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3.4: Periodic Properties and lon Formation

&b Learning Objectives

e Describe ionization energy and electron affinity and how this relates to ion formation trends.

We have seen that elements often gain or lose enough electrons to achieve the valence electron configuration of the nearest noble

gas. Why is this so? In this section, we develop a more quantitative approach to predicting such reactions by examining periodic
trends in the energy changes that accompany ion formation.

lonization Energy

Because atoms do not spontaneously lose electrons, energy is required to remove an electron from an atom to form a cation.
Chemists define the ionization energy (I F) of an element as the amount of energy needed to remove an electron from the gaseous
atom A in its ground state. I F is therefore the energy required for the reaction:

A(g) — A" (g)+e~  energy required=IE (3.4.1)

Because an input of energy is required, the ionization energy is always positive (IE > 0) for the reaction as written in Equation
3.4.1. Larger values of (I E') mean that the electron is more tightly bound to the atom and thus, harder to remove. Typical units for
ionization energies are kilojoules/mole (kJ/mol) or electron volts (eV):

1 eV /atom =96.49 kJ/mol (3.4.2)

As you move across a row on the periodic table, the ionization energies generally tend to increase. This means that elements on the
left side of the periodic table lose electrons more easily (requires less energy to remove an electron) than those on the right side of
the periodic table. The trend in ionization energy can be explained by considering the trend in atomic radius (explained in an earlier
chapter). As you move from left to right on the periodic table, the atomic size decreases and the electrostatic interactions between
the nucleus and valence electrons increases, which increases the energy required to remove electrons, thus the (I E) increases.
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Figure 3.4.1: Ionization Energy Trends on the Periodic Table. (Left Figure) A Plot of Periodic Variation of First Ionization Energy

with Atomic Number for the First Six Rows of the Periodic Table. There is a decrease in ionization energy within a group (most

easily seen here for groups 1 and 18). (Right Figure) First Ionization Energies of the s-, p-, d-, and f-Block Elements
If you look closely at the trends in ionization energy, you will notice that there are some "exceptions" where you see a decrease in
energy rather than an increase. In periods 1 and 2, you can see this decrease in (I E') between groups 2 and 3 and again between
groups 5 and 6. These variations in the trend can be further explained by looking closely at the electron configurations of the atoms
in question. As you move from magnesium to aluminum, one electron is added to the 3p subshell. This 3p electron is slightly
further from the nucleus (higher in energy) and is therefore, more easy to remove compared to the 3s electrons. The decrease
between phosphorous and sulfur occurs because the added electron in sulfur is the first to be paired in the p subshell. These two
electrons in the same p orbital repel each other, making the sulfur atom slightly less stable than would otherwise be expected, as is
true of all the group 16 elements. This electron is easier to remove because it will lead to more stability.
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v/ Example 3.4.1: Lowest First lonization Energy

Use their locations in the periodic table to predict which element has the lowest first ionization energy: Ca, K, Mg, Na, Rb, or
Sr.

Given: six elements
Asked for: element with lowest first ionization energy
Strategy:

Locate the elements in the periodic table. Based on trends in ionization energies across a row and down a column, identify the
element with the lowest first ionization energy.

Solution:

These six elements form a rectangle in the two far-left columns of the periodic table. Because we know that ionization energies
increase from left to right in a row and from bottom to top of a column, we can predict that the element at the bottom left of the
rectangle will have the lowest first ionization energy: Rb.

? Exercise 3.4.1: Highest First lonization Energy

Use their locations in the periodic table to predict which element has the highest first ionization energy: As, Bi, Ge, Pb, Sb, or
Sn.

Answer
As

Electron Affinity
The electron affinity (£ A) of an element A is defined as the energy change that occurs when an electron is added to a gaseous
atom or ion:

A(g)+e~ — A (g9) energy change=F A (3.4.3)

Unlike ionization energies, which are always positive for a neutral atom because energy is required to remove an electron, electron
affinities can be negative (energy is released when an electron is added), positive (energy must be added to the system to produce
an anion), or zero (the process is energetically neutral). This sign convention is consistent with a negative value corresponded to the
energy change for an exothermic process, which is one in which heat is released (Figure 3.4.2).
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Figure 3.4.2: Electron Affinity Trends. (Left) A Plot of Periodic Variation of Electron Affinity with Atomic Number for the First
Six Rows of the Periodic Table. Notice that electron affinities can be both negative and positive. from Robert J. Lancashire
(University of the West Indies). (Right) Electron Affinities (in kJ/mol) of the s-, p-, and d-Block Elements.
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The chlorine atom has the most negative electron affinity of any element, which means that more energy is released when an
electron is added to a gaseous chlorine atom than to an atom of any other element:

Cl(g)+e” —Cl (g) EA=-346 kJ/mol (3.4.4)
In contrast, beryllium does not form a stable anion, so its effective electron affinity is
Be(g)+e —Be (g) FEA>0 (3.4.5)

In general, electron affinities of the main-group elements become less negative as we proceed down a column. This is because as
the energy level increases, the extra electrons enter orbitals that are increasingly far from the nucleus, and it is less easy to gain
extra electrons forming anions.

v/ Example 3.4.2: Contrasting Electron Affinities of Sb, Se, and Te

Based on their positions in the periodic table, which of Sb, Se, or Te would you predict to have the most negative electron
affinity?

Given: three elements
Asked for: element with most negative electron affinity
Strategy:

A. Locate the elements in the periodic table. Use the trends in electron affinities going down a column for elements in the
same group. Similarly, use the trends in electron affinities from left to right for elements in the same row.
B. Place the elements in order, listing the element with the most negative electron affinity first.

Solution:

We know that electron affinities become less negative going down a column (except for the anomalously low electron affinities
of the elements of the second row), so we can predict that the electron affinity of Se is more negative than that of Te. We also
know that electron affinities become more negative from left to right across a row, and that the group 15 elements tend to have
values that are less negative than expected. Because Sb is located to the left of Te and belongs to group 15, we predict that the
electron affinity of Te is more negative than that of Sb. The overall order is Se < Te < Sb, so Se has the most negative electron
affinity among the three elements.

? Exercise 3.4.2: Contrasting Electron Affinities of Rb, Sr, and Xe

Based on their positions in the periodic table, which of Rb, Sr, or Xe would you predict to most likely form a gaseous anion?

Answer
Rb
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