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Chapter 4

Subatomic Particles
THE MAIN IDEA

Atoms are made of electrons, protons, 
and neutrons

4.8 Orbitals and Energy-Level Diagrams

Electron waves are 3-dimensional, which makes them difficult 
to visualize, but scientists have come up with two ways of 
visualizing them: as probability clouds and as atomic orbitals.

Look carefully at the standing wave of Figure 4.24b. 
Note that there are regions where the wire vibrates intensely 
and others where it doesn’t appear to vibrate at all. In a similar 
fashion, electron waves in an atom vibrate more intensely in 
some regions than in others. In 1926, the Austrian–German 
scientist Erwin Schrodinger (1887–1961) formulated a 
remarkable equation from which the intensities of electron 
waves in an atom could be calculated. It was soon recognized 
that the wave intensity at any given location determined 
the prob-ability of finding the electron at that location. In 
other words, the electron was most likely to be found where 
its wave intensity was greatest and least likely to be found 
where its wave intensity was smallest.

If we could plot the positions of an electron of a given 
energy over time as a series of tiny dots, the resulting pattern 
would resemble what is called a probability cloud . Figure 
4.26a shows a probability cloud for hydrogen’s electron. 
The denser a region of the cloud, the greater the probability 
of finding the electron in that region. The densest regions 
correspond to where the electron’s wave intensity is great-
est. A probability cloud is therefore a close approximation 
of the actual shape of an electron’s 3-dimensional wave. 

What does a probability 
cloud closely approximate?
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Interestingly, this cloud has no distinct surface. Rather, there 
is some probability that the electron could be very far away 
from the nucleus, but that probability quickly decreases with 
increasing distance.

An atomic orbital, like a probability cloud, specifies a 
volume of space where the electron is most likely to be found. By 
convention, atomic orbitals are drawn to delineate the volume 
inside which the electron is located 90 percent of the time. This 
gives the atomic orbital an apparent border, as shown in Figure 
4.26b. This border is arbitrary, because the electron may exist 
on either side of it. Almost all of the time, though, the electron 
remains within the border. So, probability clouds and atomic 
orbitals are essentially the same thing. They differ only in that 
atomic orbitals specify an outer limit, which makes them easier 
to depict graphically.

As Table 4.2 shows, atomic orbitals come in a variety of 
shapes, some quite exquisite. We categorize these orbitals using 
the letters s, p, d, and f. The simplest is the spherical s orbital. The 
p orbital consists of two lobes and resembles an hourglass at 
the center of which there is a node. There are three kinds of p 
orbitals, which differ from one another only by their orientation 
in 3-dimensional space. The more complex d orbitals have five 
possible shapes, and the f orbitals have seven. Remember, these 
are just the potential shapes of electron waves in an atom.

Figure 4.26 >
(a) The probability cloud for 
hydrogen’s electron in an 
x , y , z coordinate system. 
The nucleus is located at the 
origin, which is where all three 
lines intersect. The more con-
centrated the dots, the greater 
the chance of finding the 
electron at that location. (b) 
The atomic orbital for hydro-
gen’s electron. The electron is 
somewhere inside this spher-
ical volume 90 percent of the 
time.

C O N C E P T   C H E C K
What is the relationship between a probability cloud and an atomic orbital?

CHECK  YOUR  ANSWER   A probability cloud indicates the most probable location of an electron 
of a given energy within an atom. An atomic orbital is the same as a probability cloud except that it 
specifies the volume in which the electron may be located 90 percent of the time.  
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In addition to a variety of shapes, atomic orbitals also come 
in a variety of sizes. In general, energetic electrons are able to spend 
more of their time farther away from the attracting nucleus, which 
means they are distributed over a greater volume of space. The 
higher the energy of the electron, therefore, the larger its atomic 
orbital. Because electron energies are quantized, however, the pos-
sible sizes of the atomic orbitals are also quantized. The size of an 
orbital is indicated by Bohr’s quantum number n = 1, 2, 3, 4, and so 
on. The first two s orbitals are shown in Figure 4.27 . The smallest 
s orbital is the 1s (pronounced “one” “ess”), for which the quantum 
number is 1. The next largest s orbital is the 2s , and so forth.  

TABLE 4.2  Four Categories of Atomic Orbitals: s, p, d, f
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Each Orbital Can Hold up to Two Electrons 

 In the early 20th century, quantum physicists learned that 
electrons have a property called spin. Spin can have two states, 
analogous to a ball spinning either clockwise or counterclock-
wise, as shown in Figure 4.28. Because an electron has an 
electric charge, the spinning generates a tiny magnetic field. 
Two electrons spinning in opposite directions have oppositely 
aligned magnetic fields. This allows those two electrons—but 
no more than those two electrons— to come together as a pair 
within the same atomic orbital.

For atoms with multiple electrons, this idea of two elec-
trons per orbital is of central importance. Consider the helium 
atom, which has two electrons. At their lowest energy states, 
both of these electrons will reside within the same 1s orbital 
because this orbital has a capacity of two electrons. What about 
lithium, which has three electrons? Two of its electrons will fill 
the 1s orbital. Lithium’s third electron, however, must enter the 
higher energy 2s orbital.  

Energy-Level Diagrams Describe How Orbitals Are Occupied

The increasing energy levels of the various atomic orbital are 
depicted in an energy-level diagram, as shown in Figure 4.29. 
Note that each orbital is represented schematically as a box and 
that each electron is represented by an arrow. This arrow points 
either up or down depending upon the spin of the electron. If 
two electrons are in the same orbital (box), their spins (arrows) 
must point in opposite directions. It is the natural tendency of 
electrons to occupy the lowest energy orbitals first. These are 
the orbitals that bring the electron closest to the atomic nucleus, 
which attracts electrons because of its positive charge. So, the 
electrons of an atom fill the orbitals of an energy-level diagram 
from bottom to top. Figure 4.29 shows how the orbitals of a 
rubidium atom are filled.

The arrangement of an atom’s electrons within orbitals is 
called its electron configuration. Figure 4.29 shows the electron 
configuration for rubidium. An abbreviated way of presenting 
an electron configuration is to write the quantum number and 
letter of occupied orbitals and then use a superscript to indicate 
the number of electrons in each of those orbitals. For each of 
the group 1 elements, the notation is as follows:

 ^  Figure 4.27
The 2s orbital is larger than the 1s 
orbital because the electrons in the 
2s orbital have greater energy.

 ^  Figure 4.28
Two electrons can pair together when 
they have opposite spins.
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Look carefully at rubidium’s electron configuration as shown 
previously and also in Figure 4.29 and see how they correspond. 
Note also that all the superscripts for an atom must add up to the 
total number of electrons in the atom—1 for hydrogen, 3 for lithium, 
11 for sodium, and so forth. Also note that the orbitals are listed in 
order of their energy levels as seen on the energy level diagram. 
This explains why the 4s orbital is listed before the 3d orbitals even 
though it has a higher quantum number. Lastly, to simplify the task 
of writing out an electron configuration, the inner electrons can be 
represented using the symbol for a noble gas element in brackets. 
For example, the configuration for aluminum, Al, 1s22s22p63s22p1, 
can be written as [Ne] 3s22p1, where [Ne]  is shorthand for 1s22s22p6.

An atom’s outermost electrons are the ones that interact 
most strongly with the external environment. Because of this, these 
outermost electrons play a key role in determining the properties of 
the atom—both chemical and physical. Elements that have similar 
electron configurations in their outermost orbitals, therefore, have 
similar properties. For example, in the alkaline metals of group 1, 
shown previously, the outermost occupied orbital (shown in blue) 
is an s orbital containing a single electron. In general, elements in 
the same group of the periodic table have similar electron con-
figurations, which explains why elements in the same group have 
similar properties—a concept first presented in Section 3.3.

<  Figure 4.29
This energy-level diagram shows the 
relative energy levels of atomic orbitals 
in a multielectron atom (in this case 
rubidium, Rb, atomic number 37).

KEY POINTS
• An orbital is a region of space 
within which an electron may 
reside.
• No more than two electrons can 
fit into one atomic orbital.
• The energy-level diagram tells 
us which orbitals accommodate 
what level of electron energy.
• How electrons are distributed 
through numerous orbitals is 
given by the atom’s electron 
configuration.
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 There are many interesting details to be said about energy-level 
diagrams. For example, why are there multiple 2p orbitals and 
no 1p orbitals? Why does the 4s orbital have a lower energy 
than the 3d orbital when it has a higher quantum number? And 
why does the 2s orbital have a slightly lower energy than any 
of the 2p orbitals when their quantum numbers are the same? 
Also, in what order do electrons fill the three 2p orbitals when 
each of these orbitals has the same energy level? Probing into 
these sorts of details under the guidance of your instructor will 
provide you with keen insight into the workings of chemistry. 
But there is also value in getting to the main point as soon as 
possible. For this reason, we now move onward to a discussion 
of how the energy-level diagram is intimately connected to that 
all-important tool of chemistry: the periodic table.

Simplifying the Energy-Level Diagram

The energy-level diagram can be organized so that orbitals of 
similar energy are grouped together. As shown in Figure 4.30, 
no orbital has an energy level similar to that of the 1s orbital, so 
this orbital is grouped by itself. The energy level of the 2s orbital, 
however, is close to that of the three 2p orbitals, so these four 
orbitals are grouped together. Likewise, the 3s and three 3p 
orbitals are at a similar energy level as are the 4s, five 3d, and 
three 4p orbitals, and so on. The result is a set of seven distinct 
horizontal rows of orbitals.

Interestingly, the seven rows in Figure 4.30 correspond 
to the seven periods in the periodic table, with the bottom row 
corresponding to the first period, the next row up corresponding 
to the second period, and so on. Furthermore, the maximum 
number of electrons each row can hold is equal to the number of 
elements in the corresponding period. The bottom row in Figure 
4.30 can hold a maximum of two electrons, so there are only 
two elements, hydrogen and helium, in the first period of the 
periodic table. The second and third rows up from the bottom 
each have a capacity for eight electrons, and so eight elements 
are found in both the second and third periods. Continue ana-
lyzing Figure 4.30 in this way, and you will find 18 elements in 
the fourth and fifth periods, and 32 elements in the sixth and 
seventh periods. (As of this writing, the discovery of only 28 
seventh-period elements has been confirmed.)

C O N C E P T   C H E C K
What is the electron configuration for bromine, Br (atomic number 35)?

CHECK  YOUR  ANSWER   The electron configuration for bromine is 1s22s22p63s23p64s23d104p5. This 
can also be represented as [Ar] 4s23d104p5.

In more advanced textbooks 
and also online you may see 
orbitals listed in order of 
quantum numbers so that 
the 3d is written before the 
4s. This is a common con-
vention but conceptually 
inconsistent with ener-
gy-level diagrams.

FOR YOUR
INFORMATION
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Recall from Section 4.7 that the higher the energy level of 
an orbital, the farther its electrons are from the nucleus. Electrons 
in the same row of orbitals in Figure 4.30, therefore, are roughly 
the same distance from the nucleus. Graphically, this can be rep-
resented by converging all the orbitals in a given row into a single 
3-dimensional hollow shell, as shown in Figure 4.31. Each shell is 
a graphic representation of a collection of orbitals of comparable 
energy in a multielectron atom. To distinguish this shell from one 
used in more advanced chemistry courses, we call it a noble gas 
shell. We say “noble gas” because, when filled, such a shell rep-
resents the electron configuration of a noble gas element. 

The seven rows of orbitals in Figure 4.29 can thus be rep-
resented either by a series of seven concentric shells or by a series 
of seven cross-sectional circles of these shells, as shown in Figure 
4.31. The number of electrons each shell can hold is equal to the 

What do poets and scien-
tists have in common? They 
both use metaphors to help 
us understand abstract con-
cepts and relationships. The 
shell model of the atom is 
a metaphor that helps us 
visualize an invisible real-
ity. Conceptual models are 
essentially equivalent to the 
metaphorical language used 
in poetry.

FOR YOUR
INFORMATION

<  Figure 4.30
Orbitals of comparable 
energy levels can be grouped 
together to give rise to a set 
of seven rows of orbitals.
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number of orbitals it contains multiplied by 2 (because there 
can be two electrons per orbital).

You add electrons to a shell diagram just as in an ener-
gy-level diagram— electrons first fill the shells closest to the 
nucleus. Figure 4.32 shows how this works for the first three 
periods. As with the energy-level diagram, there is one shell for 
each period, and the number of elements in a period is equal to 
the maximum number of electrons that the shell representing 
that period can hold.

Notice how electrons in the outermost shell begin to pair 
only after that shell is half filled. Carbon, for example, has four 
outer-shell electrons, none of which are paired. This differs from 
how an energy-level diagram is filled. For example, the second 
shell consists of the 2s and 2p orbitals, which, as shown in Figure 
4.29, have different energy levels. Therefore, you might expect 
carbon’s lower energy 2s orbital to fill with two paired electrons. 

Figure 4.31 >
The second row of 
orbitals, which con-
sists of the 2s and 
three 2p orbitals, can 
be represented either 
as a single smooth, 
spherical shell or as a 
cross section of such 
a shell. (Note that this 
shell model ignores 
the slight difference 
in energy levels of 
closely matched 
orbitals.)

(a) A cutaway view of the seven shells, with the number of electrons each shell can hold indicated. (b) A 2-dimensional, 
cross-sectional view of the shells. (c) An easy-to-draw cross- sectional view that resembles Bohr’s planetary model.

>
 Figure 4.32

When do electrons in the outer-
most shell of an atom begin to 
pair with each other?

READING CHECK
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In an advanced chemistry course, however, you would learn 
that orbitals of a similar energy level readily merge into each 
other through a process called orbital hybridization. When 
they do so, their energy levels become equivalent. The shell 
model presented here takes hybridization into account, which 
is why pairing doesn’t occur until the shell is half filled.

This noble gas shell model is a simplification of the 
energy-level diagram but it retains a key feature, which is that 
atoms with a similar electron configuration have similar phys-
ical and chemical properties. Look carefully at Figure 4.33. 
Can you see that the outer-shell electrons of atoms above and 
below one another in the periodic table—that is, within the 
same group—are similarly organized? For example, atoms 
of the first group—which includes hydrogen, lithium, and 
sodium—each have a single outer-shell electron. The atoms 
of the second group, including beryllium and magnesium, 
each have two outer-shell electrons. Similarly, atoms of the 
last group—including helium, neon, and argon—each have 
their outermost shells filled to capacity with electrons, two 
for helium and eight for both neon and argon. In general, 
the outer-shell electrons of atoms in the same group of the 
periodic table are similarly organized, which is why these 
atoms have similar properties.

 ^  Figure 4.33
The first three periods of the periodic table according to the noble gas shell model. Elements in the 
same period (horizontal rows) have electrons in the same shells. Elements in the same period differ 
from one another by the number of electrons in the outermost shell. Elements in the same group (ver-
tical column) have the same number of electrons in the outermost shell. These outer-shell electrons 
determine the character of the atom, which is why elements in the same group have similar properties.
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Remember that the shell model is not to be interpreted 
as an actual representation of the atom’s physical structure—
electrons, for example, are not really confined to the surface of 
a shell. Rather, this model serves as a tool to help us understand 
and predict how atoms behave. In Chapter 6 we will be using an 
abbreviated version of this model, called the electron-dot struc-
ture, to show how atoms join together to form molecules, which 
are tightly held groups of atoms. For now let’s use this model 
to explain the remarkable organization of the periodic table.

C O N C E P T   C H E C K
Why are there only two elements in the first period of the periodic table?

CHECK  YOUR  ANSWER   The number of elements in each period corresponds to the number of 
electrons each shell can hold. The first shell has a capacity of only two electrons, which is why the 
first period has only two elements.


