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20.2 Nuclear Reactions
Equations for Nuclear Reactions
Ernest Rutherford found that radium not only emits alpha particles but also pro-
duces the radioactive gas radon in the process. Such observations led Rutherford
and Frederick Soddy, in 1902, to propose the revolutionary theory that radioactiv-
ity is the result of a natural change of a radioactive isotope of one element into
an isotope of a different element. In such changes, called nuclear reactions or
transmutations, an unstable nucleus (the parent nucleus) spontaneously emits
radiation and is converted (decays) into a more stable nucleus of a different element
(the daughter product). Thus, a nuclear reaction results in a change in atomic num-
ber and, in some cases, a change in mass number as well. For example, the reaction
of radium studied by Rutherford can be written as

In this representation, the subscripts are the atomic numbers and the superscripts
are the mass numbers ( p. 54).

In a chemical change, the atoms in molecules and ions are rearranged, but
atoms are neither created nor destroyed; the number of atoms remains the same.
Similarly, in nuclear reactions the total number of nuclear particles, or nucleons
(protons and neutrons), remains the same. The essence of nuclear reactions, how-
ever, is that one nucleon can change into a different nucleon along with the release
of energy. A proton can change to a neutron or a neutron can change to a proton,
but the total number of nucleons remains the same. Therefore, the sum of the
mass numbers of reacting nuclei must equal the sum of the mass numbers
of the nuclei produced. Furthermore, because electrical charge cannot be cre-
ated or destroyed, the sum of the atomic numbers of the products must
equal the sum of the atomic numbers of the reactants. These principles can
be verified for the preceding nuclear equation.

9: �
radium-226 alpha particle radon-222

Mass number: 226 9: 4 � 222

Atomic number: 88 9: 2 � 86

Alpha and Beta Particle Emission
One way a radioactive isotope can decay is to eject an alpha particle from the
nucleus. This is illustrated by the radium-226 reaction above and by the conversion
of uranium-234 to thorium-230 by alpha emission.

9: �
uranium-234 alpha particle thorium-230

(parent nucleus) (daughter product)

Mass number: 234 9: 4 � 230

Atomic number: 92 9: 2 � 90

In alpha emission, the atomic number of the parent nucleus decreases by two units
and the mass number decreases by four units for each alpha particle emitted.

Emission of a beta particle is another way for a radioactive isotope to decay. For
example, loss of a beta particle by uranium-239 (parent nucleus) to form neptu-
nium-239 (daughter product) is represented by

9: �
uranium-239 beta particle neptunium-239

Mass number: 239 9: 0 � 239

Atomic number: 92 9: �1 � 93

93
239Np�1

0e92
239U

90
230Th2

4He92
234U

86
222Rn2

4He88
226Ra

;

88
226Ra 9: 2

4He � 86
222Rn
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When a radioactive atom decays, the
emission of a charged particle leaves
behind a charged atom. Thus, when
radium-226 decays, it gives a helium-4
cation (2

4He2�) and a radon-222 anion
(222

86Rn2�). By convention, the ion
charges are not shown in balanced
nuclear equations.

Recall that the atomic number is the
number of protons in an atom’s nucleus
(that is, the total positive charge on the
nucleus), and the mass number is the
sum of protons and neutrons in a
nucleus.

Note that in beta decay the mass
number is uncharged.



How does a nucleus, composed only of protons and neutrons, increase its num-
ber of protons by ejecting an electron during beta emission? It is generally accepted
that a series of reactions is involved, but the net process is

9: �
neutron electron proton

where we use the symbol p for a proton and n for a neutron. In this process, a neu-
tron is converted to a proton and a beta particle is released. Therefore, the ejection
of a beta particle always means that a different element is formed because a neu-
tron has been converted into a proton.The new element (daughter product) has
an atomic number one unit greater than that of the decaying (parent) nucleus.
The mass number does not change, however, because no proton or neutron has
been emitted.

In many cases, the emission of an alpha or beta particle results in the formation
of a product nucleus that is also unstable and therefore radioactive. The new
radioactive product may undergo a number of successive transformations until a sta-
ble, nonradioactive nucleus is finally produced. Such a series of reactions is called a
radioactive series. One such series begins with uranium-238 and ends with lead-
206, as illustrated in Figure 20.1. The first step in the series is

The final step, the conversion of polonium-210 to lead-206, is

PROBLEM-SOLVING EXAMPLE 20.1 Radioactive Series

An intermediate species in the uranium-238 decay series shown in Figure 20.1 is polonium-
218. It emits an alpha particle, followed by emission of a beta particle, followed by the
emission of a beta particle. Write the nuclear equations for these three reactions.

84
210Po 9: 2

4He � 82
206Pb

92
238U 9: 2

4He � 90
234Th

1
1p�1

0e0
1n
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If a neutron changes to a proton,
conservation of charge requires that 
a negative particle (a beta particle) 
be created.

A nucleus formed as a result of alpha or
beta emission is often in an excited
state and therefore emits a gamma ray.
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Protons (Z)

84828078

238U

234Th

210Po

206Pb

Uranium-238 decays...

...and the series ends 
with stable 206Pb.

...through a series of 
� and � emissions...

Beta decay

Alpha decay

Figure 20.1 The 238U decay series.



Answer

Strategy and Explanation The starting point of these linked reactions is polonium-218.
When it emits an alpha particle, the atomic number decreases by two and the mass num-
ber decreases by four to produce lead-214.

polonium-218 lead-214

The second of these linked reactions begins with lead-214. When it emits a beta particle,
the atomic number increases by one and the mass number remains constant to produce
bismuth-214.

lead-214 bismuth-214

In the third reaction, bismuth-214 emits a beta particle, so the atomic number increases
by one and the mass number remains constant to produce polonium-214.

bismuth-214 polonium-214

✓ Reasonable Answer Check An alpha emission decreases the atomic number by two
and decreases the mass number by four. Each beta emission increases the atomic number
by one and leaves the mass number unchanged. Therefore, one alpha and two beta emis-
sions would leave the atomic number unchanged and decrease the mass number by four,
which is what our systematic analysis found.

PROBLEM-SOLVING PRACTICE 20.1

(a) Write an equation showing the emission of an alpha particle by an isotope of neptu-
nium, 237

93Np, to produce an isotope of protactinium.
(b) Write an equation showing the emission of a beta particle by sulfur-35, 35

16S, to pro-
duce an isotope of chlorine.

20.1 Radioactive Decay Series
The actinium decay series begins with uranium-235, 235

92U, and ends with lead-207,
207

82Pb. The first five steps involve the successive emission of �, �, �, �, and � particles.
Identify the radioactive isotope produced in each of the steps, beginning with 
uranium-235.

Other Types of Radioactive Decay
In addition to radioactive decay by emission of alpha, beta, or gamma radiation,
other nuclear decay processes are known. Some nuclei decay, for example, by emis-
sion of a positron, �1

0e or ��, which is effectively a positively charged electron. For
example, positron emission by polonium-207 leads to the formation of bismuth-207.

9: �
polonium-207 positron bismuth-207

Mass number: 207 9: 0 � 207

Atomic number: 84 9: �1 � 83

Notice that this process is the opposite of beta decay, because positron decay leads
to a decrease in the atomic number. Like beta decay, positron decay does not change
the mass number because no proton or neutron is ejected.

83
207Bi�1

0e84
207Po

83
214Bi 9: �1

0e � 84
214Po

82
214Pb 9: �1

0e � 83
214Bi

84
218Po 9: 2

4He � 82
214Pb

83
214Bi 9: �1

0e � 84
214Po

82
214Pb 9: �1

0e � 83
214Bi

84
218Po 9: 2

4He � 82
214Pb
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EXERCISE

The positron was discovered by Carl
Anderson in 1932. It is sometimes
called an “antielectron,” one of a group
of particles that have become known as
“antimatter.” Contact between an
electron and a positron leads to mutual
annihilation of both particles with
production of two high-energy photons
(gamma rays). This process is the basis
of positron emission tomography 
(PET) scanning to detect tumors
(Section 20.9).



Another nuclear process is electron capture, in which the atomic number is
reduced by one but the mass number remains unchanged. In this process an inner-
shell electron (for example, a 1s electron) is captured by the nucleus.

� 9:
beryllium-7 electron lithium-7

Mass number: 7 � 0 9: 7

Atomic number: 4 � �1 9: 3

In the old nomenclature of atomic physics, the innermost shell (n � 1 principal
quantum number) was called the K-shell, so the electron capture mechanism is
sometimes called K-capture.

In summary, radioactive nuclei can decay in four ways, as summarized in the fig-
ure at right.

PROBLEM-SOLVING EXAMPLE 20.2 Nuclear Equations

Complete these nuclear equations by filling in the missing symbol, mass number, and
atomic number of the product species.

(a) (b)

(c) (d)

Answer
(a) (b) (c) (d)

Strategy and Explanation

In each case we deduce the missing species by comparing the atomic numbers and mass
numbers before and after the reaction.
(a) The missing particle has a mass number of zero and a charge of �1, so it must be a

positron, �1
0e. When the positron is included in the equation, the atomic mass is 18

on each side, and the atomic numbers sum to 9 on each side.
(b) The missing nucleus must have a mass number of 26 � 0 � 26 and an atomic num-

ber of 13 � 1 � 12, so it is 26
12Mg.

(c) The missing particle has a mass number of zero and a charge of �1, so it must be a
beta particle, �1

0e.
(d) The missing nucleus has a mass number of 218 � 4 � 214 and an atomic number of

84 � 2 � 82, so it is 214
82Pb.

PROBLEM-SOLVING PRACTICE 20.2

Complete these nuclear equations by filling in the missing symbol, mass number, and
atomic number of the product species.

(a) 11
6C 9: 11

5B � ? (b) 35
16S 9: 35

17Cl � ?

(c) 30
15P 9: �1

0e � ? (d) 22
11Na 9: �1

0e � ?

20.2 Nuclear Reactions
Aluminum-26 can undergo either positron emission or electron capture. Write the bal-
anced nuclear equation for each case.

20.3 Stability of Atomic Nuclei
The naturally occurring isotopes of elements from hydrogen to bismuth are shown
in Figure 20.2, where the radioactive isotopes are represented by orange circles and

82
214Pb�1

0e12
26Mg�1

0e

84
218Po 9: 2

4He �         
79

208Au 9: 80
208Hg �         

13
26Al � �1

0e 9:         18
9F 9: 8

18O �         

3
7Li�1

0e4
7Be
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Effects of four radioactive decay
processes. The chart shows the changes
in the number of protons and neutrons
during alpha decay, beta decay, positron
emission, and electron capture.
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emission or e� capture.

Elements of even
atomic number ( ) have 
more stable isotopes...

1

...than do those of odd 
atomic number ( ).

2

Nuclei with an N/Z 
ratio above the band 
of stability often 
exhibit � decay.

For elements beyond bismuth (83 protons and 126 
neutrons), all isotopes are unstable, radioactive, 
and undergo � decay.  Beyond this point there is 
apparently no nuclear force strong enough to 
keep heavy nuclei stable.

KEY = Stable, even atomic
   number elements

= Stable, odd atomic
   number elements
= Radioactive isotopes

Figure 20.2 A plot of neutrons versus protons for the nuclei from hydrogen (Z � 1)
through bismuth (Z � 83). A narrow band of stability is apparent. The N/Z values for some example
stable nuclei are shown.

the stable (nonradioactive) isotopes are represented by purple and green circles. It
is surprising that so few stable isotopes exist. Why are there not hundreds more? To
investigate this question, we will systematically examine the elements, starting with
hydrogen.

In its simplest and most abundant form, hydrogen has only one nuclear parti-
cle, a single proton. In addition, the element has two other well-known isotopes:
nonradioactive deuterium, with one proton and one neutron, and radioac-
tive tritium, with one proton and two neutrons, Helium, the next element,
has two protons and two neutrons in its most stable isotope. At the end of the
actinide series is element 103, lawrencium, one isotope of which has 154 neutrons
and a mass number of 257. From hydrogen to lawrencium, except for and 2

3He,1
1H

1
3H � T.

1
2H � D,
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Go to the Coached Problems menu for
a module exploring nuclear stability.



the mass numbers of stable isotopes are always at least twice as large as the
atomic number. In other words, except for and every isotope of every ele-
ment has a nucleus containing at least one neutron for every proton. Apparently
the tremendous repulsive forces between the positively charged protons in the
nucleus are moderated by the presence of neutrons, which have no electrical
charge. Figure 20.2 illustrates a number of principles:

1. For light elements up to Ca (Z � 20), the stable isotopes usually have equal
numbers of protons and neutrons, or perhaps one more neutron than protons.
Examples include and 

2. Beyond calcium the neutron/proton ratio becomes increasingly greater than 1.
The band of stable isotopes deviates more and more from the line N � Z (num-
ber of neutrons � number of protons). It is evident that more neutrons are
needed for nuclear stability in the heavier elements. For example, whereas one
stable isotope of Fe has 26 protons and 30 neutrons (N/Z � 1.15), one stable
isotope of platinum has 78 protons and 117 neutrons (N/Z � 1.50).

3. For elements beyond bismuth-209 (83 protons and 126 neutrons), all nuclei are
unstable and radioactive. Furthermore, the rate of disintegration becomes
greater the heavier the nucleus. For example, half of a sample of 238

92U disinte-
grates in 4.5 billion years, whereas half of a sample of 256

103Lr decays in only 
28 seconds.

4. A careful analysis of Figure 20.2 reveals additional interesting features. First, ele-
ments with an even atomic number have a greater number of stable isotopes
than do those with an odd atomic number. Second, stable isotopes usually have
an even number of neutrons. For elements with an odd atomic number, the
most stable isotope has an even number of neutrons. In fact, of the nearly 300
stable isotopes represented in Figure 20.2, roughly 200 have an even number
of neutrons and an even number of protons. Only about 120 have an odd num-
ber of either protons or neutrons. Only four isotopes (2

1H, 63Li, 10
5B, and 14

7N) have
odd numbers of both protons and neutrons.

The Band of Stability and Type of Radioactive Decay
The narrow band of stable isotopes in Figure 20.2 (the purple and green circles) is
sometimes called the peninsula of stability in a “sea of instability.”Any nucleus (the
orange circles) not on this peninsula will decay in such a way that the nucleus can
come ashore on the peninsula. The chart can help us predict what type of decay
will be observed.

The nuclei of all elements beyond Bi (Z � 83) are unstable—that is, radioactive—
and most decay by alpha particle emission. For example, americium, the radioac-
tive element used in smoke alarms, decays in this manner.

Beta emission occurs in isotopes that have too many neutrons to be stable—that is,
isotopes above the peninsula of stability in Figure 20.2. When beta decay converts
a neutron to a proton and an electron (beta particle), which is then ejected, the
atomic number increases by one, and the mass number remains constant.

Conversely, lighter nuclei—below the peninsula of stability—that have too few neu-
trons attain stability by positron emission or by electron capture, because these
processes convert a proton to a neutron in one step.

 20
41Ca � �1

0e 9: 19
41K

 7
13N 9: �1

0e � 6
13C

27
60Co 9: �1

0e � 28
60Ni

95
243Am 9: 2

4He � 93
239Np

16
32S.8

16O,6
12C,3

7Li,

2
3He,1

1H
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Decay by these two routes is observed for elements with atomic numbers ranging
from 4 to greater than 100; as Z increases, electron capture becomes more likely
than positron emission.

PROBLEM-SOLVING EXAMPLE 20.3 Nuclear Stability

For each of these unstable isotopes, write a nuclear equation for its probable mode of
decay.

(a) Silicon-32, (b) Titanium-43, 

(c) Plutonium-239, (d) Manganese-56, 

Answer
(a) (b) or 

(c) (d)

Strategy and Explanation Note the ratio of protons to neutrons. If there are excess neu-
trons, beta emission is probable. If there are excess protons, either electron capture or
positron emission is probable. If the atomic number is greater than 83, then alpha emis-
sion is probable.
(a) Silicon-32 has excess neutrons, so beta decay is expected.
(b) Titanium-43 has excess protons, so either positron emission or electron capture is

probable.
(c) Plutonium-239 has an atomic number greater than 83, so alpha decay is probable.
(d) Manganese-56 has excess neutrons, so beta decay is expected.

PROBLEM-SOLVING PRACTICE 20.3

For each of these unstable isotopes, write a nuclear equation for its probable mode of
decay.

(a) (b) (c)

Binding Energy
As demonstrated by Ernest Rutherford’s alpha particle scattering experiment (
p. 45), the nucleus of the atom is extremely small. Yet the nucleus can contain up
to 83 protons before becoming unstable, suggesting that there must be a very
strong short-range binding force that can overcome the electrostatic repulsive force
of a number of protons packed into such a tiny volume. A measure of the force hold-
ing the nucleus together is the nuclear binding energy. This energy (Eb) is defined
as the negative of the energy change (	E) that would occur if a nucleus were
formed directly from its component protons and neutrons. For example, if a mole
of protons and a mole of neutrons directly formed a mole of deuterium nuclei, the
energy change would be more than 200 million kJ, the equivalent of exploding 
73 tons of TNT.

This nuclear synthesis reaction is highly exothermic (so Eb is very positive), an indi-
cation of the strong attractive forces holding the nucleus together. The deuterium
nucleus is more stable than an isolated proton and an isolated neutron.

To understand the enormous energy released during the formation of atomic
nuclei, we turn to an experimental observation and a theory. The experimental
observation is that the mass of a nucleus is always slightly less than the sum of the
masses of its constituent protons and neutrons.

� 9:
1.007825 g/mol 1.008665 g/mol 2.01410 g/mol

1
2H0

1n1
1H

Binding energy � Eb � �	E � 2.15 � 108kJ

	E � �2.15 � 108 kJ1
1H � 0

1n 9: 1
2H

;

9
20F92

234U19
42K

25
56Mn 9: �1

0e � 26
56Fe94

239Pu 9: 2
4He � 92

235U
22
43Ti � �1

0e 9: 21
43Sc22

43Ti 9: �1
0e � 21

43Sc14
32Si 9: �1

0e � 15
32P

25
56Mn94

239Pu
22
43Ti14

32Si

986 Chapter 20 NUCLEAR CHEMISTRY

Go to the Coached Problems menu for
a tutorial on calculating binding
energy and a module on binding
energy.

The nuclear binding energy is similar to
the bond energy for a chemical bond
( p. 349) in that the binding energy
is the energy that must be supplied to
separate all of the particles (protons
and neutrons) that make up the atomic
nucleus and the bond energy is the
energy that must be supplied to
separate two bonded atoms. In both
cases the energy change is positive,
because work must be done to separate
the particles.

;



Change in mass � 	m � mass of product � sum of masses of reactants

The theory is that the missing mass, 	m, is released as energy, which we describe
as the binding energy.

The relationship between mass and energy is contained in Albert Einstein’s
1905 theory of special relativity, which holds that mass and energy are simply dif-
ferent manifestations of the same quantity. Einstein stated that the energy of a body
is equivalent to its mass times the square of the speed of light, E � mc2. To calcu-
late the energy change in a process in which the mass has changed, the equation
becomes

	E � (	m)c2

We can calculate 	E in joules if the change in mass is given in kilograms and the
velocity of light is given in meters per second (because 1 J � 1 kg m2/s2). For the for-
mation of 1 mol deuterium nuclei from 1 mol protons and 1 mol neutrons, we have

This is the value of 	E given at the beginning of this section for the change in energy
when a mole of protons and a mole of neutrons form a mole of deuterium nuclei.

Consider another example, the formation of a helium-4 nucleus from two pro-
tons and two neutrons.

This binding energy, Eb, is very large, even larger than that for deuterium. To com-
pare nuclear stabilities more directly, nuclear scientists generally calculate the bind-
ing energy per nucleon. Each 4He nucleus contains four nucleons—two protons
and two neutrons. Therefore, 1 mol 4He atoms contains 4 mol nucleons.

The greater the binding energy per nucleon, the greater the stability of the nucleus.
The binding energies per nucleon are known for a great number of nuclei and are
plotted as a function of mass number in Figure 20.3. It is very interesting and impor-
tant that the point of maximum stability occurs in the vicinity of iron-56, This
means that all nuclei are thermodynamically unstable with respect to iron-56.
That is, very heavy nuclei can split, or fission, to form smaller, more stable nuclei
with atomic numbers nearer to that of iron, while simultaneously releasing enor-
mous quantities of energy (Section 20.6). In contrast, two very light nuclei can
come together and undergo nuclear fusion exothermically to form heavier nuclei
(Section 20.7). Because of its high nuclear stability, iron is the most abundant of
the heavier elements in the universe.

20.3 Binding Energy
Calculate the binding energy, in kJ/mol, for the formation of lithium-6.

The necessary masses are 1
1H � 1.00783 g/mol, 1

0n � 1.00867 g/mol, and 6
3Li �

6.015125 g/mol. Is the binding energy greater than or less than that for helium-4? Compare
the binding energy per nucleon of lithium-6 and helium-4. Which nucleus is more stable?

3 1
1H � 3 0

1n 9: 3
6Li

26
56Fe.

 � 6.83 � 108 kJ/mol nucleons

 Eb per mol nucleons �
2.73 � 109 kJ

mol 42He nuclei
�

1 mol 42He nuclei

4 mol nucleons

Eb � �2.73 � 109 kJ/mol 42He nuclei2 1
1H � 2 0

1n 9: 2
4He

 � �2.15 � 1011 J � �2.15 � 108 kJ

 	E � (�2.39 � 10�6 kg)(3.00 � 108 m/s)2

 	m � �0.00239 g/mol � �2.39 � 10�6 kg/mol

 	m � 2.01410 g/mol � 2.016490 g/mol

 	m � 2.01410 g/mol � 1.008665 g/mol � 1.007825 g/mol
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Table 20.2 Half-Lives of Some Common Radioactive Isotopes

Isotope Decay Process Half-Life

4.15 � 109 yr

12.3 yr

5730 yr

8.04 d

13.2 h

21 s

0.270 s

28.8 yr

5.26 yr27
60Co 9: 28

60Ni � �1
0e27

60Co
38
90Sr 9: 39

90Y � �1
0e38

90Sr
15
28P 9: 14

28Si � �1
0e15

28P
24
57Cr 9: 25

57Mn � �1
0e24

57Cr
53

123I � �1
0e 9: 52

123Te53
123I

53
131I 9: 54

131Xe � �1
0e53

131I
6

14C 9: 7
14N � �1

0e6
14C (carbon-14)

1
3H 9: 2

3He � �1
0e1

3H (tritium)
92

238U 9: 90
234Th � 2

4He92
238U

20.4 Binding Energy
By interpreting the shape of the curve in Figure 20.3, determine which is more
exothermic per gram—fission or fusion. Explain your answer.

20.4 Rates of Disintegration Reactions
Cobalt-60 is radioactive and is used as a source of � particles and � rays to treat
malignancies in the human body. One-half of a sample of cobalt-60 will change via
beta decay into nickel-60 in a little more than five years (Table 20.2). On the other
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Iron-56 has the 
most stable nucleus.
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Figure 20.3 Binding energy per nucleon. The values plotted were
derived by calculating the binding energy per nucleon in million electron
volts (MeV) for the most abundant isotope of each element from hydro-
gen to uranium (1 MeV � 1.602 � 10�13 J). The nuclei at the top of the
curve are most stable.
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28.8 yr

5.26 yr27
60Co 9: 28

60Ni � �1
0e27

60Co
38
90Sr 9: 39

90Y � �1
0e38

90Sr
15
28P 9: 14

28Si � �1
0e15

28P
24
57Cr 9: 25

57Mn � �1
0e24

57Cr
53

123I � �1
0e 9: 52

123Te53
123I

53
131I 9: 54

131Xe � �1
0e53

131I
6

14C 9: 7
14N � �1

0e6
14C (carbon-14)

1
3H 9: 2

3He � �1
0e1

3H (tritium)
92

238U 9: 90
234Th � 2

4He92
238U

20.4 Binding Energy
By interpreting the shape of the curve in Figure 20.3, determine which is more
exothermic per gram—fission or fusion. Explain your answer.

20.4 Rates of Disintegration Reactions
Cobalt-60 is radioactive and is used as a source of � particles and � rays to treat
malignancies in the human body. One-half of a sample of cobalt-60 will change via
beta decay into nickel-60 in a little more than five years (Table 20.2). On the other
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most stable nucleus.
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Figure 20.3 Binding energy per nucleon. The values plotted were
derived by calculating the binding energy per nucleon in million electron
volts (MeV) for the most abundant isotope of each element from hydro-
gen to uranium (1 MeV � 1.602 � 10�13 J). The nuclei at the top of the
curve are most stable.
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hand, copper-64, which is used in the form of copper acetate to detect brain
tumors, decays much more rapidly; half of the radioactive copper decays in slightly
less than 13 hours. These two radioactive isotopes are clearly different in their rates
of decay.

Half-Life
The relative instability of a radioactive isotope is expressed as its half-life, the time
required for one half of a given quantity of the isotope to undergo radioactive decay.
In terms of reaction kinetics ( p. 619), radioactive decay is a first-order reaction.
Therefore, the rate of decay is given by the first-order rate law equation

ln[A]t � �kt � ln[A]0

where [A]0 is the initial concentration of isotope A, [A]t is the concentration of A
after time t has passed, and k is the first-order rate constant. Because radioactive
decay is first-order, the half-life (t1/2) of an isotope is the same no matter what the
initial concentration. It is given by

As illustrated by Table 20.2, isotopes have widely varying half-lives. Some take years,
even millennia, for half of the sample to decay (238U, 14C), whereas others decay to
half the original number of atoms in fractions of seconds (28P). The unit of half-life
is whatever time unit is most appropriate—anything from years to seconds.

As an example of the concept of half-life, consider the decay of plutonium-239,
an alpha-emitting isotope formed in nuclear reactors.

The half-life of plutonium-239 is 24,400 years. Thus, half of the quantity of 239
94Pu

present at any given time will disintegrate every 24,400 years. For example, if we
begin with 1.00 g 239

94Pu, 0.500 g of the isotope will remain after 24,400 years. After
48,800 years (two half-lives), only half of the 0.500 g, or 0.250 g, will remain. After
73,200 years (three half-lives), only half of the 0.250 g will still be present, or 0.125 g.
The amounts of 239

94Pu present at various times are illustrated in Figure 20.4. All
radioactive isotopes follow this type of decay curve.

94
239Pu 9: 2

4He � 92
235U

t1/2 �
ln 2

k
�

0.693

k

;
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The relationship was
introduced in the context of kinetics 
of reactions ( p. 624).;

t1/2 � 0.693
k
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the beginning of the period is 
reduced by half.

Figure 20.4 The decay of 1.00 g plutonium-239.



PROBLEM-SOLVING EXAMPLE 20.4 Half-Life

Iodine-131, used to treat hyperthyroidism, has a half-life of 8.04 days.

If you have a sample containing 10.0 
g of iodine-131, what mass of the isotope will
remain after 32.2 days?

Answer 0.0625 
g

Strategy and Explanation First, we find the number of half-lives in the given 32.2-day
time period. Since the half-life is 8.04 days, the number of half-lives is

This means that the initial quantity of 10.0 
g is reduced by half four times.

After 32.2 days, only one sixteenth of the original 131I remains.

✓ Reasonable Answer Check After the passage of four half-lives, the remaining 131I
should be a small fraction of the starting amount, and it is.

PROBLEM-SOLVING PRACTICE 20.4

Strontium-90 is a radioisotope (t1/2 � 29 years) produced in atomic bomb explosions. Its
long half-life and tendency to concentrate in bone marrow by replacing calcium make it
particularly dangerous to people and animals.
(a) The isotope decays with loss of a � particle. Write a balanced equation showing the

other product of decay.
(b) A sample of the isotope emits 2000 � particles per minute. How many half-lives and

how many years are necessary to reduce the emission to 125 � particles per minute?

20.5 Half-Lives
The radioactivity of formerly highly radioactive isotopes is essentially negligible after
ten half-lives. What percentage of the original radioisotope remains after this amount
of time (ten half-lives)?

Rate of Radioactive Decay
To determine the half-life of a radioactive element, its rate of decay, that is, the num-
ber of atoms that disintegrate in a given time—per second, per hour, per year—
must be measured.

Radioactive decay is a first-order process ( p. 619), with a rate that is
directly proportional to the number of radioactive atoms present (N ). This propor-
tionality is expressed as a rate law (Equation 20.1) in which A is the activity of the
sample—the number of disintegrations observed per unit time—and k is the first-
order rate constant or decay constant characteristic of that radioisotope.

A � kN [20.1]

Suppose the activity of a sample is measured at some time t0 and then measured
again after a few minutes, hours, or days. If the initial activity is A0 at t0, then a sec-
ond measurement at a later time t will detect a smaller activity A. Using Equation
20.1, the ratio of the activity A at some time t to the activity at the beginning of the

;

10.0 
g � 1/2 � 1/2 � 1/2 � 1/2 � 10.0 
g � 1/16 � 0.0625 
g

32.2 days �
1 half-life

8.04 days
� 4.00 half-lives

53
131I 9: 52

131Te � �1
0e  t1/2 � 8.04 days
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experiment (A0) must be equal to the ratio of the number of radioactive atoms N that
are present at time t to the number present at the beginning of the experiment (N0).

Thus, either A/A0 or N/N0 expresses the fraction of radioactive atoms remaining in
a sample after some time has elapsed.

The activity of a sample can be measured with a device such as a Geiger
counter (Figure 20.5). It detects radioactive emissions as they ionize a gas to form
free electrons and cations that can be attracted to a pair of electrodes. In the Geiger
counter, a metal tube is filled with low-pressure argon gas. The inside of the tube
acts as the cathode. A thin wire running through the center of the tube acts as the
anode. When radioactive emissions enter the tube through the thin window at the
end, they collide with argon atoms; these collisions produce free electrons and
argon cations. As the free electrons accelerate toward the anode, they collide with
other argon atoms to generate more free electrons. The free electrons all go to the
anode, and they constitute a pulse of current. This current pulse is counted, and the
rate of pulses per unit time is the output of the Geiger counter.

The curie (Ci) is commonly used as a unit of activity. One curie represents a
decay rate of 3.7 � 1010 disintegrations per second (s�1), which is the decay rate of
1 g radium. One millicurie (mCi) � 10�3 Ci � 3.7 � 107 s�1. Another unit of
radioactivity is the becquerel (Bq); 1 becquerel is equal to one nuclear disintegra-
tion per second (1 Bq � 1 s�1).

The change in activity of a radioactive sample over a period of time, or the frac-
tion of radioactive atoms still present in a sample after some time has elapsed, can
be calculated using the integrated rate equation for a first-order reaction

which can be rearranged to

[20.2]ln 
A

A0

� �kt

ln A � �kt � ln A0

A

A0

�
kN

kN0

  or  A

A0

�
N

N0
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Ionizing radiation passes 
through the thin window…

1 …momentarily ionizing 
the argon gas.

2 The ions complete a 
circuit between the 
anode and cathode.

3 …to produce clicking from 
a speaker. The frequency 
of clicks indicates the 
radiation intensity.

5The signal is 
amplified…

4

Radioactive
sample
(e.g., uranium ore)

Thin window

Geiger counter hand piece

Argon gas Voltage
source Amplifier Speaker

AnodeCathode

A Geiger counter. Go to the Active Figures menu at ThomsonNOW to
test your understanding of the concepts in this figure.
Active Figure 20.5

The curie was named for Pierre Curie by
his wife, Marie; the becquerel honors
Henri Becquerel.

The unit for curie and becquerel is 
s�1 because each is a number (of
disintegrations) per second.

Equation 20.2 can be derived from
Equation 20.1 using calculus.



As radioactive atoms decay, N becomes
a smaller and smaller fraction of N0.

where A/A0 is the ratio of activities at time t. Equation 20.2 can also be stated in
terms of the fraction of radioactive atoms present in the sample after some time, t,
has passed.

[20.3]

In words, Equation 20.3 says

Notice the negative sign in Equation 20.3. The ratio N/N0 is less than 1 because
N is always less than N0. This means that the logarithm of N/N0 is negative, and the
other side of the equation has a compensating negative sign because k and t are
always positive.

As we have seen, the half-life of an isotope is inversely proportional to the first-
order rate constant k:

Thus, the half-life can be found by calculating k from Equation 20.3 using N and N0
from laboratory measurements over the time period t, as illustrated in Problem-
Solving Example 20.5.

PROBLEM-SOLVING EXAMPLE 20.5 Half-Life

A sample of 24Na initially undergoes 3.50 � 104 disintegrations per second (s�1). After 24 h,
its disintegration rate has fallen to 1.16 � 104 s�1. What is the half-life of 24Na?

Answer 15.0 h

Strategy and Explanation We use Equation 20.2 relating activity (disintegration rate) at
time zero and time t with the decay constant k. The experiment provided us with A, A0,
and the time. 

From k we can determine t1/2.

✓ Reasonable Answer Check The activity (disintegration rate) fell to between one half
and one quarter of its initial value in 24 h, so the half-life must be less than 24 h, and this
agrees with our more accurate calculation.

PROBLEM-SOLVING PRACTICE 20.5

The decay of iridium-192, a radioisotope used in cancer radiation therapy, has a rate con-
stant of 9.3 � 10�3 d�1.
(a) What is the half-life of 192Ir?
(b) What fraction of an 192Ir sample remains after 100 days?

t1/2 �
0.693

k
�

0.693

0.0460 h�1
� 15.0 h

 k � �
ln(0.331)

24 h
� �a �1.104

24 h
b � 0.0460 h�1

 lna 1.16 � 104 s�1

3.50 � 104 s�1
b � ln(0.331) � �k(24 h)

t1/2 �
0.693

k

 � �(decay constant)(time)

 � natural logarithm(fraction of radioactive atoms remaining at time t)

Natural logarithma number of radioactive atoms at time t

number of radioactive atoms at start of experiment
b

ln 
N

N0

� �kt
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PROBLEM-SOLVING EXAMPLE 20.6 Time and Radioactivity

A 1.00-mg sample of 131I (t1/2 � 8.04 days) has an initial disintegration rate of 4.7 � 1012 s�1

(disintegrations per second). How long will it take for the disintegration rate of the sam-
ple to fall to 2.9 � 1011 s�1?

Answer 776 h

Strategy and Explanation We use the half-life of 131I to find the decay constant, k. We
convert the known half-life from days to hours.

Then we calculate the decay constant, k.

We then use this value of k in the equation relating disintegration rate to time. The initial
disintegration rate is A0 � 4.7 � 1012 s�1, and the disintegration rate after the elapsed time
is A � 2.9 � 1011 s�1. We can use Equation 20.2 to calculate the elapsed time t. Both dis-
integration rates are given in disintegrations per second, but they appear as a ratio in Equa-
tion 20.2, so we can use them as provided. If we converted them both to disintegrations
per hour, we would get the same numerical result for the ratio.

✓ Reasonable Answer Check The disintegration rate has fallen by approximately a fac-
tor of sixteen (4.7/0.29 � 16.2), so the elapsed time must be approximately four half-lives
of 131I, and it is.

PROBLEM-SOLVING PRACTICE 20.6

In 1921 the women of America honored Marie Curie by giving her a gift of 1.00 g of pure
radium, which is now in Paris at the Curie Institute of France. The principal isotope, 226Ra,
has a half-life of 1.60 � 103 years. How many grams of radium-226 remain?

Carbon-14 Dating
In 1946 Willard Libby developed a technique for measuring the age of archaeologi-
cal objects using radioactive carbon-14. Carbon is an important building block of all
living systems, and all organisms contain the three isotopes of carbon: 12C, 13C, and
14C. The first two isotopes are stable (nonradioactive) and have been present for bil-
lions of years. Carbon-14, however, is radioactive and decays to nitrogen-14 by beta
emission.

14
6C 9: �1

0e � 14
7N

The half-life of 14C is known by experiment to be 5.73 � 103 years. The number of
carbon-14 atoms (N ) in a carbon-containing sample can be measured from the activ-
ity of a sample (A). If the number of carbon-14 atoms originally in the sample (N0)
can be determined, or if the initial activity (A0) can be determined, the age of the
sample can be found from Equation 20.2 or 20.3.

This method of age determination clearly depends on knowing how much 14C
was originally in the sample. The answer to this question comes from work by
physicist Serge Korff, who discovered in 1929 that 14C is continually generated in
the upper atmosphere. High-energy cosmic rays collide with gas molecules in the
upper atmosphere and cause them to eject neutrons. These free neutrons collide
with nitrogen atoms to produce carbon-14.

 t �
�2.785

3.59 � 10�3 h�1
� 776 h

 lna 2.9 � 1011 s�1

4.7 � 1012 s�1
b � �kt � �(3.59 � 10�3 h�1)t

k �
0.693

t1/2

�
0.693

193 h
� 3.59 � 10�3 h�1

t1/2 � 8.04 days �
24 h

1 day
� 193 h
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Willard Libby won the 1960 Nobel
Prize in chemistry for his discovery 
of radiocarbon dating.

Willard Libby and his apparatus for
carbon-14 dating.
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14
7N � 1

0n 9: 14
6C � 1

1H

Throughout the entire atmosphere, only about 7.5 kg 14C is produced per year.
However, this relatively small quantity of radioactive carbon is incorporated into
CO2 and other carbon compounds and then distributed worldwide as part of the
carbon cycle. The continual formation of 14C, transfer of the isotope within the
oceans, atmosphere, and biosphere, and decay of living matter keep the supply of
14C constant.

Plants absorb carbon dioxide from the atmosphere and convert it into food via
photosynthesis ( p. 899). In this way, the 14C becomes incorporated into living
tissue, where radioactive 14C atoms and nonradioactive 12C atoms in CO2 chemically
react in the same way. The beta decay activity of carbon-14 in living plants and in
the air is constant at 15.3 disintegrations per minute per gram (min�1 g�1) of car-
bon. When a plant dies, however, carbon-14 disintegration continues without the
14C being replaced. Consequently, the 14C activity of the dead plant material
decreases with the passage of time. The smaller the activity of carbon-14 in the
plant, the longer the period of time between the death of the plant and the present.
Assuming that 14C activity in living plants was about the same hundreds or thou-
sands of years ago as it is now, measurement of the 14C beta activity of an artifact
can be used to date an article containing carbon. The slight fluctuations of the 14C
activity in living plants for the past several thousand years have been measured by
studying growth rings of long-lived trees, and the carbon-14 dates of objects can be
corrected accordingly.

The time scale accessible to carbon-14 dating is determined by the half-life of
14C. Therefore, this method for dating objects can be extended back approximately
50,000 years. This span of time is almost nine half-lives, during which the number
of disintegrations per minute per gram of carbon would fall by a factor of about

from about 15.3 min�1 g�1 to about 0.030 min�1 g�1, which is
a disintegration rate so low that it is difficult to measure accurately.

PROBLEM-SOLVING EXAMPLE 20.7 Carbon-14 Dating

Charcoal fragments found in a prehistoric cave in Lascaux, France, had a measured disin-
tegration rate of 2.4 min�1 g�1 carbon. Calculate the approximate age of the charcoal.

Answer 15,300 years old

Strategy and Explanation We will use Equation 20.2 to solve the problem

where A is proportional to the known activity of the charcoal (2.4 min�1 g�1) and A0 is
proportional to the activity of the carbon-14 in living material (15.3 min�1 g�1). We first
need to calculate k, the rate constant, using the half-life of carbon-14, 5.73 � 103 yr.

Now we are ready to calculate the time, t.

Thus, the charcoal is approximately 15,300 yrs old.

t �
1.8524

1.21 � 10�4 yr�1
� 1.53 � 104 yr

ln(0.15686) � �(1.21 � 10�4 yr�1)t

lna 2.4 min�1 g�1

15.3 min�1 g�1
b � �kt

k �
0.693

t1/2

�
0.693

5.73 � 103 yr
� 1.21 � 10�4 yr�1

ln a A

A0

b � �kt

(1
2 )9 � 1.95 � 10�3

;
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The Ice Man. This human mummy was
found in 1991 in glacial ice high in the
Alps. Carbon-14 dating determined that
he lived about 5300 years ago. The
mummy is exhibited at the South Tyrol
Archaeological Museum in Bolzano, Italy.
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✓ Reasonable Answer Check The disintegration rate has fallen a factor of six from the
rate for living material, so more than two but less than three half-lives have elapsed. This
agrees with our calculated result.

PROBLEM-SOLVING PRACTICE 20.7

Tritium, 3H (t1/2 � 12.3 yr), is produced in the atmosphere and incorporated in living
plants in much the same way as 14C. Estimate the age of a sealed sample of Scotch whiskey
that has a tritium content 0.60 times that of the water in the area where the whiskey was
produced.

20.6 Radiochemical Dating
The radioactive decay of uranium-238 to lead-206 provides a method of radiochemi-
cally dating ancient rocks by using the ratio of 206Pb atoms to 238U atoms in a sample.
Using this method, a moon rock was found to have a 206Pb/238U ratio of 100/109, that
is, 100 206Pb atoms for every 109 238U atoms. No other lead isotopes were present in
the rock, indicating that all of the 206Pb was produced by 238U decay. Estimate the age
of the moon rock. The half-life of 238U is 4.51 � 109 years.

20.7 Radiochemical Dating
Ethanol, C2H5OH, is produced by the fermentation of grains or by the reaction of water
with ethylene, which is made from petroleum. The alcohol content of wines can be
increased fraudulently beyond the usual 12% available from fermentation by adding
ethanol produced from ethylene. How can carbon dating techniques be used to differ-
entiate the ethanol sources in these wines?

20.5 Artificial Transmutations
In the course of his experiments, Rutherford found in 1919 that alpha particles ion-
ize atomic hydrogen, knocking off an electron from each atom. Using atomic nitro-
gen instead, he found that bombardment with alpha particles produced protons. He
correctly concluded that the alpha particles had knocked a proton out of the nitro-
gen nucleus and that a nucleus of another element had been produced. In other
words, nitrogen had undergone a transmutation to oxygen.

Rutherford had proposed that protons and neutrons are the fundamental build-
ing blocks of nuclei. Although his search for the neutron was not successful, it was
later found by James Chadwick in 1932 as a product of the alpha particle bombard-
ment of beryllium.

Changing one element into another by alpha particle bombardment has its lim-
itations. Before a positively charged bombarding particle (such as the alpha particle)
can be captured by a positively charged nucleus, the bombarding particle must have
sufficient kinetic energy to overcome the repulsive forces developed as the particle
approaches the nucleus. But the neutron is electrically neutral, so Enrico Fermi (in
1934) reasoned that a nucleus would not oppose its entry. By this approach, nearly
every element has since been transmuted, and a number of transuranium elements
(elements beyond uranium) have been prepared. For example, plutonium-239 forms
americium-241 by neutron bombardment.

4
9Be � 2

4He 9: 6
12C � 0

1n

2
4He � 7

14N 9: 8
17O � 1

1H
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1912–1999

A pioneer in developing radioisotopes
for medical use (Section 20.9), Glenn
Seaborg was the first to produce
iodine-131, used subsequently to treat
his mother’s abnormal thyroid condi-
tion. As a result of Seaborg’s further
research, it became possible to predict
accurately the properties of many of
the as-yet-undiscovered transuranium
elements. In a remarkable 21-year span
(1940–1961), Seaborg and his col-
leagues synthesized ten new transura-
nium elements (plutonium to lawren-
cium). He received the Nobel Prize in
1951 for his creation of new elements.
In the 1990s Seaborg was honored by
having element 106 named for him.
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In highly acidic solution the dichromate ion is a powerful oxidizing agent.

It is sufficiently strong to oxidize alcohols to aldehydes or ketones ( p. 566) and
aldehydes to carboxylic acids, for example, acetaldehyde to acetic acid.

The oxidizing strength of dichromate decreases as the pH increases, as shown in
Problem-Solving Example 22.5.

PROBLEM-SOLVING EXAMPLE 22.5 Dichromate and pH

Use the Nernst equation ( p. 946) to calculate the Ecell for the reduction of dichro-
mate ion by iodide ion at a pH of 4.0 and 25 °C with all concentrations other than H3O

�

equal to 1.0 M. E°cell is 0.795 V.

Answer Ecell � �0.242 V

Strategy and Explanation We can use the balanced equation for the reaction and the
Nernst equation to calculate the cell potential at the nonstandard conditions. The bal-
anced equation ( p. 925) for the reaction is

The Nernst equation is

In the equation, 6 mol e� are transferred so n � 6. All concentrations are 1.0 M except
[H3O

�], which is 10�pH � 10�4. Therefore, the Nernst equation becomes

Changing the [H3O
�] from 1.0 M (the standard-state concentration) to 1.0 � 10�4 M (pH

� 4.0) decreases the cell potential by 0.553 V. This large change results because of the
large coefficient (14) of H3O

� in the balanced equation. Dichromate ion is a much weaker
oxidizing agent at pH � 4.0 than at standard-state conditions.

PROBLEM-SOLVING PRACTICE 22.5

At what pH does Ecell � 0.00 V for the reduction of dichromate by iodide ion in acid solu-
tion, assuming standard-state concentrations of all species except H3O

� ion?

22.6 Coordinate Covalent Bonds: Complex
Ions and Coordination Compounds

In Section 8.10, the formation of BF3NH3 was described as occurring by the shar-
ing of a lone pair from NH3 with BF3. This type of covalent bond, in which one
atom contributes both electrons for the shared pair, is called a coordinate cova-
lent bond. Atoms with lone pairs of electrons, such as nitrogen, phosphorus, and
sulfur, can use those lone pairs to form coordinate covalent bonds. For example,

 � 0.795 V � 0.553 V � 0.242 V

 � 0.795 V �
0.0257 V

6
 ln (1.0 � 1056)

 Ecell � 0.795 V �
0.0257 V

6
 ln 

1

(1.0 � 10�4)14

Ecell � E°cell �
RT

nF
 ln Q � 0.795 V �

0.0257 V

n
 ln 

[Cr3�]2[I2]3

[Cr2O
2�
7 ][I�]6[H3O

�]14

Cr2O7
2�(aq) � 6 I�(aq) � 14 H3O

�(aq) 9: 2 Cr3�(aq) � 3 I2(aq) � 21 H2O(�)

;

;

2 Cr3�(aq) � 3 CH3COOH(aq) � 12 H2O(�)

Cr2O7
2�(aq) � 3 CH3CHO(aq) � 8 H3O

�(aq) 9:

;

E° � �1.33 V
Cr2O7

2�(aq) � 14 H3O
�(aq) � 6 e� 9: 2 Cr3�(aq) � 21 H2O(�)

22.6 Coordinate Covalent Bonds: Complex Ions and Coordination Compounds 1081

Six moles of electrons are transferred
per mole of Cr2O7

2�:

2 Cr6� � 6 e� 9: 2 Cr3�

6 I� 9: 3 I2 � 6 e�



the formation of the ammonium ion from ammonia results from formation of a
coordinate covalent bond between H� and the lone pair of electrons of nitrogen
in NH3.

Once the coordinate covalent bond is formed, it is impossible to distinguish which
of the N!H bonds it is; all four bonds are equivalent.

Metals and Coordination Compounds
Much of the chemistry of d-block transition metals is related to their ability to form
coordinate covalent bonds with molecules or ions that have lone pair electrons.
Transition metals with vacant d orbitals can accept the lone pairs into those orbitals.

You have seen that metal ions in aqueous solution are surrounded by water mol-
ecules; for example, the Ni2� ion in aqueous solution is surrounded by six water
molecules. This type of ion, in which several molecules or ions are connected to a
central metal ion or atom by coordinate covalent bonds, is known as a complex ion.
The molecules or ions bonded to the central metal ion are called ligands, from the
Latin verb ligare, “to bind.” Each ligand (a water molecule in this example) has one
or more atoms with lone pairs that can form coordinate covalent bonds to the metal
ion. To write the formula of a complex ion, the ligand formulas are placed in paren-
theses following the metal ion. The entire complex ion formula is enclosed by
brackets, and the ionic charge, if any, is a superscript outside the brackets. For the
nickel(II) complex ion with six water ligands this gives [Ni(H2O)6]

2�.
The charge of a complex ion is determined by the charges of the metal ion and

the charges of its ligands. In [Ni(H2O)6]
2� the water ligands have no net charge, so

the charge of the complex ion is that of the Ni2� ion. In the complex ion formed by
Ni2� with four chloride ions, [NiCl4]

2�, the net 2� charge of this complex ion results
from the 4� charge of four chloride ions and the 2� charge of the nickel ion.

Compounds that contain metal ions surrounded by ligands are called coordi-
nation compounds. Usually, complex ions are combined with oppositely charged
ions (counter ions) to form neutral compounds. Coordination compounds are gen-
erally brightly colored as solids or in solution (Figure 22.8, two left flasks). The com-
plex ion part of a coordination compound’s formula is enclosed in brackets; counter
ions are outside the brackets, as in the formula [Ni(H2O)6]Cl2 of the compound con-
sisting of chloride counter ions with the [Ni(H2O)6]

2� complex ion. The two Cl�

ions compensate for the 2� charge of the complex ion. [Ni(H2O)6]Cl2 is an ionic
compound analogous to CaCl2, which also contains a 2� cation and two Cl� ions.
In some cases, no compensating ions are needed outside the brackets for a coordi-
nation compound. For example, the anticancer drug [Pt(NH3)2Cl2] (cisplatin) is a
coordination compound containing NH3 and Cl� ligands coordinated to a central
Pt2� ion. The two Cl� ions compensate for the charge of the Pt2� ion, resulting in a
neutral coordination compound rather than a complex ion.

PROBLEM-SOLVING EXAMPLE 22.6 Coordination Compounds

For the coordination compound K3[Fe(CN)6], identify
(a) The central metal ion.
(b) The ligands.
(c) The formula and charge of the complex ion and the charge of the central metal ion.

H9NC � H� or!:

H

H

H9NCH

H

H �

H9N9H

H

H �
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Brackets in the formulas of complex
ions do not mean concentration.

Ni2+

Ligands act as Lewis bases, electron pair
donors; transition metal ions are Lewis
acids (electron pair acceptors). (Section
16.9).

[Ni(H2O)6]
2�

When the word coordinated is used in
chemistry, such as in “the chloride ions
in [NiCl4]

2� are coordinated to the
nickel ion,” it means that coordinate
covalent bonds have been formed.





Counter ions offset the charge of the
complex ion.

of a neutral coordination compound and two other coordination compounds, one
containing a complex cation and the other a complex anion.

Consider the coordination compound [Co(NH3)3(OH)3], which is named tri-
amminetrihydroxocobalt(III). From Table 22.4, we see that the name and formula
indicate that three ammonia molecules and three hydroxide ions are bonded to a
central cobalt ion. The three hydroxide ions carry a total 3� charge; ammonia mol-
ecules have no net charge, and thus cobalt must be Co3� because the compound has
no net charge. In naming any coordination compound or complex ion, the ligands
are named in alphabetical order—in this case ammine for ammonia precedes
hydroxo for hydroxide (for anions -ide is changed to o). The name and oxidation
state (in parentheses) of the metal ion are given last. Greek prefixes di, tri, tetra, and
so on are used to denote the number of times each of these ligands is used. Such pre-
fixes are ignored when determining the alphabetical order of the ligands.

Next, consider [Fe(H2O)2(NH3)4]Cl3, a coordination compound that consists of
a complex cation, [Fe(H2O)2(NH3)4]

3�, and three chloride ions as counter ions. In
such cases the complex cation is always named first, followed by the name of the
anionic counter ions. The compound’s name is tetraamminediaquairon(III) chlo-
ride. From Table 22.4, we see that the ligands are ammine (NH3, four of them) and
aqua (H2O, two of them). For complex cations, the metal ion and its oxidation state
follow the names of the ligands.

The compound K2[PtCl4] contains a complex anion, [PtCl4]
2�, and two K� ions

as counter ions and is named potassium tetrachloroplatinate(II). As with any ionic
compound, the cation is named first, followed by the anion name. For complex
anions, the central metal ion’s name ends in -ate followed by its oxidation state in
parentheses.

PROBLEM-SOLVING EXAMPLE 22.7 Formulas and Names of
Coordination Compounds

(a) Write the formula of diamminetriaquahydroxochromium(III) nitrate.
(b) Name K[Cr(NH3)2(C2O4)2].

Answer
(a) [Cr(NH3)2(H2O)3(OH)](NO3)2
(b) Potassium diamminedioxalatochromate(III)

K2 [Pt Cl4]

Pt2+

ion
Four Cl–; 
tetrachloro

Two K+ 
counter ions

potassium tetrachloroplatinate(II)

[Fe(H2O)2 (NH3)4]Cl3

tetraamminediaquairon(III) chloride

Two H2O; 
diaqua

Four NH3; 
tetraammine

Three Cl– 
counter ions

Fe3+ 

ion

[Co(NH3)3(OH)3]

Three NH3; 
triammine

Three OH–; 
trihydroxo

Co3+

ion

triamminetrihydroxocobalt(III)
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Strategy and Explanation Use the names and formulas of the ligands in Table 22.4.
Compound (a) contains a complex cation, and compound (b) contains a complex anion.

PROBLEM-SOLVING PRACTICE 22.7
(a) Name this coordination compound: [Ag(NH3)2]NO3.
(b) Write the formula of pentaaquaisothiocyanatoiron(III) chloride.

22.9 Coordination Compounds
CaCl2 and [Ni(H2O)6]Cl2 have the same formula type, MCl2. Give the formula of a sim-
ple ionic compound (noncoordination) that has a formula analogous to K2[NiCl4].

Types of Ligands and Coordination Number
The number of coordinate covalent bonds between the ligands and the central
metal ion in a coordination compound is the coordination number of the metal
ion, usually 2, 4, or 6.

Coordination Number Examples

2 [Ag(NH3)2]
�, [AuCl2]

�

4 [NiCl4]
2�, [Pt(NH3)4]

2�

6 [Fe(H2O)6]
2�, [Co(NH3)6]

3�

Ligands such as H2O, NH3, and Cl� that form only one coordinate covalent bond
to the metal are termed monodentate ligands. The word dentate derives from the
Latin word dentis, for tooth, so NH3 is a “one-toothed” ligand. Common monoden-
tate ligands are shown in Figure 22.9.

Some ligands can form two or more coordinate covalent bonds to the same
metal ion because they have two or more atoms with lone pairs separated by several
intervening atoms. The general term polydentate is used for such ligands. Biden-
tate ligands are those that form two coordinate covalent bonds to the central metal
ion. A good example is the bidentate ligand 1,2-diaminoethane, H2NCH2CH2NH2,
commonly called ethylenediamine and abbreviated en. When lone pairs of electrons
from both nitrogen atoms in en coordinate to a metal ion, a stable five-membered
ring forms (Figure 22.10). Notice that Co3� has a coordination number of 6 in this
complex ion.
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[Cr(NH3)2(H2O)3(OH)](NO3)2

diamminetriaquahydroxochromium(III) nitrate

potassium diamminedioxalatochromate(III)

K[Cr(NH3)2(C2O4)2]

(a)

(b)

CONCEPTUAL
EXERCISE



Co3+

Figure 22.10 The [Co(en)3]
3�

complex ion. Cobalt ion (Co3�) forms 
a coordination complex ion with three
ethylenediamine ligands.

Note that Cl2 in the complex ion’s
formula represents two chloride ions,
not a diatomic chlorine molecule.

The word “chelating,” derived from the Greek chele, “claw,” describes the pin-
cer-like way in which a ligand can grab a metal ion. Some common chelating lig-
ands, those that are polydentate ligands and can share two or more electron pairs
with the central metal ion, are also shown in Figure 22.9.

PROBLEM-SOLVING EXAMPLE 22.8 Chelating Agents

Two ethylenediamine (en) ligands and two chloride ions form a complex ion with Co3�.
(a) Write the formula of this complex ion.
(b) What is the coordination number of the Co3� ion?
(c) Write the formula of the coordination compound formed by Cl� counter ions and the

Co3� complex ion.

Answer
(a) [Co(en)2Cl2]

� (b) 6 (c) [Co(en)2Cl2]Cl

Strategy and Explanation Recall that ethylenediamine is a bidentate ligand that forms
two coordinate covalent bonds per en molecule.
(a) Two en molecules and two chloride ions are bonded to the central cobalt ion, so the

formula of the complex ion is [Co(en)2Cl2]
�. Ethylenediamine is a neutral ligand,

each chloride ion is 1�, and cobalt has a 3� charge. The charge on the complex ion
is 2(0) � 2(1�) � (3�) � 1�.

(b) The coordination number is 6 because there are six coordinate covalent bonds to the
central Co3� ion—two from each bidentate ethylenediamine and one from each mon-
odentate chloride ion.

(c) The 1� charge of the complex ion requires one chloride ion as a counter ion:
[Co(en)2Cl2]Cl.
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Water

Carbonate ion Oxalate ion (ox2–)

Ethylenediamine (en) Ortho-phenanthroline (phen) EDTA4–, ethylenediaminetetraacetate ion

Ammonia Chloride ion Cyanide ion Carbon monoxide Hydroxide ion

OCCOC

C

2–

CClC CO HCC NC
–

CC OC

CHHC

C
H H

H

H H

H
C C

C

CC

CC

C C

N N

H
O

H H H
H

O O

N

C C

2–

4–

CH2

NH2H2N

H2C

CH2

C

C

OC

CO

C

C

CO

OC

OC

CO

CO

NCCN

CH2CH2

CH2CH2

CH2

––

Monodentate ligands

Bidentate
ligands

Hexadentate
ligandO

O

O

O

Figure 22.9 Monodentate ligands; bidentate and hexadentate chelating ligands. Ligands
with two (bidentate) or more lone pairs to share with a central metal ion are chelating ligands.
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CONCEPTUAL
EXERCISE

Ni2+

[Ni(H2O)6]2+

Ni2+

O
C

N (–)

(–)

The nickel-
dimethylglyoxime
complex

H

The nickel-dimethylglyoxime complex. Ni2� ions react with the
dimethylglyoximate anion (DMG�) to form a beautiful red solid. Go to the Active Figures menu at
ThomsonNOW to test your understanding of the concepts in this figure.

Active Figure 22.11

PROBLEM-SOLVING PRACTICE 22.8

The dimethylglyoximate anion (abbreviated DMG�),

is a bidentate ligand used to test for the presence of nickel. It reacts with Ni2� to form a
beautiful red solid in which the Ni2� has a coordination number of 4. DMG� coordinates
to Ni2� by the lone pairs on the nitrogen atoms.
(a) How many DMG� ions are needed to satisfy a coordination number of 4 on the

central Ni2� ion?
(b) What is the net charge after coordination occurs?
(c) How many atoms are in the ring formed by one DMG� and one Ni2�?
Check your answer to Problem-Solving Practice 22.8 by viewing Figure 22.11 at the Web
site.

22.10 Chelating and Complex Ions
Oxalate ion forms a complex ion with Mn2� by coordinating at the oxygen lone pairs
(see Figure 22.9).

(a) How many oxalate ions are needed to satisfy a coordination number of 6 on the
central Mn2� ion?

(b) What is the charge on this complex ion?
(c) How many atoms are in the ring formed between one oxalate ion and the cen-

tral metal ion?

HO9N N9O�

CH3C9CCH3
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C H E M I S T R Y  Y O U  C A N  D O

A Penny for Your Thoughts
1. What did you observe happening to the penny in the

ammonia solution?

2. What did you observe happening to the ammonia solution?

3. Interpret what you observed happening to the solution
on the nanoscale level, citing observations to support
your conclusions.

4. What is necessary to form a complex ion?

5. Are all of these kinds of reactants present in the solution
in this experiment? If so, identify them.

6. How do the terms “ligand,” “central metal ion,” and “coor-
dination complex” apply to your experiment?

7. Try to write a formula for a complex ion that might form
in this experiment.

You will need the following items to do the experiment:

• Two glasses or plastic cups that will each hold about 
50 mL liquid

• About 30 to 40 mL household vinegar
• About 30 to 40 mL household ammonia
• A copper penny

Place the penny in one cup and add 30 to 40 mL vinegar
to clean the surface of the penny. Let the penny remain in the
vinegar until the surface of the penny is cleaner (reddish-cop-
pery) than it was before (darker copper color). Pour off the
vinegar and wash the penny thoroughly in running water.

Next, place the penny in the other cup and add 30 to 
40 mL household ammonia. Observe the color of the solution
over several hours.

For metals that display a coordination number of 6, an especially effective ligand
is the hexadentate ethylenediaminetetraacetate ion (abbreviated EDTA; Figure 22.9)
that encapsulates and firmly binds metal ions. It has six lone pair donor atoms (four
O atoms and two N atoms) that can coordinate to a single metal ion, so EDTA4� is an
excellent chelating ligand. EDTA4� is often added to commercial salad dressing to
remove traces of metal ions from solution, because these metal ions could otherwise
accelerate the oxidation of oils in the product and make them rancid.

Another use of EDTA4� is in bathroom cleansers, where it removes hard water
deposits of insoluble CaCO3 and MgCO3 by chelating Ca2� or Mg2� ions, allowing
them to be rinsed away. EDTA is also used in the treatment of lead and mercury poi-
soning because it has the ability to chelate these metals and aid in their removal
from the body (Figure 22.12).

Coordination compounds of d-block transition metals are often colored, and the
colors of the complexes of a given transition metal ion depend on both the metal
ion and the ligand (Figure 22.13). Many transition metal coordination compounds
are used as pigments in paints and dyes. For example, Prussian blue, Fe4[Fe(CN)6]3,
a deep-blue compound known for hundreds of years, is the “bluing agent” in engi-
neering blueprints. The origin of colors in coordination compounds will be dis-
cussed in Section 22.7.

22.11 Complex Ions
Prussian blue contains two kinds of iron ions. What is the charge of the iron in

(a) The complex ion [Fe(CN)6]
4�?

(b) The iron ion not in the complex ion?

Geometry of Coordination Compounds and Complex Ions
The geometry of a complex ion or coordination compound is dictated by the
arrangement of the electron donor atoms of the ligands attached to the central
metal ion. Although other geometries are possible, we will discuss only the four

Pb2+

Figure 22.12 A Pb2�-EDTA complex
ion. The structure of the chelate formed
when the EDTA4� anion forms a complex
with Pb2�.

Some household products that
contain EDTA. Check the label on your
shampoo container. It will likely list diso-
dium EDTA as an ingredient. The EDTA in
this case has a 2� charge because two of
the four organic acid groups have each
lost an H�, but EDTA2� still coordinates
to metal ions in the shampoo.
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most common ones, those associated with coordination numbers of 2, 4, and 6. To
simplify matters, we will consider only monodentate ligands, L, bonded to a central
metal ion, Mn�.

Coordination Number � 2, ML2
n�

All such complex ions have a linear geometry with the two ligands on opposite
sides of the central metal ion to give an L!M!L bond angle of 180°, such as that
in [Ag(NH3)2]

�. Other examples are [CuCl2]
� and [Au(CN)2]

�, the complex ion
used to extract gold from ores (p. 1078).

Coordination Number � 4, ML4
n�

Four-coordinate complex ions have either tetrahedral or square planar geometries.
In the tetrahedral case, the four monodentate ligands are at the corners of a tetra-
hedron, such as in [Zn(NH3)4]

2�. In square planar geometry, the ligands lie in a
plane at the corners of a square as in [Ni(CN)4]

2� and [Pt(NH3)4]
2� ions.

Tetrahedral Square planar

[Zn(NH3)4]2+ [Pt(NH3)4]2+

[H3N Ag NH3]+[Cl Cu Cl]–

(a) (b)
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Figure 22.13 Color of transition metal compounds. (a) Concentrated aqueous solutions of the
nitrate salts containing hydrated transition metal ions of (left to right) Fe3�, Co2�, Ni2�, Cu2�, and
Zn2�. Aqueous Zn2� compounds are colorless. (b) The colors of the complexes of a given transition
metal ion depend on the ligand(s). All of the complexes pictured here contain the Ni2� ion. The green
solid is [Ni(H2O)6](NO3)2; the purple solid is [Ni(NH3)6]Cl2; the red solid is Ni(dimethylglyoximate)2.
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1866–1919

In 1893, while still a young professor,
Alfred Werner published a revolution-
ary paper about transition metal com-
pounds. He asserted that transition
metal ions could exhibit a secondary
valence as well as a primary one, such
as in CoCl3 6 NH3 (now written as
[Co(NH3)6]Cl3). The primary valence
was represented by the ionic bonds
between Co3� and the chloride ions;
the secondary valence was represented
by the coordinate covalent bonds
between the metal ion and six NH3
molecules, what we now called the
coordination sphere around the central
metal ion. Werner also made the
inspired proposal that the ammonia
molecules were octahedrally coordi-
nated around the Co3� ion, thereby
laying the foundation for understanding
the geometry of complex ions. For his
groundbreaking work, Werner received
the 1913 Nobel Prize in chemistry.
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pentaammine-
thiocyanatocobalt(III) ion

pentaammine-
isothiocyanatocobalt(III) ion

Coordination Number � 6, ML6
n�

Octahedral geometry is characteristic of this coordination number. The six ligands
are at the corners of an octahedron with the central metal ion at its center. Octahe-
dral geometry can be regarded as derived from a square planar geometry by adding
two ligands, one above and one below the square plane. Two common octahedral
complex ions are [Co(NH3)6]

3� and [Fe(CN)6]
3�, in which the six ligands are equi-

distant from the central metal ion and all six ligand sites are equivalent.

Isomerism in Coordination Compounds and Complex Ions
Various types of isomerism have been discussed previously with regard to organic
compounds. Constitutional isomerism occurs with molecules that have the same
molecular formula but differ in the way their atoms are connected together, such as
occurs with butane and 2-methylpropane ( p. 88). Stereoisomerism is a second
general category of isomerism in which the isomers have the same bond connec-
tions, but the atoms are arranged differently in space. One type of stereoisomerism
is geometric isomerism, such as that found in cis- and trans-1,2-dichloroethene (
p. 345). The other type of stereoisomerism is optical isomerism, which occurs
when mirror images are nonsuperimposable ( p. 559). Constitutional, geomet-
ric, and optical isomers also occur with coordination complex ions and coordination
compounds.

Linkage Isomerism, a Type of Constitutional Isomerism

Linkage isomerism occurs when a ligand can bond to the central metal using either
of two different electron-donating atoms. Thiocyanato (SCN)� and isothiocyanato
(NCS)� ions are examples of such ligands with coordination to a metal ion by sul-
fur in the first case and by nitrogen in the second, as illustrated for the Co3� com-
plex ions shown in the margin.

Geometric Isomerism

Geometric isomerism does not exist in tetrahedral complex ions because all the
corners of a tetrahedron are equivalent. Geometric isomerism, however, does
occur with square planar complex ions and compounds of the type Ma2b2 or
Ma2bc, where M is the central metal ion and a, b, and c are different ligands. The
square planar coordination compound [Pt(NH3)2Cl2], an Ma2b2 type, occurs in two
geometric forms. The cis-[Pt(NH3)2Cl2] isomer has the chloride ligands as close as
possible at 90° to one another. In trans-[Pt(NH3)2Cl2], the chloride ions are as far
apart as possible, directly across the square plane of the molecule at 180° from
each other.

These two isomers differ in water solubility, color, melting point, and chemical reac-
tivity. The cis isomer is used in cancer chemotherapy, whereas the trans form is not
effective against cancer.

cis-[Pt(NH3)2Cl2] trans-[Pt(NH3)2Cl2]

;

;

;
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Octahedral
[Co(NH3)6]3+



Cis-trans isomerism is also possible in octahedral complex ions and com-
pounds, as illustrated with [Co(NH3)4Cl2]

�. In this complex ion the cis isomer has
the chloride ions adjacent to each other; the trans isomer has them opposite each
other. The differences in properties are striking, particularly the color. The cis iso-
mer is violet, whereas the trans form is green.

PROBLEM-SOLVING EXAMPLE 22.9 Geometric Isomerism

How many geometric isomers are there for [Co(en)2Cl2]
�?

Answer Only two geometric isomers are possible, cis and trans.

Strategy and Explanation Start by putting the two Cl� ions in trans positions, that is,
one at the “top”of the octahedron and the other at the “bottom.”The two ethylenediamine
ligands (en), represented here as N N, occupy the other four sites around the cobalt ion.
This is the trans isomer. The cis isomer has the Cl� ions in adjacent (cis) positions.

PROBLEM-SOLVING PRACTICE 22.9

How many geometric isomers are there for the square planar compound [Pt(NH3)2ClBr]?

22.12 Geometric Isomerism
How many isomers are possible for [Co(NH3)3Cl3]? Write the structural formulas of the
isomers.

Optical Isomerism

Optical isomers are mirror images that are not superimposible. Such nonsuperim-
posable mirror images are known as enantiomers ( p. 560). An example of a
complex ion that has optical isomerism is [Cr(en)2Cl2]

�. There are two enan-
tiomers, as shown in Figure 22.14. No matter how they are twisted and turned, the
two enantiomers are nonsuperimposable.

;

�

Cl

trans

Cl

Co
N

N

N

N

�

N

cis

Cl

Co
N

Cl

N

N

cis-[Co(NH3)4Cl2]�

(violet)

trans-[Co(NH3)4Cl2]�

(green)

NH3

Cl

NH3H3N

H3N
Co

Cl

�

Cl
Cl

NH3H3N

H3N
Co

NH3

�
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[Cr(en)2Cl2]+

en

en

en

en

Figure 22.14 Optical isomerism 
in [Cr(en)2Cl2]

�. The ion on the left
cannot be superimposed on its mirror
image (right).
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Fe2+

N N

N N

H3C CH

CH

CH2

CH3

CH2

CH3

CH2 

CH2

COOH

CH2

CH2

COOH

H3C

Figure 22.15 Heme, the carrier of Fe2� in hemoglobin. Fe2� is coordinated to four nitrogen
atoms in heme. There are four hemes in each hemoglobin molecule.

Optical isomerism is not possible for square planar complexes based on the
geometry around the metal ion; the mirror images are superimposable. Although
optical isomers of tetrahedral complex ions with four different ligands are theoreti-
cally possible, no such stable complexes are known.

Coordination Compounds and Life
Bioinorganic chemistry, the study that applies chemical principles to inorganic ions
and compounds in biological systems, is a rapidly growing field centered mainly
around coordination compounds. This is because the very existence of living sys-
tems depends on many coordination compounds in which metal ions are chelated
to the nitrogen and oxygen atoms in proteins and especially in enzymes. Copper-
containing proteins, for example, give the blood of crabs, lobsters, and snails its
blue color, as well as transport oxygen.

In humans, molecular oxygen (O2) is transported through the circulatory sys-
tem by hemoglobin, a very large protein (molecular weight of about 68,000 amu)
in red blood cells. Hemoglobin is blue but becomes red when oxygenated. This is
why arterial blood is bright red (high O2 concentration) and blood in veins is bluish
(low O2 concentration).

A hemoglobin molecule carries four O2 molecules, each of which forms a coor-
dinate covalent bond to one of four Fe2� ions. Each Fe2� ion is at the center of one
heme, a nonprotein part of the hemoglobin molecule that consists of four linked
nitrogen-containing rings (Figure 22.15). Bound in this way, molecular oxygen is
carried to the cells, where it is released as needed by breaking the Fe!O2 coordi-
nate covalent bond.

Other substances that can donate an electron pair can also bond to the Fe2� in
heme. Carbon monoxide is such a ligand and forms an exceptionally strong
Fe2�!CO bond, nearly 200 times stronger than the O2!Fe2� bond. Therefore,
when a person breathes in CO, it displaces O2 from hemoglobin and prevents red
blood cells from carrying oxygen. The initial effect is drowsiness. But if CO inhala-
tion continues, cells deprived of oxygen can no longer function and the person
suffocates.

Structures similar to the oxygen-carrying unit in hemoglobin are also found in
other biologically important compounds, including such diverse ones as myoglobin
and vitamin B-12. Myoglobin, like hemoglobin, contains Fe2� and carries and stores
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The blue blood of horseshoe crabs is
used to test for bacterial contamination
of drugs.

It is interesting (and fortunate) that
N#N does not behave chemically like
C#O, even though each contains 14
electrons.
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Figure 22.16 The splitting of d orbitals in an octahedral field of ligands.
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molecular oxygen, principally in muscles. At the center of a vitamin B-12 molecule
is a Co3� ion bonded to the same type of group that Fe2� bonds to in hemoglobin.
Vitamin B-12 is the only known dietary use of cobalt, but it makes cobalt an essen-
tial mineral ( p. 111).

The dietary necessity of zinc for humans has become established only since the
1980s. Zinc, in the form of Zn2� ions, is essential to the functioning of several hun-
dred enzymes, including those that catalyze the breaking of P!O!P bonds in
adenosine triphosphate (ATP), an important energy-releasing compound in cells
( p. 895).

Copper ranks third among biologically important transition metal ions in humans,
trailing only iron and zinc. Although we generally excrete any dietary excess of cop-
per, a genetic defect causes Wilson’s disease, a condition in which Cu2� accumulates
in the liver and brain. Fortunately, Wilson’s disease can be treated by administering
chelating agents that coordinate excess Cu2� ions, allowing them to be excreted
harmlessly.

22.7 Crystal-Field Theory: Color and
Magnetism in Coordination
Compounds

Bright colors are characteristic of many coordination compounds (Figure 22.13).
Any theory about bonding in such compounds needs to address the origin of their
colors. One such approach is the crystal-field theory developed by Hans Bethe and
J. H. van Vleck. Crystal-field theory explains color as originating from electron tran-
sitions between two sets of d orbitals in a complex ion, similar to the bright line
atomic spectra that originate from electron transitions among atomic orbitals in ele-
ments. In many cases of complex ions, the energy difference between the d orbitals
corresponds with a wavelength within the visible region of the spectrum.

Crystal-Field Theory
The crystal-field theory considers the bonding between ligands and a metal ion to
be primarily electrostatic. It assumes that the electron pairs on the ligands create
an electrostatic field around the d orbitals of the metal ion, such as in the case of
the octahedral [Fe(CN)6]

4� complex ion. This electrostatic field alters the relative
energies of the various d orbitals. Before this interaction occurs, the d orbitals in a
sublevel of the isolated metal ion, such as the 3d, all have the same energy. In the
presence of ligands, the d orbitals split into two groups of differing energy (Figure
22.16). The higher-energy pair consists of the dx2 � y2 and dz2 orbitals; the lower-
energy trio is made up of the dxy, dyz, and dxz orbitals.

;
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