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1.6: The Periodic Table and Periodic Trends

The aufbau process is a set of rules that allows us to predict the electronic configuration of an atom if we know how many electrons
there are in the atom. If the periodic table is used as a tool, this process is pretty easy.

For atoms found in the first two columns of the periodic table (figure 1.6.1), the configuration is a closed shell of core electrons,
plus s electrons in a new shell. For example, potassium has a configuration [Ar]4s!. These atoms are often called the alkali and
alkaline earth elements. Alkali elements, from the first column, have a configuration ending in s!; alkaline earth elements, from the
second column, have configurations ending in s. Together, these elements are often called the s-block elements, because their
valence electrons are s electrons. Remember, the valence electrons are the ones beyond the noble gas core. In the case of potassium,
they are the ones beyond [Ar].
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Figure 1.6.1: The periodic table. Red elements are the alkali and alkaline earth metals (s-block). Yellow elements are the
transition metals (d-block). Orange elements are the lanthanides and actinides (f-block). Green, blue and purple elements
are the p-block; together with the s-block, they are called the main group elements. The main group is divided into metals
(green), metalloids (teal), non-metals (blue) and noble or inert gases (purple).
The first two and the last six columns of the periodic table are called the main group elements. Alternatively, they are sometimes
called the s-block and p-block elements, respectively. For example, phosphorus has a configuration, [Ne]4sz4pxlpy1pzl, or simply
[Nelds?4p3.
The middle block of the periodic table consists of the transition metals or the d-block elements. For example, scandium has
configuration [Ne]4s?3d".

The final two rows of the periodic table are the lanthanides and actinides. Collectively, they are called the f-block elements.
Samarium, for example, is [Xe]6s24f®. These elements could really be inserted at the left-hand side of the d-block in the appropriate
rows. Notice that lanthanum, element 57, is followed by hafnium, element 72, in the table. The element that really occurs next is
element 58, cerium, and it is shown in the lanthanide row down below. The f-block elements are usually shown below in order to
save space.

Really, the periodic table should look like this:
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Figure 1.6.2: The periodic table shown with the lanthanides in their proper places.
The periodic table, with the lanthanide and actinide series between the alkali earth metals and the transition metals.

o The periodic table is divided into columns of atoms with similar electron configurations.
e Atoms with similar electron configurations have similar properties.

Chemical reactions depend on the movement of electrons. In a reaction, one atom may accept electrons from another atom. One
atom may donate electrons to another atoms. The valence electrons are the outermost electrons in an atom; they are closest to the
surface of an atom. That fact makes the valence electrons more likely to interact with other atoms. The valence are also the highest-
energy electrons in an atom, and most likely to participate in a reaction.

For these reasons, atoms with similar electron configurations generally behave in similar ways. The repeating properties in each
row of the periodic table, as observed by Mendeleev and others, reflect the repeating electron configurations in subsequent rows.
The periodic table organizes atoms with similar configurations and properties together in columns.

? Exercise 1.6.1

For the following elements, suggest two other elements that would have similar properties.

a) zinc, Zn b) calcium, Ca c) oxygen, O d) chlorine, Cl e) chromium, Cr

Answer a:

Zn: Cd, Hg
Answer b:

Ca: Mg, Ba
Answer c:

0O: S, Se
Answer d:

Cl: F, Br
Answer e:

Cr: Mo, W

? Exercise 1.6.2

Make a diagram showing the energy levels of different orbitals, arranged by principal quantum number.
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"Periodic trends" refer to the way in which physical properties of atoms change across the periodic table. One of the most
commonly used periodic trends in chemistry is electronegativity. Electronegativity is closely connected to the basic idea of
chemical reactions: the transfer of an electron from one neutral atom to another. It refers to how strongly an atom attracts electrons

from other atoms.

o Electronegativity is a measure of an atom's ability to draw electrons towards itself, or the ability of the nucleus to hold electrons
tightly.
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There are many scales of electronegativity, based on different physical measurements. Usually, electronegativity is set to an
approximately 4-point scale. Atoms with electronegativity of around 4 draw electrons very strongly toward themselves. Atoms with
electronegativity of 1 (or lower) only weakly draw electrons toward themselves.

The following data use the Allen scale of electronegativity. The Allen scale uses spectroscopic measurements to estimate the
energy of valence electrons in an atom. From these values, the relative attraction of the atom for its valence electrons is placed on a
4 point scale (approximately).

Table 1.6.1: The Allen electronegativity values of the second-row elements.

Element Electronegativity (Allen scale)
u 0.912
Be 1.576
B 2.051
C 2.544
N 3.066
(o] 3.61
F 4.193
Ne 4.789

Some electronegativity scales do not have values for the noble gases, because they are based on experimental measurements of
compounds, and noble gases do not commonly form compounds with other elements. Instead, they exist as single atoms. The Allen
scale just depends on the ability of an atom to interact with light, which is something even noble gases can do. As a result, noble
gases are also given electronegativity values on this scale. However, on many scales, fluorine would be the most electronegative
atom here. As a result, fluorine is usually thought of as the most electronegative element.

Often it is useful to plot data on a graph. That way, we can get a better look at the relationship. For example, a quick glance at
Figure AT5.2. shows that there is a smooth increase in electronegativity as we move across a row in the periodic table.
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Figure 1.6.3: A plot of electronegativity versus atomic number in the second row of the periodic table.
A chart of elements in the second row vs. electronegativity. Electronegativity increases linearly as atomic number increases.

? Exercise 1.6.3

Take a look at the graph in figure 1.6.3. Can you explain why the electronegativity increases as atomic number increases®.

Answer

The atomic number is the number of protons in the nucleus. For two atoms in the same row of the periodic table, the
outermost electrons are roughly the same distance away from the nucelus. The more positive protons there are in the
nucleus, the more tighly held are the electrons.

? Exercise 1.6.4

Suppose you need an electron. You have a boron atom and an oxygen atom. You try to take an electron away from one. Use
Figure 1.6.3. to predict which atom will give up the electron more easily.

Answer

Take it from the boron. The oxygen atom is holding its electrons much more tightly.
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Suppose you have an electron. You are able to send it into a vessel that contains a carbon atom and a fluorine atom. Use Figure
1.6.3. to predict which atom is more likely to take the electron.

Answer

According to the drawing, the neon would take the electron, because of all the atoms depicted in the graph, neon attracts
electrons most strongly. However, there is a complication. Although neon strongly attracts its own electrons, it can't
accommodate an extra electron as easily as could fluorine, the next-best candidate. In "Lewis" terms, neon has a "full
octet". In quantum terms, an additional electron would have a higher principle quantum number and be placed in the next
"shell", farther from the nucleus. With spin-pairing, fluorine can accept another electron into its valence shell.

? Exercise 1.6.6

A covalent chemical bond is a pair of electrons shared between two atoms. Suppose you have a carbon-oxygen bond. Will the
electrons be shared evenly between the two atoms, or will one atom pull the electrons more tightly towards itself? Use Figure
1.6.3. to make your prediction.

Answer

The oxygen would pull the electrons in the bond more tightly to itself.

What is happening as we move across a row in the periodic table? Why does electronegativity increase?

Keep in mind that the only difference from one element to the next is the number of protons in the nucleus. The number of protons
is called the atomic number. If you know the number of protons you have, then you know what atoms you have. Electronegativity
may have something to do with the number of protons in the nucleus. In fact, it should. The more protons there are in the nucleus,
the more strongly electrons should be attracted to it. Each additional proton should add more electrostatic attraction for an electron.
Fluorine, with nine protons, should attract electrons much more strongly than lithium, which has only three protons.

e Moving across a row of the periodic table, as protons are added to the nucleus, electrons are held more tightly.
o Electronegativity increases across a row in the periodic table.

It seems like that effect should be offset by the increasing number of electrons in the atom. Each time a proton is added, so is an
electron. That electron should repel other electrons in the atom, cancelling out the effect of more protons in the nucleus.

However, the structure of the atom minimizes electron-electron repulsion a little bit. Remember that all the protons are in one
place, the nucleus. All the electrons are a relatively great distance from the nucleus, in many different directions. Chances are, an
additional electron is much farther away; it may be twice as far away as an additional proton in the nucleus. It may be all the way
on the other side of the atom. Because electrons are spread out in the atom, and the distances between them is pretty large, the
repulsive effect is a little smaller than the attractive effect of additional protons.

We can see that this trend is generally true across the periodic table, with a few exceptions here and there.
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Figure 1.6.4: Electronegativity trends across the periodic table. Download a copy.

What happens as we move down a column in the periodic table? Table 1.6.2. shows the Allen electronegativities of the alkali
metals. These elements are also called the Group 1 elements or the Group IA elements. The "Group 1" designation is used because
they are the first column or group in the periodic table. The data are also presented in Figure 1.6.5.

Table 1.6.2: The Allen electronegativity values of the alkali elements.

Element Electronegativity (Allen scale)

H 2.3

u 0.912
Na 0.869
K 0.734
RD 0.706
Cs 0.659
Fr 0.67
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Figure 1.6.5: Plot of the Allen electronegativity values of the alkali elements.
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Chart of electronegativity in the alkalie column. Hydrogen has the highest electronegativity, decreasing sharply at lithium.
Electronegativity falls very slightly as period number increases.

There is a different trend here. In this case, lithium (atomic number 3) has more protons than hydrogen (atomic number 1).
However, hydrogen is a lot more electronegative than lithium. Francium, with 87 protons in its nucleus, is the least electronegative
alkali element.
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Take a look at the graph in Figure 1.6.5. Can you explain why the electronegativity decreases as atomic number increases,
going down this column?

Answer

Moving from one row to the next in the periodic table signifies that the outermost electron is in a shell farther from the
nucleus. Those outermost electrons are less tightly held if they are farther from the nucleus.

? Exercise 1.6.8

An ionic chemical bond is a pair of ions attracted by their opposite charges. A cation is a positively charged ion; it may be an
atom that has lost an electron. An anion is a negatively charged ion; it may be an atom that has gained an extra electron. Ions
can form by moving an electron from one atom to another.

a. Suppose you have an ionic cesium-fluorine bond. Which ion is the cesium and which is the fluorine? Use Figure 1.6.3 and
Figure 1.6.5. to make your prediction. Cesium is Cs.

b. Suppose you have an ionic sodium-oxygen bond. Which ion is the sodium and which is the oxygen? Use Figure 1.6.3 and
Figure 1.6.5. to make your prediction. Sodium is Na (from the Latin, natrium).
c. Suppose you have an ionic potassium-hydrogen bond. Which ion is the potassium and which is the hydrogen? Use Figure
1.6.3 and Figure 1.6.5. to make your prediction. Potassium is K (from the Latin, kalium).
Answer a:
Cs" F-
Answer b:
Na" O
Answer c:

K*H-

Periodic Trends and Atomic Radius

The biggest difference between two atoms in the same group (column) in the periodic table is the principal quantum number.
Remember, that corresponds to the "valence shell". Think of electrons as forming layers around the nucleus. Electrons with
principal quantum number one form a first layer. Those with principal quantum number 2 form a second layer, and so on. Each
layer is further away from the nucleus. Remember, electrostatic attraction gets weaker as charges get further away from each other.
As electrons get further from the nucleus, they are less tightly held.

o Moving down a column in the periodic table, valence electrons are held less tightly because they get further from the nucleus.
o Electronegativity decreases as we move down a column in the periodic table.

We can see this general size trend in the following periodic table. This table presents covalent radii, which are related to the sizes of
the atoms (although not exactly the same; data on atomic radii are not available for all atoms, however).
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Figure 1.6.6: Covalent radii of the atoms. Download a copy here.

We can clearly see the expanding radii of atoms if we look at Group 1, the first column; these elements are called the alkali metals.
Hydrogen, at the top, is very small. Lithium is much bigger. Sodium is much bigger than lithium, however, and potassium is much
bigger than sodium. And so on: francium is bigger than cesium, which is bigger than rubidium, which is bigger than potassium.

Each time an electron is added to an orbital that is significantly farther from the nucleus, of course it is going to result in a bigger
atom. Remember, the atom is mostly empty space, and its size is described by the outermost reaches of its electrons. So when we
go to the next principal quantum number -- that is, to the next row in the periodic table, from the first row to the second row, for
example -- the next electron is much further away from the nucleus. It has to be that way, because electrons repel each other. They
can't all be equally close to the nucleus, because there would be too much repulsion. Instead, they form these layers, and when the
first layer is so full that there would be too much repulsion if anothe relectron were added, we start the next layer.

Of course, the very first layer is very, very small. There just isn't that much room so close to the nucleus. For the first row, only two
electrons are allowed. Then they have to start the next layer. For the second row, eight electrons are allowed; that's the origin of
something called the "octet rule" (think "octopus") for common compounds, which you'll see later on. Eventually we get to
eighteen electrons in a shell, then thirty two, as the shells get bigger and bigger like layers of an onion, or like nested Russian dolls.

There is another important trend if you look carefully. As you move from left to right across the periodic table, from one group to
the next, the atoms get bigger. That does not make any sense, does it? If we are adding more electrons, why would the atom get
smaller?

The key thing is, not only are we adding more electrons, but we are also adding more protons in the nucleus. The new electrons we
are adding are all roughly equidistant from the nucleus; they are all equally close to the protons. So as the charge on the nucleus
gets bigger, those electrons are all more strongly attracted to the center. The atom shrinks.

Eventually, we get to the point at which we couldn't possibly add more electrons; the radius has shrunk so much that repulsion
would become too great if we added one more electron. Then we just start another row. Just before that point, however, we hit a
sweet spot: the point at which the attraction between the nucleus and the outermost electrons is so strong, and the electrons are held
so tightly, that the atom becomes very, very stable. This last column in the table contains the noble gases, which are particularly
stable and unreactive.
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Why does electronegativity fall so sharply between hydrogen and lithium, and much more subtly between lithium and sodium?

Answer

The attraction for an electron falls off with 1/r>. As the value of r gets larger and larger, the quantity 1/r> will begin to
approach a limit (of zero). As a result, the difference between two successive values of 1/ in a series gets smaller and
smaller.

? Exercise 1.6.10
Which atom, in the following pairs, is more electronegative?

a. magnesium, Mg, or calcium, Ca
b. lead, Pb, or tin, Sn
c. silver, Ag, or antimony, Sb
d. gallium, Ga, or arsenic, As
e. tungsten, W, or copper, Cu
f. thallium, T, or sulfur, S
Answer a:
Mg > Ca
Answer b:
Sn > Pb
Answer c:
Sb > Ag
Answer d:
As > Ga
Answer e:
Cu>W
Answer f:

S>Tl

? Exercise 1.6.11

Electron ionization is the energy that must be added in order to pull an electron away from an atom.

a. Why do you think energy has to be used to pull an electron away from an atom? What is holding the electron there?
b. Explain the general trend in ionization energies seen in the following table (a larger value means more energy must be
added to remove a first electron from the atom).
Answer a:
The electron is held by its attraction to the nucleus.
Answer b:
As the number of protons in the nucleus increases, the electron becomes more tightly held, and harder to remove.

The relationship is similar to the one seen for electronegativity, and not coincidentally. Electronegativity can be calculated
in a number of ways, but one of those ways uses the ionization energy as a factor.

Electronegativity is a calculated value, whereas ionization energy is an experimentally determined one. This difference
brings up an important philosophical distinction. To a beginning student, an experimental value seems faulty, whereas a
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calculated value sounds good. To an experienced chemist, an experimental value is verifiable; it is real. In contrast, a
calculated value is enhanced in prestige only if it can be shown to agree with experiment.

Table 1.6.3 The ionization energies of the second row elements.

Element Ionization Energy (eV)

u 5.392
Be 9.322
B B.298
C 11.26
N 14,534
9] 13.618
F 17.422
Ne 21.564

? Exercise 1.6.12

Sometimes a plot of the data can be revealing. Ionization energies do not follow a smooth trend. Explain why it is a little easier
to remove an electron from boron and oxygen than expected. (Electron configurations may be helpful here.)

lonization Energy in the Second Row

25
20
15

10
—#—|onization Energy (eV)

lonization Energy (eV)

LU Be B = N o F Ne

Element

Figure 1.6.7: Plot of the ionization energies of the second row elements.Answerln order to escape the atom, an electron must
gain energy. As shown in problem Exercise 1.6.2, the 2p energy level is higher than the 2s energy level. That means a 2p
electron already has more energy than a 2s electron. The 2p electron will not need as much additional energy in order to escape
from the atom. As a result, boron's ionization energy is a little lower than beryllium's.The additional protons in the nucleus of
carbon and nitrogen more than make up for that effect.In the case of oxygen, the next electron is just added to a 2p level, but in
this case it must be paired with another electron in the same region of space (in the same "orbital"). The repulsion between
these electrons, or "pairing energy", slightly destabilizes the oxygen, so less energy will be needed to remove an electron.Once
again, the continued addition of extra protons eventually compensates for this pairing effect.

? Exercise 1.6.13

Explain the trend in the following data on ionization energy.

Table 1.6.4: The ionization energies of the alkali elements.
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Element Ionization Energy (eV)
H 13,598
L 5.392
Na 5.139
K 4.341
Rb 4.177
Cs 3.6894
Answer

AnswerAs with electronegativity, ionization energy decreases as the distance to the nucleus increases because of the 1/r2
relationship in Coulomb's Law.

? Exercise 1.6.14

Electron affinity is the energy released when a free electron is picked up by an atom.

a. Why would energy be released when a free electron is taken by an atom?
b. Explain the general trend in the following electron affinity data.

Element Electron Affinity (kJ/mol)

H -73.5
u -60.4
Na -53.2
K -48.9
Rb -47.4
Cs -46
Fr -44.5
Answer a:
Answer b:

Table 1.6.5: The electron affinities of the alkali elements.Answer a:Energy is released because of the attraction of the free electron
to a nucleus. The electron moves to lower energy as it becomes stabilized by its interaction with the nucleus.Answer b:The electron
can get much closer to the hydrogen nucleus thanto the lithium nucleus, and so on. More energy will be released owing to the
strong interaction between the electron and the hydrogen nucleus compared to the interaction between the electron and the lithium
(or sodium or potassium...) nucleus.

? Exercise 1.6.15

a. Explain a general trend in the following electron affinity data.

b. There are several exceptions to the general trend. Why do beryllium and neon have such low electron affinities (almost
zero)?

c. Nitrogen also has an electron affinity that is close to zero. Why?
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Answer a:
Answer b:

Answer c:

Answer a:The data zig-zags, but broadly speaking there is an increase in electron affinity as the number of protons in the nucleus
increases.Answer b:Beryllium and neon have zero electron affinity because the next electron in each case would be added to a
higher energy level. In the case of beryllium, the next electron would go into the 2p energy level. An electron added to neon would
go into the 3s energy level. Answer c:Although the next electron added to nitrogen would be added to a 2p level, it would have to be
paired in the same region of space as an electron that was already there. The pairing energy in this case must be enough to offset
the attraction of the electron to the nucleus.

? Exercise 1.6.16

Usually, elements become bigger as we go down a column in the periodic table. However, in a phenomenon called "the
lanthanide contraction", some elements are actually smaller than the ones in the row above them. Specifically, osmium,
iridium, platinum, gold, and mercury are smaller than their relatives, ruthenium, rhodium, palladium, silver, and cadmium,
respectively.

Use the periodic table in Figure 1.6.2. to offer a possible explanation for this phenomenon.

Answer

Perhaps the simplest explanation is this: The addition of 14 extra protons between lanthanum and hafnium, compared to
between yttrium and zirconium, results in a considerable contraction of the atom. The electrons are pulled inward by the
added positive charge in the nucleus. Thus, elements in the third row of the transition metal block are not as large as might
otherwise be expected, and in some cases are even smaller than their precedent elements.

Note that this is not the only explanation. Relativistic effects are also believed to play a role in the behaviour of these
massive elements. Einstein's theory of relativity states that objects get heavier the faster they move. The velocity of an
electron can be shown to increase with the charge in the nucleus of the atom. Thus, atoms that have very high atomic
numbers have very, very fast electrons, and consequently very heavy ones. These heavy electrons sink toward the heavy
nucleus, and the atom shrinks further.
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