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1.4.1: Effective Nuclear Charge

Z* modulates attraction

When valence electrons experience less nuclear charge than core electrons, different electrons experience different magnitudes of
attraction to the nucleus. A modified form of Coulomb's Law is written below, where e is the charge of an electron, Z* is the
effective nuclear charge experienced by that electron, and r is the radius (distance of the electron from the nucleus).

7 * e

r2

Fyr=k
This formula suggests that if we can estimate Z*, then we can predict the attractive force experienced by, and the energy of, an
electron in a multi-electron atom (ex. Li).

The attraction of the nucleus to valence electrons determines the atomic or ionic size, ionization energy, electron affinity, and
electronegativity. The stronger the attraction, and the stronger Z*, the closer the electrons are pulled toward the nucleus. This in
turn results in a smaller size, higher ionization energy, higher electron affinity, and stronger electronegativity.

General Periodic Trends in Z*
Close inspection of Figure 1.4.1.3and analysis of Slater's rules indicate that there are some predictable trends in Z*. The data from

Figure 1.4.1.3is plotted below in Figure 1.4.1.4to provide a visual aid to the discussion below.
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Figure 1.4.1.5: The Z* values for electrons in each subshell of the first 54 elements (H to Xe). Each subshell is plotted as a
different series (see legend) and the valence shell is highlighted by a solid black line with open circles. (Kathryn Haas; CC-NC-BY-
SA)

Trends in Z* for electrons in a specific shell and subshell

The Z* for electrons in a given shell and subshell generally increases as atomic number increases; this trend holds true going across
the periodic table and down the periodic table. Convince yourself that this is true for any subshell by examining Figure 1.4.1.4
(CC-BY-NC-SA; Kathryn Haas)

Do you notice any exceptions to this general trend?

Inspection of Figure 1.4.1.4should confirm for you that the Z* increases as Z increases for electrons in any subshell (like the 1s
subshell for example, which is plotted above as a red line with square points). You can see this trend as the positive slope in
each series. There is one obvious exception in Period 5 in elements 39 (Y) to 41 (Nb; the Z* of 4s actually decreases across
these three elements as atomic number increases. There is also an exception between Y and Zr in the 3d subshell, and between
Tc and Ru in the 5s subshell.
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For valence electrons:

It is useful to understand trends in valence Z* because the valence Z* determines atomic/ionic properties and chemical reactivity.
The trends in the valence Z* are not simple because as atomic number increases, the valence shell and/or subshell also changes.
The valence Z* is indicated in Figure 1.4.1.4as a black line with open circles.

Down the table: As we go down a column of the periodic table, the valence Z* increases. This is a simple trend because
type of subshell is consistent and there is an increase only in shell and in atomic number, Z. This trend is best illustrated by
inspection of Figure 1.4.1.3

Across the table: the trend depends on shell and subshell, but generally Z* increases across a period.

Periods 1-3 (s and p only): As we go across the table in periods 1-3, the shell stays constant as Z increases and the
subshell changes from s to p. In these periods, there is a gradual increase in valence Z* as we move across any of the
first three periods.

Periods 4 and 5 (s, p, and d): Now we have some more complex trends because valence subshell and shell are
changing as we increase in atomic number. Notice that the valence Z* generally increases going across a period as long
as the subshell isn't changing; the exception is within the 4d subshell (elements 39-44 or Y-Ru). In general, going from
an (n)s subshell to an (n—1)d subshell, there a relatively large increase in valence Z*. And in going from an
(n —14d\) subshell to an (n)p subshell, there is a relatively large decrease in Z*.

From one period to another: From Figure 1.4.1.4 we can see that as we increase Z by one proton, going from one period
to the next, there is a relatively large decrease in Z* (from Ne to Na, for example). This is because as Z increases by a small
interval, the shell number increases, and so the electrons in the valence shell are much farther from the nucleus and are more
shielded by all the electrons in the lower shell numbers.

Exercises

? Exercise 1.4.1.2

1. Compare trends in Z* and atomic size. Explain how and why atomic size depends on Z*.
2. Compare trends in Z* and ionization energy. Explain how and why ionization energy depends on Z*.

Answer

1. On the periodic table, atomic radius generally decreases across the periods (left to right) and increases down the groups.
As atomic number increases across the periodic table, nuclear charge (Z) increases and Z* increases. In turn, the atomic
radius decreases because the higher nuclear charge (and thus higher Z*) pulls electrons closer to the nucleus. Atomic radius
increases down the periodic table because the shell number increases. Despite an increase in Z* going down the periodic
table, larger atomic radii result from electrons occupying higher shells.

2. Tonization energies (IE) are inversely related to atomic radius; IE increases across the periods and decreases down the
groups. Since the nucleus holds valence electrons more strongly (due to higher Z*) across the periods, IE increases because
valence electrons are harder to remove. Down the periodic table, larger atomic radii cause electrons in valence orbitals to be
shielded by core electrons. Recall that shielding reduces the nuclear charge available to electrons in higher orbital levels,
resulting in a lower Z*. With more shielding and lower Z*, the valence electrons are held less tightly by the nucleus such
that ionization energy decreases (i.e., valence electrons are easier to remove).
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