
2.3 Electrons in atoms (HL)
Learning objectives 
• Solve problems using E = hv 
• Explain successive ionisation data for elements 
• Explain the variation in first ionisation energy across a period and down a group

2.3.1 Ionisation energy and the convergence limit
Knowing the frequency of the light emitted at the convergence limit enables us to work out the ionisation energy of an atom – the energy for the process:
  
                            M(g) → M+(g) + e−

	The ionisation energy is the minimum amount of energy required to remove an electron from a gaseous atom. 



The ionisation energy for hydrogen represents the minimum energy for the removal of an electron (from level 1 to ∞).

The relationship between the energy of a photon and the frequency of electromagnetic radiation
Light, and other forms of electromagnetic radiation, exhibit the properties of both waves and particles – this is known as wave–particle duality. 
The energy (E) of a photon is related to the frequency of the electromagnetic radiation: 
E = hv 
where 
v is the frequency of the light (Hz or s−1) 
h is Planck’s constant (6.63 × 10−34 J s)
	Worked example 
2.3 The frequency of a line in the visible emission spectrum of hydrogen is 4.57 × 1014 Hz. Calculate the energy of the photon emitted. 

	E = hν 
Therefore E = 6.63 ×10−34 × 4.57 × 1014 
= 3.03 × 10−19 J 

	This line in the spectrum represents an electron falling from level 3 to level 2 and so the energy difference between these two levels is 3.03 × 10−19 J. 


 



The wavelength of the light can be worked out from the frequency using the equation: 
c = vλ   (frequency x wavelength)
The two equations E = hv and c = vλ can be combined:  E = hc/ λ . This relates the energy of a photon to its wavelength.
Problems 
	If t1. The frequency of the convergence limit in the Lyman series for hydrogen is 3.28 × 1015 Hz, calculate the ionisation energy of hydrogen in kJ mol−1. 








Ionisation energy and evidence for energy levels and sub-levels
The first ionisation energy for an element is the energy for the process:    M(g) → M+(g) + e−
The second ionisation energy is:  M+(g) → M2+(g) + e− 
The nth ionisation energy is:  M(n−1)+(g) → Mn+(g) + e−

2. Draw orbital diagrams to show the first ionization energy for potassium, K. 














3. Explain why the second ionization energy is always higher than the first ionization energy. 

·  Once an electron has been removed from an atom, a positive ion is created. A positive ion attracts a negatively charged electron more strongly than a neutral atom does. More energy is therefore required to remove the second electron from a positive ion. 
· Once an electron has been removed from an atom, there is less repulsion between the remaining electrons. They are therefore pulled in closer to the nucleus.



Patterns in successive ionization energies give evidence for the energy levels in the atom

Successive ionisation energies of aluminium.

For aluminium, the first ionization energy corresponds to the following process:
Al(g) → Al+(g) + e–
The second ionization energy corresponds to the change: Al+(g) →  Al2+(g) + e–  and so on …
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these eight electrons are removed from the second level
these three valence electrons are the easiest to remove
the two electrons in the first energy level closest to the nucleus are the most difficult to remove

The graph in Figure shows two key points.
1. There is an increase in successive ionization energies. The process becomes more difficult as there is increasing attraction between the higher charged positive ions and the oppositely charged electron as successive electrons are removed.
2. There are jumps when electrons are removed from levels closer to the nucleus. The first three ionization energies involve the removal of electrons from the third level.






The 3p electron is removed first, followed by the electrons from the 3s orbital. An electron is removed from the second level for the fourth ionization energy. This electron is closer to the nucleus and is more exposed to the positive charge of the nucleus and so needs significantly more energy to be removed. There is similarly a large jump for the 12th ionization energy as it corresponds to an electron being removed from the 1s orbital.


A closer look at successive ionization energies gives evidence for the sub-levels
Now we will consider the fourth to eleventh ionization energies in more detail. These correspond to the removal of the eight electrons in the second energy level. 
[image: ]Electrons removed from 2s sub-shell
Electrons removed from 2p sub-shell
ionization energy
3
12
ionization number


The jump between the ninth and tenth ionization energies shows that the eleventh electron is more difficult to remove than we would expect from the pattern of the six previous electrons. This suggests that the second energy level is divided into two sub-levels.
This evidence confirms that the 2s sub-level can hold a maximum of two electrons, and the 2p sub-level can hold six electrons.

Question.4  
A graph of some successive ionization energies of aluminium is shown in Figure above 
(a) Explain why there is a large increase between the ninth and tenth ionization energies.
(b)  Explain why the increase between the sixth and seventh values is greater than the increase between the fifth and sixth values.

Al8+ has the configuration 1s22s22p1. The electron is removed from a 2p orbital.






Variation in ionisation energy across a period

	The general trend is that ionisation energy increases from left to right across a period. 
Complete the figure below to show the periodic arrangement of the elements in the Periodic Table and patterns in first ionization energies and explain the trends. 
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Explaining the trends 
· Ionization energy generally increases from left to right across a period, as the nuclear charge increases. As the electrons are removed from the same main energy level, there is an increase in the force of electrostatic attraction between the nucleus and outer electrons.
· Ionization energy decreases down a group as a new energy level, which is further from the nucleus, is occupied. Less energy is required to remove outer electrons that are further from the attractive pull of the nucleus.
· There are regular discontinuities in the trend across a period, which are explored below. These provide further evidence for the existence of sub-shells. For example 4Be and 5B in period 2 and O and N are exceptions in the trend.
 Be 1s22s2 and B 1s22s22p1; the 2p sub-level in B is higher in energy than the 2s sub-level in beryllium (Figure 2.42), and therefore less energy is required to remove an electron from boron.
Electrons in p orbitals are of higher energy and further away from the nucleus than s electrons and so are easier to remove than electrons in an s orbital.

The second exception is that the first ionisation energy of oxygen is lower than that of nitrogen.
N 1s22s22p3   O 1s22s22p4. The major difference is that oxygen has two electrons paired up in the same p orbital, but nitrogen does not. When two electrons are in the same p orbital they are closer together than if there is one in each p orbital and repel each other more. If there is greater repulsion, an electron is easier to remove.
An electron in a doubly occupied orbital is repelled by its partner and so is easier to remove than an electron in a half-filled orbital. 

NATURE OF SCIENCE 
This chapter has highlighted the need for experimental evidence to support our scientiﬁ c theories: 
• the hydrogen emission spectra provides evidence for the existence of energy levels; 
• patterns in ionization energies provided evidence for the sub-levels in other elements; 
• the Davisson–Germer experiment supports de Broglie’s hypothesis. Scientiﬁc ideas often start as speculations which are only later conﬁrmed experimentally. The existence of the Higgs’ boson was, for example, ﬁrst suggested by the physicist Peter Higgs after he had spent a weekend walking in the Scottish mountains in 1964 thinking about the missing pieces in the jig-saw of the standard model of particle physics and why the fundamental particles have mass. It was, however, only detected in 2012 when two separate international teams working at the Large Hadron Collider at CERN independently announced that they had collected evidence to support the existence of the Higgs’ boson. This discovery was greatly facilitated by the growth in computing power and sensor technology. Experiments in CERN’s Large Hadron Collider regularly produce 23 petabytes of data per second, which is equivalent to 13.3 years of high deﬁnition TV content per second.
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