gives the
group – a jump after the second electron means Group II.

Worked example. Write the electronic configuration of a Cu2+ ion, and explain the
shape of the graph of successive ionisation energies for magnesium.

1. Cu is [Ar] 3d104s1 (an exception); remove the 4s electron first, then one 3d: Cu2+

is [Ar] 3d9.
2. Magnesium’s first two ionisation energies are relatively low and close together

(both 3s electrons). The third shows a large jump, because that electron comes
from the 2p sub-shell – closer to the nucleus and less shielded – which is the
evidence that magnesium is in Group II.

2 Practice
2.1 State the maximum number of electrons in (a) a p sub-shell and (b) a d sub-shell.[2]
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2.2 Write the full electronic configuration of a calcium atom (Z = 20). [1]

2.3 State the maximum number of electrons in a p sub-shell and explain why. [2]

2.4 Give the electronic configuration of a Cr atom and explain why it is an exception.[2]

2.5 Explain what a large jump between successive ionisation energies tells you. [2]

3 Exam-style questions
3.1 Which sub-shell is filled before the 3d sub-shell? [1]

A 3p
B 4s
C 4p
D 4d

3.2 What is the shape of a p orbital? [1]

A spherical
B dumbbell (two lobes)
C a flat ring
D a cube

3.3 (a) Write the shorthand electronic configuration of an iron atom (Z = 26). [1]

(b) Write the electronic configuration of the Fe3+ ion, and explain which electrons are
lost first. [2]

A-Level Chemistry • 1.3 Electrons, energy levels and atomic orbitals 4
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Solutions
Each answer shows the steps, then the result.

2.1

(a)

• 6

(b)

• 10

2.2

• 1s2 2s2 2p6 3s2 3p6 4s2

2.3

• Six; a p sub-shell has three orbitals and each orbital holds at most two electrons, with
opposite spins

2.4

• [Ar] 3d54s1; a half-filled d sub-shell is more stable than the expected 3d44s2

2.5

• The next electron is being removed from a shell closer to the nucleus, which is less
shielded and more strongly attracted, so far more energy is needed

3.1 B

• 4s is slightly lower in energy than 3d, so it fills first

3.2 B

• A p orbital is a dumbbell (two lobes)

3.3

(a)

• [Ar] 3d6 4s2

(b)

• [Ar] 3d5; the 4s electrons are removed before the 3d electrons

3.4

• each electron is negative and they repel; occupying separate orbitals keeps them apart,
lowering repulsion – the lowest-energy (most stable) arrangement
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Exercises 2.3·2.5
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Exercises 3.1·3.2
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A-Level Chemistry

Exercise 3.3

2.2 Write the full electronic configuration of a calcium atom (Z = 20). [1]

2.3 State the maximum number of electrons in a p sub-shell and explain why. [2]
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A-Level Chemistry

Exercise 3.4

3.4 Using electrons-in-boxes, explain why the three 2p electrons of nitrogen occupy sep-
arate orbitals with parallel spins. [2]

3.5 (a) Give the full electronic configuration of a vanadium atom (proton number 23).[2]

(b) Give the electronic configuration of a V3+ ion, and state which electrons are lost
first. [2]

(c) Draw an electrons-in-boxes diagram for the 3d and 4s sub-shells of a vanadium atom,
and state the rule that determines the arrangement. [3]

(d) The first six ionisation energies of an element, in kJ mol−1, are 786, 1580, 3230, 4360,
16 100, 19 800. Deduce the group of the element and explain your reasoning. [3]

(e) Explain why the first ionisation energy of aluminium is lower than that of magnesium,
despite aluminium having a greater nuclear charge. [3]
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A-Level Chemistry

Exercise 3.4

3.4 Using electrons-in-boxes, explain why the three 2p electrons of nitrogen occupy sep-
arate orbitals with parallel spins. [2]

3.5 (a) Give the full electronic configuration of a vanadium atom (proton number 23).[2]

(b) Give the electronic configuration of a V3+ ion, and state which electrons are lost
first. [2]

(c) Draw an electrons-in-boxes diagram for the 3d and 4s sub-shells of a vanadium atom,
and state the rule that determines the arrangement. [3]

(d) The first six ionisation energies of an element, in kJ mol−1, are 786, 1580, 3230, 4360,
16 100, 19 800. Deduce the group of the element and explain your reasoning. [3]

(e) Explain why the first ionisation energy of aluminium is lower than that of magnesium,
despite aluminium having a greater nuclear charge. [3]
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Solutions
Each answer shows the steps, then the result.

2.1

(a)

• 6

(b)

• 10

2.2

• 1s2 2s2 2p6 3s2 3p6 4s2

2.3

• Six; a p sub-shell has three orbitals and each orbital holds at most two electrons, with
opposite spins

2.4

• [Ar] 3d54s1; a half-filled d sub-shell is more stable than the expected 3d44s2

2.5

• The next electron is being removed from a shell closer to the nucleus, which is less
shielded and more strongly attracted, so far more energy is needed

3.1 B

• 4s is slightly lower in energy than 3d, so it fills first

3.2 B

• A p orbital is a dumbbell (two lobes)

3.3

(a)

• [Ar] 3d6 4s2

(b)

• [Ar] 3d5; the 4s electrons are removed before the 3d electrons

3.4

• each electron is negative and they repel; occupying separate orbitals keeps them apart,
lowering repulsion – the lowest-energy (most stable) arrangement

A-Level Chemistry • 1.3 Electrons, energy levels and atomic orbitals 6



A-Level Chemistry

Exercise 3.5
3.4 Using electrons-in-boxes, explain why the three 2p electrons of nitrogen occupy sep-
arate orbitals with parallel spins. [2]

3.5 (a) Give the full electronic configuration of a vanadium atom (proton number 23).[2]

(b) Give the electronic configuration of a V3+ ion, and state which electrons are lost
first. [2]

(c) Draw an electrons-in-boxes diagram for the 3d and 4s sub-shells of a vanadium atom,
and state the rule that determines the arrangement. [3]

(d) The first six ionisation energies of an element, in kJ mol−1, are 786, 1580, 3230, 4360,
16 100, 19 800. Deduce the group of the element and explain your reasoning. [3]

(e) Explain why the first ionisation energy of aluminium is lower than that of magnesium,
despite aluminium having a greater nuclear charge. [3]
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A-Level Chemistry

Exercise 3.5
3.4 Using electrons-in-boxes, explain why the three 2p electrons of nitrogen occupy sep-
arate orbitals with parallel spins. [2]

3.5 (a) Give the full electronic configuration of a vanadium atom (proton number 23).[2]

(b) Give the electronic configuration of a V3+ ion, and state which electrons are lost
first. [2]

(c) Draw an electrons-in-boxes diagram for the 3d and 4s sub-shells of a vanadium atom,
and state the rule that determines the arrangement. [3]

(d) The first six ionisation energies of an element, in kJ mol−1, are 786, 1580, 3230, 4360,
16 100, 19 800. Deduce the group of the element and explain your reasoning. [3]

(e) Explain why the first ionisation energy of aluminium is lower than that of magnesium,
despite aluminium having a greater nuclear charge. [3]
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3.5

(a)

• 1s22s22p63s23p63d34s2

(b)

• [Ar] 3d2; the two 4s electrons are lost first, then one 3d electron

(c)

• 4s shown as one box with two opposed arrows; 3d shown as five boxes with three single
arrows all pointing the same way; Hund’s rule – electrons occupy orbitals singly with
parallel spins before pairing, because they repel

(d)

• Group IV; the large jump comes between the fourth and fifth ionisation energies, so
four electrons are removed from the outer shell before the next must come from a shell
closer to the nucleus

(e)

• Magnesium’s outer electron is in a 3s orbital and aluminium’s in a 3p orbital; the
3p sub-shell is slightly higher in energy and better shielded by the 3s electrons; that
outweighs the extra proton, so less energy is needed to remove it
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Full solution on next slide



A-Level Chemistry

Full solution 3.5 (1/2)

3.5

(a)

• 1s22s22p63s23p63d34s2

(b)

• [Ar] 3d2; the two 4s electrons are lost first, then one 3d electron

(c)

• 4s shown as one box with two opposed arrows; 3d shown as five boxes with three single
arrows all pointing the same way; Hund’s rule – electrons occupy orbitals singly with
parallel spins before pairing, because they repel

(d)

• Group IV; the large jump comes between the fourth and fifth ionisation energies, so
four electrons are removed from the outer shell before the next must come from a shell
closer to the nucleus

(e)

• Magnesium’s outer electron is in a 3s orbital and aluminium’s in a 3p orbital; the
3p sub-shell is slightly higher in energy and better shielded by the 3s electrons; that
outweighs the extra proton, so less energy is needed to remove it
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A-Level Chemistry

Full solution 3.5 (2/2)

3.5

(a)

• 1s22s22p63s23p63d34s2

(b)

• [Ar] 3d2; the two 4s electrons are lost first, then one 3d electron

(c)

• 4s shown as one box with two opposed arrows; 3d shown as five boxes with three single
arrows all pointing the same way; Hund’s rule – electrons occupy orbitals singly with
parallel spins before pairing, because they repel

(d)

• Group IV; the large jump comes between the fourth and fifth ionisation energies, so
four electrons are removed from the outer shell before the next must come from a shell
closer to the nucleus

(e)

• Magnesium’s outer electron is in a 3s orbital and aluminium’s in a 3p orbital; the
3p sub-shell is slightly higher in energy and better shielded by the 3s electrons; that
outweighs the extra proton, so less energy is needed to remove it
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3.5

(a)

• 1s22s22p63s23p63d34s2

(b)

• [Ar] 3d2; the two 4s electrons are lost first, then one 3d electron

(c)

• 4s shown as one box with two opposed arrows; 3d shown as five boxes with three single
arrows all pointing the same way; Hund’s rule – electrons occupy orbitals singly with
parallel spins before pairing, because they repel

(d)

• Group IV; the large jump comes between the fourth and fifth ionisation energies, so
four electrons are removed from the outer shell before the next must come from a shell
closer to the nucleus

(e)

• Magnesium’s outer electron is in a 3s orbital and aluminium’s in a 3p orbital; the
3p sub-shell is slightly higher in energy and better shielded by the 3s electrons; that
outweighs the extra proton, so less energy is needed to remove it
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