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Introduction 
As more and more elements have been discovered, scientists have realized the 
necessity of the organization of discovered elements because certain elements looked 
alike and behaved similarly. In 1869, a Russian chemist, Dimitri Mendelev, arranged 
some of the elements known at that time according to their atomic mass. In addition, 
Mendeleyev left blank spaces in his table for the elements yet to be discovered. He 

correctly predicted chemical and physical properties of some of the missing 
(undiscovered) elements.  

The modern periodic table is based on Mendeleev’s observations and is arranged in 
order of increasing atomic number instead of atomic mass. The periodic table is one of 
the most important inventions for chemists and scientists around the world and gives 

more facts than just elements’ symbols and atomic numbers – it allows you to predict 
the properties of the elements based on their location on the table, rather than 
memorizing facts and figures for each element. Such as elements in the group IA share 
similar properties, they are all metal and will react vigorously with water. Elements in the 
same row have the same number of electron energy levels. 

There are 118 known elements on the periodic table, and around 90 elements on the 
periodic table occur in nature. The rest are made in laboratories. The modern periodic 
table is managed by the International Union of Pure and Applied Chemistry (IUPAC). 
Even though much of the periodic table is stable and will not change, IUPAC reviews 
the periodic table as more and more elements become available and decides what 

needs to be changed.  

An element’s structure is defined by atoms. All elements in the periodic table are made 
up of atoms. The idea of atoms did not become scientific theory until 1808, when John 
Dalton developed an atomic theory. An atom is the smallest part of an element and is 
the basic building blocks of everything we can see around us; but we cannot see atoms 

with the naked eye because the size of an atom is very small. Atoms are formed of even 
smaller particles, and these small particles are called protons, neutrons, and electrons. 
Two of these subatomic particles were discovered because they have electrical 
charges. Protons have a positive charge and electrons have a negative charge. On the 
other hand, neutrons do not have a charge. An atom is formed from two regions: (1) the 

center of the atom called the nucleus, which holds protons and neutrons, and (2) the 
outer region of the center which holds the electrons. The number of protons in the 
nucleus, known as the atomic number, is used to distinguish one element from another. 
Therefore, atoms of different elements have different atomic structures and properties. 

Goal of Lab 3: Periodic Table & Atomic Structure 
The goal of this lab is to discover elements, learn and understand the organization of 
the periodic table, classify elements based on their location, and distinguish elements 
based on their characteristics and relation to our life and health science. This manual 
will assist you to explain the main trends found around the groups and periods, such as 

https://openstax.org/books/chemistry-2e/pages/1-introduction
https://openstax.org/books/chemistry-atoms-first-2e/pages/1-introduction
https://openstax.org/books/astronomy/pages/1-introduction
https://openstax.org/books/anatomy-and-physiology/pages/1-introduction


Lab Manual 3: Periodic Table & Atomic Structure p. 6 

Access OpenStax Chemistry 2e for free at https://openstax.org/books/chemistry-2e/pages/1-introduction  
Access OpenStax Chemistry: Atoms First 2e for free at https://openstax.org/books/chemistry-atoms-first-2e/pages/1-introduction   

Access OpenStax Astronomy for free at https://openstax.org/books/astronomy/pages/1-introduction  

Access OpenStax Anatomy and Physiology for free at https://openstax.org/books/anatomy-and-physiology/pages/1-introduction  

ionization energy, electronegativity, and atomic radius. The concept of an atom, atomic 
structure, subatomic particles, isotopes, atomic mass, atomic number, and electron 
energy levels are part of the learning outcome of this lab, as well. 

Theory and Background: The Periodic Table 

As early chemists worked to purify ores and discovered more elements, they realized 
that various elements could be grouped together by their similar chemical behaviors. 
One such grouping includes lithium (Li), sodium (Na), and potassium (K): These 

elements all are shiny, conduct heat and electricity well, and have similar chemical 
properties. A second grouping includes calcium (Ca), strontium (Sr), and barium (Ba), 
which also are shiny, good conductors of heat and electricity, and have chemical 
properties in common. However, the specific properties of these two groupings are 
notably different from each other. For example: Li, Na, and K are much more reactive 
than are Ca, Sr, and Ba; Li, Na, and K form compounds with oxygen in a ratio of two of 

their atoms to one oxygen atom, whereas Ca, Sr, and Ba form compounds with one of 
their atoms to one oxygen atom. Fluorine (F), chlorine (Cl), bromine (Br), and iodine (I) 
also exhibit similar properties to each other, but these properties are drastically different 
from those of any of the elements above. 

Dimitri Mendeleev in Russia (1869) and Lothar Meyer in Germany (1870) independently 

recognized that there was a periodic relationship among the properties of the elements 
known at that time. Both published tables with the elements arranged according to 
increasing atomic mass. But Mendeleev went one step further than Meyer: He used his 
table to predict the existence of elements that would have the properties like aluminum 
and silicon but were yet unknown. The discoveries of gallium (1875) and germanium 

(1886) provided great support for Mendeleev’s work. Although Mendeleev and Meyer 
had a long dispute over priority, Mendeleev’s contributions to the development of the 
periodic table are now more widely recognized (Figure 3.1).  
 

 
 

Figure 3.1 (a) Dimitri Mendeleev is widely credited with creating (b) the first periodic table of the 

elements. [As cited in Chemistry 2e. Figure 2.25. OpenStax. CC BY. Credit a: modification of work by 

Serge Lachinov; credit b: modification of work by “Den fjättrade ankan”/Wikimedia Commons.]  
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By the twentieth century, it became apparent that the periodic relationship involved 
atomic numbers rather than atomic masses. The modern statement of this relationship, 
the periodic law, is as follows: the properties of the elements are periodic functions of 

their atomic numbers. A modern periodic table arranges the elements in increasing 
order of their atomic numbers and groups atoms with similar properties in the same 
vertical column (Figure 3.2). Each box represents an element and contains its atomic 
number, symbol, average atomic mass, and (sometimes) name. The elements are 
arranged in seven horizontal rows, called periods or series, and 18 vertical columns, 

called groups. Groups are labeled at the top of each column. In the United States, the 
labels traditionally were numerals with capital letters. However, IUPAC recommends  
that the numbers 1 through 18 be used, and these labels are more common. For the 
table to fit on a single page, parts of two of the rows, a total of 14 columns, are usually 
written below the main body of the table. 

 
 

 
 

Figure 3.2 Elements in the periodic table are organized according to their properties. [credit: Chemistry 

2e. Figure 2.26. OpenStax. CC BY.] 
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Many elements differ dramatically in their chemical and physical properties, but some 
elements are similar in their behaviors. For example, many elements appear shiny, are 
malleable (able to be deformed without breaking) and ductile (can be drawn into wires), 

and conduct heat and electricity well. Other elements are not shiny, malleable, or 
ductile, and are poor conductors of heat and electricity. We can sort the elements into 
large classes with common properties: metals (elements that are shiny, malleable, 
good conductors of heat and electricity—shaded yellow); nonmetals (elements that 
appear dull, poor conductors of heat and electricity—shaded green); and metalloids 

(elements that conduct heat and electricity moderately well and possess some 
properties of metals and some properties of nonmetals—shaded purple). 

The elements can also be classified into the main-group elements (or representative 
elements) in the columns labeled 1, 2, and 13–18; the transition metals in the 
columns labeled 3–12; and inner transition metals in the two rows at the bottom of the 

table (the top-row elements are called lanthanides and the bottom-row elements are 
actinides (Figure 3.3). The elements can be subdivided further by more specific 
properties, such as the composition of the compounds they form. For example, the 
elements in group 1 (the first column) form compounds that consist of one atom of the 
element and one atom of hydrogen. These elements (except hydrogen) are known as 

alkali metals, and all have similar chemical properties. The elements in group 2 (the 
second column) form compounds consisting of one atom of the element and two atoms 
of hydrogen; these are called alkaline earth metals, with similar properties among 
members of that group. Other groups with specific names are the pnictogens (group 
15), chalcogens (group 16), halogens (group 17), and the noble gases (group 18, 

also known as inert gases). The groups can also be referred to by the first element of 
the group. For example, the chalcogens can be called the oxygen group or oxygen 
family. Hydrogen is a unique, nonmetallic element with properties like both group 1 and 
group 17 elements. Thus, hydrogen may be shown at the top of both groups or by itself. 
 

 

Figure 3.3 The periodic table organizes elements with similar properties into groups. [credit: Chemistry 
2e. Figure 2.27. OpenStax. CC BY.] 
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In studying the periodic table, you might have noticed something about the atomic 
masses of some of the elements. Element 43 (technetium), element 61 (promethium), 
and most of the elements with atomic number 84 (polonium) and higher have their 

atomic mass given in square brackets. This is done for elements that consist entirely of 
unstable, radioactive isotopes (you will learn more about radioactivity in the nuclear 
chemistry chapter). An average atomic weight cannot be determined for these elements 
because their radioisotopes may vary significantly in relative abundance, depending on 
the source, or may not even exist in nature. The number in square brackets is the 

atomic mass number (an approximate atomic mass) of the most stable isotope of that 
element. 

Representative Elements 

We begin this section by examining the behaviors of representative metals in relation to 

their positions in the periodic table. The primary focus of this section will be the 
application of periodicity to the representative metals. 

It is possible to divide elements into groups according to their electron configurations. 
The representative elements are elements where the s and p orbitals are filling. The 
transition elements are elements where the d orbitals (groups 3–11 on the periodic 

table) are filling, and the inner transition metals are the elements where the f orbitals are 
filling. The d orbitals fill with the elements in group 11; therefore, the elements in group 
12 qualify as representative elements because the last electron enters an s orbital. 
Metals among the representative elements are the representative metals. Metallic 
character results from an element’s ability to lose its outer valence electrons and results 

in high thermal and electrical conductivity, among other physical and chemical 
properties. There are 20 nonradioactive representative metals in groups 1, 2, 3, 12, 13, 
14, and 15 of the periodic table (the elements shaded in yellow in Figure 3.4). The 
radioactive elements copernicium, flerovium, polonium, and livermorium are also metals 
but are beyond the scope of this chapter. 

In addition to the representative metals, some of the representative elements are 

metalloids. A metalloid is an element that has properties that are between those of 
metals and nonmetals; these elements are typically semiconductors. 

The remaining representative elements are nonmetals. Unlike metals, which typically 
form cations and ionic compounds (containing ionic bonds), nonmetals tend to form 
anions or molecular compounds. In general, the combination of a metal and a nonmetal 

produces a salt. A salt is an ionic compound consisting of cations and anions. 
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Figure 3.4 The location of the representative metals is shown in the periodic table. Nonmetals are shown 

in green, metalloids in purple, and the transition metals and inner transition metals in blue. [credit: 

Chemistry 2e. Figure 18.2. OpenStax. CC BY.] 

 
 
Most of the representative metals do not occur naturally in an uncombined state 
because they readily react with water and oxygen in the air. However, it is possible to 
isolate elemental beryllium, magnesium, zinc, cadmium, mercury, aluminum, tin, and 

lead from their naturally occurring minerals and use them because they react very 
slowly with air. Part of the reason why these elements react slowly is that these 
elements react with air to form a protective coating. The formation of this protective 
coating is passivation. The coating is a nonreactive film of oxide or some other 
compound. Elemental magnesium, aluminum, zinc, and tin are important in the 

fabrication of many familiar items, including wire, cookware, foil, and many household 
and personal objects. Although beryllium, cadmium, mercury, and lead are readily 
available, there are limitations in their use because of their toxicity. 
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Group 1: The Alkali Metals 

The alkali metals lithium, sodium, potassium, rubidium, cesium, and francium constitute 
group 1 of the periodic table. Although hydrogen is in group 1 (and also in group 17), it 

is a nonmetal and deserves separate consideration later in this chapter. The name alkali 
metal is in reference to the fact that these metals and their oxides react with water to 
form very basic (alkaline) solutions. 

The properties of the alkali metals are similar to each other as expected for elements in 
the same family. The alkali metals have the largest atomic radii and the lowest first 

ionization energy in their periods. This combination makes it very easy to remove the 
single electron in the outermost (valence) shell of each. The easy loss of this valence 
electron means that these metals readily form stable cations with a charge of 1+. Their 
reactivity increases with increasing atomic number due to the ease of losing the lone 
valence electron (decreasing ionization energy). Since oxidation is so easy, the reverse, 

reduction, is difficult, which explains why it is hard to isolate the elements. The solid 
alkali metals are very soft; lithium, shown in Figure 3.5, has the lowest density of any 
metal (0.5 g/cm3). 

The alkali metals all react vigorously with water to form hydrogen gas and a basic 
solution of the metal hydroxide. This means they are easier to oxidize than is hydrogen. 

As an example, the reaction of lithium with water is: 
 
 

2𝐿𝑖(𝑠) + 2𝐻2𝑂(𝑙) ⟶ 2𝐿𝑖𝑂𝐻(𝑎𝑞) + 𝐻2(𝑔)2𝐿𝑖(𝑠) + 2𝐻2𝑂(𝑙) ⟶ 2𝐿𝑖𝑂𝐻(𝑎𝑞) + 𝐻2(𝑔) 

 

 

 
 

Figure 3.5 Lithium floats in paraffin oil because its density is less than the density of paraffin oil. [credit: 

Chemistry 2e. Figure 18.3. OpenStax. CC BY.] 

 
 
Alkali metals react directly with all the nonmetals (except the noble gases) to yield 
binary ionic compounds containing 1+ metal ions. These metals are so reactive that it is 
necessary to avoid contact with both moisture and oxygen in the air. Therefore, they are 
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stored in sealed containers under mineral oil, as shown in Figure 3.6, to prevent contact 
with air and moisture. The pure metals never exist free (uncombined) in nature due to 
their high reactivity. In addition, this high reactivity makes it necessary to prepare the 

metals by electrolysis of alkali metal compounds. 

 

 
 

Figure 3.6 To prevent contact with air and water, potassium for laboratory use comes as sticks or beads 

stored under kerosene or mineral oil, or in sealed containers. [credit: As cited in Chemistry 2e. Figure 
18.4. OpenStax. CC BY.] 

 

 
Unlike many other metals, the reactivity and softness of the alkali metals make these 
metals unsuitable for structural applications. However, there are applications where the 
reactivity of the alkali metals is an advantage. For example, the production of metals 
such as titanium and zirconium rely, in part, on the ability of sodium to reduce 

compounds of these metals. The manufacture of many organic compounds, including 
certain dyes, drugs, and perfumes, utilizes reduction by lithium or sodium. 

Sodium and its compounds impart a bright yellow color to a flame, as seen in Figure 
3.7. Passing an electrical discharge through sodium vapor also produces this color. In 
both cases, this is an example of an emission spectrum as discussed in the chapter on 
electronic structure. Streetlights sometime employ sodium vapor lights because the 
sodium vapor penetrates fog better than most other light. This is because the fog does 

not scatter yellow light as much as it scatters white light. The other alkali metals and 
their salts also impart color to a flame. Lithium creates a bright, crimson color, whereas 
the others create a pale, violet color. 
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Figure 3.7 Dipping a wire into a solution of a sodium salt and then heating the wire causes emission of a 

bright yellow light, characteristic of sodium. [credit: Chemistry 2e. Figure 18.5. OpenStax. CC BY.] 

 
 

For further learning, the Reaction of Lithium and Water video from the North Carolina 
School of Science and Mathematics demonstrates the reactions of the alkali metals with 
water. 
 

Group 2: The Alkaline Earth Metals 

The alkaline earth metals (beryllium, magnesium, calcium, strontium, barium, and 
radium) constitute group 2 of the periodic table. The name alkaline metal comes from 
the fact that the oxides of the heavier members of the group react with water to form 
alkaline solutions. The nuclear charge increases when going from group 1 to group 2. 
Because of this charge increase, the atoms of the alkaline earth metals are smaller and 

have higher first ionization energies than the alkali metals within the same period. The 
higher ionization energy makes the alkaline earth metals less reactive than the alkali 
metals; however, they are still very reactive elements. Their reactivity increases, as 
expected, with increasing size and decreasing ionization energy. In chemical reactions, 
these metals readily lose both valence electrons to form compounds in which they 

exhibit an oxidation state of 2+. Due to their high reactivity, it is common to produce the 
alkaline earth metals, like the alkali metals, by electrolysis. Even though the ionization 
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energies are low, the two metals with the highest ionization energies (beryllium and 
magnesium) do form compounds that exhibit some covalent characters. Like the alkali 
metals, the heavier alkaline earth metals impart color to a flame. As in the case of the 

alkali metals, this is part of the emission spectrum of these elements. Calcium and 
strontium produce shades of red, whereas barium produces a green color. 
 
Magnesium is a silver-white metal that is malleable and ductile at high temperatures. 
Passivation decreases the reactivity of magnesium metal. Upon exposure to air, a 

tightly adhering layer of magnesium oxycarbonate forms on the surface of the metal and 
inhibits further reaction. (The carbonate comes from the reaction of carbon dioxide in 
the atmosphere.) Magnesium is the lightest of the widely used structural metals, which 
is why most magnesium production is for lightweight alloys. 
 

Magnesium (shown in Figure 3.8), calcium, strontium, and barium react with water and 
air. At room temperature, barium shows the most vigorous reaction. The products of the 
reaction with water are hydrogen and the metal hydroxide. The formation of hydrogen 
gas indicates that the heavier alkaline earth metals are better reducing agents (more 
easily oxidized) than is hydrogen. As expected, these metals react with both acids and 

nonmetals to form ionic compounds. Unlike most salts of the alkali metals, many of the 
common salts of the alkaline earth metals are insoluble in water because of the high 
lattice energies of these compounds, containing a divalent metal ion. 
 
 

 
 

Figure 3.8 From left to right: Mg(s), warm water at pH 7, and the resulting solution with a pH greater than 

7, as indicated by the pink color of the phenolphthalein indicator. [credit: modification of work by Sahar 
Atwa as cited in Chemistry 2e. Figure 18.6. OpenStax. CC BY.] 
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The potent reducing power of hot magnesium is useful in preparing some metals from 
their oxides. Indeed, magnesium’s affinity for oxygen is so great that burning 
magnesium reacts with carbon dioxide, producing elemental carbon: 

 
 

2𝑀𝑔(𝑠) + 𝐶𝑂2(𝑔) ⟶ 2𝑀𝑔𝑂(𝑠) + 𝐶(𝑠)2𝑀𝑔(𝑠) + 𝐶𝑂2(𝑔) ⟶ 2𝑀𝑔𝑂(𝑠) + 𝐶(𝑠) 

 
 
For this reason, a CO2 fire extinguisher will not extinguish a magnesium fire. 
Additionally, the brilliant white light emitted by burning magnesium makes it useful in 

flares and fireworks. 

Group 12 

The elements in group 12 are transition elements; however, the last electron added is 
not a d electron, but an s electron. Since the last electron added is an s electron, these 
elements qualify as representative metals, or post-transition metals. The group 12 
elements behave more like the alkaline earth metals than transition metals. Group 12 
contains the four elements zinc, cadmium, mercury, and copernicium. Each of these 

elements has two electrons in its outer shell (ns2). When atoms of these metals form 
cations with a charge of 2+, where the two outer electrons are lost, they have pseudo-
noble gas electron configurations. Mercury is sometimes an exception because it also 
exhibits an oxidation state of 1+ in compounds that contain a diatomic Hg2

2+ ion. In their 
elemental forms and in compounds, cadmium and mercury are both toxic. 

 
Zinc is the most reactive in group 12, and mercury is the least reactive. (This is the 
reverse of the reactivity trend of the metals of groups 1 and 2, in which reactivity 
increases down a group. The increase in reactivity with increasing atomic number only 
occurs for the metals in groups 1 and 2.) The decreasing reactivity is due to the 

formation of ions with a pseudo-noble gas configuration and to other factors that are 
beyond the scope of this discussion. The chemical behaviors of zinc and cadmium are 
quite similar to each other but differ from that of mercury. 
 
Zinc and cadmium have lower reduction potentials than hydrogen, and, like the alkali 

metals and alkaline earth metals, they will produce hydrogen gas when they react with 
acids. The reaction of zinc with hydrochloric acid, shown in Figure 3.9, is: 
 
 

𝑍𝑛(𝑠) + 2𝐻3𝑂+(𝑎𝑞) + 2𝐶𝑙−(𝑎𝑞) ⟶ 𝐻2(𝑔) + 𝑍𝑛2+(𝑎𝑞) + 2𝐶𝑙−(𝑎𝑞) + 2𝐻2𝑂(𝑙) 
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Figure 3.9 Zinc is an active metal. It dissolves in hydrochloric acid, forming a solution of colorless 

Zn2+ ions, Cl– ions, and hydrogen gas. [credit: Chemistry 2e. Figure 18.7. OpenStax. CC BY.] 

 
 

Zinc is a silvery metal that quickly tarnishes to a blue-gray appearance. This change in 
color is due to an adherent coating of a basic carbonate, Zn2(OH)2CO3, which 
passivates the metal to inhibit further corrosion. Dry cell and alkaline batteries contain a 
zinc anode. Brass (Cu and Zn) and some bronze (Cu, Sn, and sometimes Zn) are 
important zinc alloys. About half of zinc production serves to protect iron and other 

metals from corrosion. This protection may take the form of a sacrificial anode (also 
known as a galvanic anode, which is a means of providing cathodic protection for 
various metals) or as a thin coating on the protected metal. Galvanized steel is steel 
with a protective coating of zinc. 
 

Mercury is very different from zinc and cadmium. Mercury is the only metal that is liquid 
at 25 °C. Many metals dissolve in mercury, forming solutions called amalgams (see the 
feature on Amalgams), which are alloys of mercury with one or more other metals. 
Mercury, shown in Figure 3.10, is a nonreactive element that is more difficult to oxidize 
than hydrogen. Thus, it does not displace hydrogen from acids; however, it will react 

with strong oxidizing acids, such as nitric acid: 
 
 

𝐻𝑔(𝑙) + 𝐻𝐶𝑙(𝑎𝑞) ⟶ 𝑛𝑜 𝑟𝑒𝑎𝑐𝑡𝑖𝑜𝑛𝐻𝑔(𝑙) + 𝐻𝐶𝑙(𝑎𝑞) ⟶ 𝑛𝑜 𝑟𝑒𝑎𝑐𝑡𝑖𝑜𝑛 

 

3𝐻𝑔(𝑙) + 8𝐻𝑁𝑂3(𝑎𝑞) ⟶ 3𝐻𝑔(𝑁𝑂3)2(𝑎𝑞) + 4𝐻2𝑂(𝑙) + 2𝑁𝑂(𝑔) 

 
 
The clear NO initially formed quickly undergoes further oxidation to the reddish brown 
NO2. 
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Figure 3.10 From left to right: Hg(l), Hg+ concentrated HCl, Hg+ concentrated HNO3. [credit: Sahar Atwa 

as cited in Chemistry 2e. Figure 18.8. OpenStax. CC BY.] 

 
 
Most mercury compounds decompose when heated. Most mercury compounds contain 

mercury with a 2+-oxidation state. When there is a large excess of mercury, it is 
possible to form compounds containing the Hg2

2+ ion. All mercury compounds are toxic, 
and it is necessary to exercise great care in their synthesis. 

Group 13 

Group 13 contains the metalloid boron and the metals aluminum, gallium, indium, and 
thallium. The lightest element, boron, is semiconducting, and its binary compounds tend 

to be covalent and not ionic. The remaining elements of the group are metals, but their 
oxides and hydroxides change characters. The oxides and hydroxides of aluminum and 
gallium exhibit both acidic and basic behaviors. A substance, such as these two, that 
will react with both acids and bases is amphoteric. This characteristic illustrates the 
combination of nonmetallic and metallic behaviors of these two elements. Indium and 

thallium oxides and hydroxides exhibit only basic behavior, in accordance with the 
clearly metallic character of these two elements. The melting point of gallium is 
unusually low (about 30 °C) and will melt in your hand. 
 
Aluminum is amphoteric because it will react with both acids and bases. A typical 

reaction with an acid is: 
 
 

2𝐴𝑙(𝑠) + 6𝐻𝐶𝑙(𝑎𝑞) ⟶ 2𝐴𝑙𝐶𝑙3(𝑎𝑞) + 3𝐻2(𝑔)2𝐴𝑙(𝑠) + 6𝐻𝐶𝑙(𝑎𝑞) ⟶ 2𝐴𝑙𝐶𝑙3(𝑎𝑞) + 3𝐻2(𝑔) 
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The products of the reaction of aluminum with a base depend upon the reaction 
conditions, with the following being one possibility: 
 
 

2𝐴𝑙(𝑠) + 2𝑁𝑎𝑂𝐻(𝑎𝑞) + 6𝐻2𝑂(𝑙) ⟶ 2𝑁𝑎[𝐴𝑙(𝑂𝐻)4](𝑎𝑞) + 3𝐻2(𝑔) 

 
 
With both acids and bases, the reaction with aluminum generates hydrogen gas. 

The group 13 elements have a valence shell electron configuration of ns2np1. Aluminum 
normally uses all of its valence electrons when it reacts, giving compounds in which, it 
has an oxidation state of 3+. Although many of these compounds are covalent, others, 
such as AlF3 and Al2(SO4)3, are ionic. Aqueous solutions of aluminum salts contain the 

cation [𝐴𝑙(𝐻2𝑂)6]3+ , abbreviated as Al3+(aq). Gallium, indium, and thallium also form 
ionic compounds containing M3+ ions. These three elements exhibit not only the 
expected oxidation state of 3+ from the three valence electrons but also an oxidation 
state (in this case, 1+) that is two below the expected value. This phenomenon, the inert 
pair effect, refers to the formation of a stable ion with an oxidation state two lower than 

expected for the group. The pair of electrons is the valence s orbital for those elements. 
In general, the inert pair effect is important for the lower p-block elements. In an 
aqueous solution, the Tl+(aq) ion is more stable than is Tl3+(aq). In general, these 
metals will react with air and water to form 3+ ions; however, thallium reacts to give 
thallium(I) derivatives. The metals of group 13 all react directly with nonmetals such as 

sulfur, phosphorus, and the halogens, forming binary compounds. 

The metals of group 13 (Al, Ga, In, and Tl) are all reactive. However, passivation occurs 

as a tough, hard, thin film of the metal oxide forms upon exposure to air. Disruption of 
this film may counter the passivation, allowing the metal to react. One way to disrupt the 
film is to expose the passivated metal to mercury. Some of the metal dissolves in the 
mercury to form an amalgam, which sheds the protective oxide layer to expose the 
metal to further reaction. The formation of an amalgam allows the metal to react with air 

and water. 
 
Although easily oxidized, the passivation of aluminum makes it very useful as a strong, 
lightweight building material. Because of the formation of an amalgam, mercury is 
corrosive to structural materials made of aluminum. The Mercury attacks Aluminum 

video from Theodore Gray demonstrates how the integrity of an aluminum beam can be 
destroyed by the addition of a small amount of elemental mercury. 
 
The most important uses of aluminum are in the construction and transportation 
industries, and in the manufacture of aluminum cans and aluminum foil. These uses 

depend on the lightness, toughness, and strength of the metal, as well as its resistance 
to corrosion. Because aluminum is an excellent conductor of heat and resists corrosion, 
it is useful in the manufacture of cooking utensils. 
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Aluminum is a very good reducing agent and may replace other reducing agents in the 
isolation of certain metals from their oxides. Although more expensive than reduction by 
carbon, aluminum is important in the isolation of Mo, W, and Cr from their oxides. 

Group 14 

The metallic members of group 14 are tin, lead, and flerovium. Carbon is a typical 

nonmetal. The remaining elements of the group, silicon and germanium, are examples 
of semimetals or metalloids. Tin and lead form the stable divalent cations, Sn2+ and 
Pb2+, with oxidation states two below the group oxidation state of 4+. The stability of this 
oxidation state is a consequence of the inert pair effect. Tin and lead also form covalent 
compounds with a formal 4+-oxidation state. For example, SnCl4 and PbCl4 are low-

boiling covalent liquids. 
 
Tin reacts readily with nonmetals and acids to form tin(II) compounds (indicating that it 
is more easily oxidized than hydrogen) and with nonmetals to form either tin(II) or tin(IV) 
compounds (see Figure 3.11), depending on the stoichiometry and reaction conditions. 

Lead is less reactive. It is only slightly easier to oxidize than hydrogen, and oxidation 
normally requires a hot concentrated acid. 
 
 

 
 

Figure 3.11 (a) Tin(II) chloride is an ionic solid; (b) tin(IV) chloride is a covalent liquid. [credit: Chemistry 

2e. Figure 18.9. OpenStax. CC BY.] 

 
 
Many of these elements exist as allotropes. Allotropes are two or more forms of the 
same element in the same physical state with different chemical and physical 
properties. There are two common allotropes of tin. These allotropes are grey (brittle) tin 

and white tin. As with other allotropes, the difference between these forms of tin is in the 
arrangement of the atoms. White tin is stable above 13.2 °C and is malleable like other 
metals. At low temperatures, gray tin is the more stable form. Gray tin is brittle and 
tends to break down to a powder. Consequently, articles made of tin will disintegrate in 
cold weather, particularly if the cold spell is lengthy. The change progresses slowly from  
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the spot of origin, and the gray tin that is first formed catalyzes further change. In a way, 
this effect is similar to the spread of an infection in a plant or animal body, leading 
people to call this process tin disease or tin pest. 

 
The principal use of tin is in the coating of steel to form tin plate-sheet iron, which 
constitutes the tin in tin cans. Important tin alloys are bronze (Cu and Sn) and solder 
(Sn and Pb). Lead is important in the lead storage batteries in automobiles. 

Group 15 

Bismuth, the heaviest member of group 15, is a less reactive metal than the other 
representative metals. It readily gives up three of its five valence electrons to active 

nonmetals to form the tri-positive ion, Bi3+. It forms compounds with the group oxidation 
state of 5+ only when treated with strong oxidizing agents. The stability of the 3+-
oxidation state is another example of the inert pair effect. 

A series of six elements called the metalloids separate the metals from the nonmetals in 
the periodic table. The metalloids are boron, silicon, germanium, arsenic, antimony, and 

tellurium. These elements look metallic; however, they do not conduct electricity as well 
as metals so they are semiconductors. They are semiconductors because their 
electrons are more tightly bound to their nuclei than are those of metallic conductors. 
Their chemical behavior falls between that of metals and nonmetals. For example, the 
pure metalloids form covalent crystals like the nonmetals, but like the metals, they 

generally do not form monatomic anions. This intermediate behavior is in part due to 
their intermediate electronegativity values. In this section, we will briefly discuss the 
chemical behavior of metalloids and deal with two of these elements—boron and 
silicon—in more detail. 

The metalloid boron exhibits many similarities to its neighbor carbon and its diagonal 

neighbor silicon. All three elements form covalent compounds. However, boron has one 
distinct difference in that its 2s22p1 outer electron structure gives it one less valence 
electron than it has valence orbitals. Although boron exhibits an oxidation state of 3+ in 
most of its stable compounds, this electron deficiency provides boron with the ability to 
form other, sometimes fractional, oxidation states, which occur, for example, in the 

boron hydrides. 

Silicon has the valence shell electron configuration 3s23p2, and it commonly forms 
tetrahedral structures in which it is sp3 hybridized with a formal oxidation state of 4+. 
The major differences between the chemistry of carbon and silicon result from the 
relative strength of the carbon-carbon bond, carbon’s ability to form stable bonds to 

itself, and the presence of the empty 3d valence-shell orbitals in silicon. Silicon’s empty 
d orbitals and boron’s empty p orbital enable tetrahedral silicon compounds and trigonal 
planar boron compounds to act as Lewis acids. Carbon, on the other hand, has no 
available valence shell orbitals; tetrahedral carbon compounds cannot act as Lewis 
acids. Germanium is very similar to silicon in its chemical behavior. 
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Arsenic and antimony generally form compounds in which an oxidation state of 3+ or 5+ 
is exhibited. However, arsenic can form arsenides with an oxidation state of 3-. These 
elements tarnish only slightly in dry air but readily oxidize when warmed. 

Tellurium combines directly with most elements. The most stable tellurium compounds 
are the tellurides—salts of Te2− formed with active metals and lanthanides—and 
compounds with oxygen, fluorine, and chlorine, in which tellurium normally exhibits an 
oxidation state 2+ or 4+. Although tellurium (VI) compounds are known (for example, 
TeF6), there is a marked resistance to oxidation to this maximum group oxidation state. 

Structures of the Metalloids 

Covalent bonding is the key to the crystal structures of the metalloids. In this regard, 
these elements resemble nonmetals in their behavior. 

Elemental silicon, germanium, arsenic, antimony, and tellurium are lustrous, metallic-

looking solids. Silicon and germanium crystallize with a diamond structure. Each atom 
within the crystal has covalent bonds to four neighboring atoms at the corners of a 
regular tetrahedron. Single crystals of silicon and germanium are giant, three-
dimensional molecules. There are several allotropes of arsenic with the most stable 
being layer like and containing puckered sheets of arsenic atoms. Each arsenic atom 

forms covalent bonds to three other atoms within the sheet. The crystal structure of 
antimony is similar to that of arsenic, both shown in Figure 3.12. The structures of 
arsenic and antimony are similar to the structure of graphite, covered later in this 
chapter. Tellurium forms crystals that contain infinite spiral chains of tellurium atoms. 
Each atom in the chain bonds to two other atoms. 

The Face Centered Cubic Structure (diamond) video is available for deeper learning of 
crystalline structure.  
 

 
 
Figure 3.12 (a) Arsenic and (b) antimony have a layered structure similar to that of (c) graphite, except 

that the layers are puckered rather than planar. (d) Elemental tellurium forms spiral chains. [credit: 

Chemistry 2e. Figure 18.12. OpenStax. CC BY.] 
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Pure crystalline boron is transparent. The crystals consist of icosahedra, as shown in 
Figure 3.13, with a boron atom at each corner. In the most common form of boron, the 
icosahedra pack together in a manner similar to the cubic closest packing of spheres. 

All boron-boron bonds within each icosahedron are identical and are approximately 176 
pm in length. In the different forms of boron, there are different arrangements and 
connections between the icosahedra. 
 
 

 
 

Figure 3.13 An icosahedron is a symmetrical, solid shape with 20 faces, each of which is an equilateral 

triangle. The faces meet at 12 corners. [credit: Chemistry 2e. Figure 18.13. OpenStax. CC BY.] 

 
 
The name silicon is derived from the Latin word for flint, silex. The metalloid silicon 

readily forms compounds containing Si-O-Si bonds, which are of prime importance in 
the mineral world. This bonding capability is in contrast to the nonmetal carbon, whose 
ability to form carbon-carbon bonds gives it prime importance in the plant and animal 
worlds. 

Transition metals are defined as those elements that have (or readily form) partially 
filled d orbitals. As shown in Figure 3.14, the d-block elements in groups 3–11 are 

transition elements. The f-block elements, also called inner transition metals (the 
lanthanides and actinides), also meet this criterion because the d orbital is partially 
occupied before the f orbitals. The d orbitals fill with the copper family (group 11); for 
this reason, the next family (group 12) are technically not transition elements. However, 
the group 12 elements do display some of the same chemical properties and are 

commonly included in discussions of transition metals. Some chemists do treat the 
group 12 elements as transition metals. 
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Figure 3.14 The transition metals are located in groups 3–11 of the periodic table. The inner transition 

metals are in the two rows below the body of the table. [credit: Chemistry 2e. Figure 19.2. OpenStax. CC 

BY.] 

 
 
The d-block elements are divided into the first transition series (the elements Sc 

through Cu), the second transition series (the elements Y through Ag), and the third 
transition series (the element La and the elements Hf through Au). Actinium, Ac, is the 
first member of the fourth transition series, which also includes Rf through Rg. 

The f-block elements are the elements Ce through Lu, which constitute the lanthanide 
series (or lanthanoid series), and the elements Th through Lr, which constitute 
the actinide series (or actinoid series). Because lanthanum behaves very much like 

the lanthanide elements, it is considered a lanthanide element, even though its electron 
configuration makes it the first member of the third transition series. Similarly, the 
behavior of actinium means it is part of the actinide series, although its electron 
configuration makes it the first member of the fourth transition series. 
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The transition elements have many properties in common with other metals. They are 
almost all hard, high-melting solids that conduct heat and electricity well. They readily 
form alloys and lose electrons to form stable cations. In addition, transition metals form 

a wide variety of stable coordination compounds, in which the central metal atom or 
ion acts as a Lewis acid and accepts one or more pairs of electrons. Many different 
molecules and ions can donate lone pairs to the metal center, serving as Lewis bases. 
In this chapter, we shall focus primarily on the chemical behavior of the elements of the 
first transition series. 

Properties of the Transition Elements  

Transition metals demonstrate a wide range of chemical behaviors. As can be seen 
from their reduction potentials, some transition metals are strong reducing agents, 
whereas others have very low reactivity. For example, the lanthanides all form stable 3+ 

aqueous cations. The driving force for such oxidations is similar to that of alkaline earth 
metals such as Be or Mg, forming Be2+ and Mg2+. On the other hand, materials like 
platinum and gold have much higher reduction potentials. Their ability to resist oxidation 
makes them useful materials for constructing circuits and jewelry. 

Ions of the lighter d-block elements, such as Cr3+, Fe3+, and Co2+, form colorful hydrated 
ions that are stable in water. However, ions in the period just below these (Mo3+, Ru3+, 
and Ir2+) are unstable and react readily with oxygen from the air. The majority of simple, 

water-stable ions formed by the heavier d-block elements are oxyanions such 
as MoO4

2− and ReO4
−. 

Ruthenium, osmium, rhodium, iridium, palladium, and platinum are the platinum 
metals. With difficulty, they form simple cations that are stable in water, and, unlike the 
earlier elements in the second and third transition series, they do not form stable 
oxyanions. 
 

Both the d- and f-block elements react with nonmetals to form binary compounds; 
heating is often required. These elements react with halogens to form a variety of 
halides ranging in oxidation state from 1+ to 6+. On heating, oxygen reacts with all of 
the transition elements except palladium, platinum, silver, and gold. The oxides of these 
latter metals can be formed using other reactants, but they decompose upon heating. 

The f-block elements, the elements of group 3, and the elements of the first transition 
series except copper react with aqueous solutions of acids, forming hydrogen gas and 
solutions of the corresponding salts. 
 
Transition metals can form compounds with a wide range of oxidation states. Some of 

the observed oxidation states of the elements of the first transition series are shown in 
Figure 3.15. As we move from left to right across the first transition series, we see that 
the number of common oxidation states increases at first to a maximum towards the 
middle of the table, then decreases. The values in the table are typical values; there are 
other known values, and it is possible to synthesize new additions. For example, in 

2014, researchers were successful in synthesizing a new oxidation state of iridium (9+). 
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Figure 3.15 Transition metals of the first transition series can form compounds with varying oxidation 

states. [credit: Chemistry 2e. Figure 19.4. OpenStax. CC BY.] 

 
 
For the elements scandium through manganese (the first half of the first transition 
series), the highest oxidation state corresponds to the loss of all of the electrons in both 

the s and d orbitals of their valence shells. The titanium (IV) ion, for example, is formed 
when the titanium atom loses its two 3d and two 4s electrons. These highest oxidation 
states are the most stable forms of scandium, titanium, and vanadium. However, it is 
not possible to continue to remove all of the valence electrons from metals as we 
continue through the series. Iron is known to form oxidation states from 2+ to 6+, with 

iron(II) and iron(III) being the most common. Most of the elements of the first transition 
series form ions with a charge of 2+ or 3+ that are stable in water, although those of the 
early members of the series can be readily oxidized by air. 
 
The elements of the second and third transition series generally are more stable in 

higher oxidation states than are the elements of the first series. In general, the atomic 
radius increases down a group, which leads to the ions of the second and third series 
being larger than are those in the first series. Removing electrons from orbitals that are 
located farther from the nucleus is easier than removing electrons close to the nucleus. 
For example, molybdenum and tungsten, members of group 6, are limited mostly to an 

oxidation state of 6+ in aqueous solution. Chromium, the lightest member of the group, 
forms stable Cr3+ ions in water and, in the absence of air, less stable Cr2+ ions. The 
sulfide with the highest oxidation state for chromium is Cr2S3, which contains the 
Cr3+ ion. Molybdenum and tungsten form sulfides in which the metals exhibit oxidation 
states of 4+ and 6+. 

 
The nonmetals are elements located in the upper right portion of the periodic table. 
Their properties and behavior are quite different from those of metals on the left side. 
Under normal conditions, more than half of the nonmetals are gases, one is a liquid, 
and the rest include some of the softest and hardest of solids. The nonmetals exhibit a 

rich variety of chemical behaviors. They include the most reactive and least reactive of 
elements, and they form many different ionic and covalent compounds. This section 
presents an overview of the properties and chemical behaviors of the nonmetals, as 
well as the chemistry of specific elements. Many of these nonmetals are important in 
biological systems. 
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Structures of the Nonmetals 

The structures of the nonmetals differ dramatically from those of metals. Metals 

crystallize in closely packed arrays that do not contain molecules or covalent bonds. 
Nonmetal structures contain covalent bonds, and many nonmetals consist of individual 
molecules. The electrons in nonmetals are localized in covalent bonds, whereas in a 
metal, there is delocalization of the electrons throughout the solid. 

The noble gases are all monatomic, whereas the other nonmetal gases—hydrogen, 

nitrogen, oxygen, fluorine, and chlorine—normally exist as the diatomic molecules H2, 
N2, O2, F2, and Cl2. The other halogens are also diatomic; Br2 is a liquid and I2 exists as 
a solid under normal conditions. The changes in state as one moves down the halogen 
family offer excellent examples of the increasing strength of intermolecular London 
forces with increasing molecular mass and increasing polarizability. 

Oxygen has two allotropes: O2, dioxygen, and O3, ozone. Phosphorus has three 
common allotropes, commonly referred to by their colors: white, red, and black. Sulfur 
has several allotropes. There are also many carbon allotropes. Most people know of 
diamond, graphite, and charcoal, but fewer people know of the recent discovery of 
fullerenes, carbon nanotubes, and graphene. Descriptions of the physical properties of 

three nonmetals that are characteristic of molecular solids follow. 

Carbon 

Carbon occurs in the uncombined (elemental) state in many forms, such as diamond, 
graphite, charcoal, coke, carbon black, graphene, and fullerene. Diamond, shown in 
Figure 3.16, is a very hard crystalline material that is colorless and transparent when 
pure. Each atom forms four single bonds to four other atoms at the corners of a 
tetrahedron (sp3 hybridization); this makes the diamond a giant molecule. Carbon-

carbon single bonds are very strong, and, because they extend throughout the crystal to 
form a three-dimensional network, the crystals are very hard and have high melting 
points (~4400 °C). 

 

 
Figure 3.16 (a) Diamond and (b) graphite are two forms of carbon. (c) In the crystal structure of diamond, 
the covalent bonds form three-dimensional tetrahedrons. (d) In the crystal structure of graphite, each 

planar layer is composed of six-membered rings. [As cited in Chemistry 2e. Figure 18.20. OpenStax. CC 

BY.Credit a: modification of work by “Fancy Diamonds”/Flickr; credit b: modification of work from  

http://images-of-elements.com/carbon.php.]  
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Graphite, also shown in Figure 3.16, is a soft, slippery, grayish-black solid that conducts 
electricity. These properties relate to its structure, which consists of layers of carbon 
atoms, with each atom surrounded by three other carbon atoms in a trigonal planar 

arrangement. Each carbon atom in graphite forms three σ bonds, one to each of its 
nearest neighbors, by means of sp2-hybrid orbitals. The unhybridized p orbital on each 
carbon atom will overlap unhybridized orbitals on adjacent carbon atoms in the same 
layer to form π bonds. Many resonance forms are necessary to describe the electronic 
structure of a graphite layer; Figure 3.17 illustrates two of these forms. 

 
 

 
 

Figure 3.17 (a) Carbon atoms in graphite have unhybridized p orbitals. Each p orbital is perpendicular to 
the plane of carbon atoms. (b) These are two of the many resonance forms of graphite necessary to 

describe its electronic structure as a resonance hybrid. [credit: Chemistry 2e. Figure 18.21. OpenStax. CC 

BY.] 

 
 
Atoms within a graphite layer are bonded together tightly by the σ and π bonds; 

however, the forces between layers are weak. London dispersion forces hold the layers 
together. To learn more, see the discussion of these weak forces in the chapter on 
liquids and solids. The weak forces between layers give graphite the soft, flaky 
character that makes it useful as the so-called “lead” in pencils and the slippery 
character that makes it useful as a lubricant. The loosely held electrons in the 

resonating π bonds can move throughout the solid and are responsible for the electrical 
conductivity of graphite. 

Other forms of elemental carbon include carbon black, charcoal, and coke. Carbon 
black is an amorphous form of carbon prepared by the incomplete combustion of natural 
gas, CH4. It is possible to produce charcoal and coke by heating wood and coal, 

respectively, at high temperatures in the absence of air. 

Recently, new forms of elemental carbon molecules have been identified in the soot 
generated by a smoky flame and in the vapor produced when graphite is heated to very 
high temperatures in a vacuum or in helium. One of these new forms, first isolated by 
Professor Richard Smalley and coworkers at Rice University, consists of icosahedral  
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(soccer-ball-shaped) molecules that contain 60 carbon atoms, C60. This is 
buckminsterfullerene (often called bucky balls) after the architect Buckminster Fuller, 
who designed domed structures, which have a similar appearance (see Figure 3.18).   

 

 
 

Figure 3.18 The molecular structure of C60, buckminsterfullerene, is icosahedral. [credit: Chemistry 2e. 
Figure 18.22. OpenStax. CC BY.] 

 

Phosphorus 

The name phosphorus comes from the Greek words meaning light bringing. When 
phosphorus was first isolated, scientists noted that it glowed in the dark and burned 

when exposed to air. Phosphorus is the only member of its group that does not occur in 
the uncombined state in nature; it exists in many allotropic forms. We will consider two 
of those forms: white phosphorus and red phosphorus. 

White phosphorus is a white, waxy solid that melts at 44.2 °C and boils at 280 °C. It is 
insoluble in water (in which it is stored—see Figure 3.19, is very soluble in carbon 

disulfide, and bursts into flame in air. As a solid, as a liquid, as a gas, and in solution, 
white phosphorus exists as P4 molecules with four phosphorus atoms at the corners of 
a regular tetrahedron, as illustrated in Figure 3.19. Each phosphorus atom covalently 
bonds to the other three atoms in the molecule by single covalent bonds. White 
phosphorus is the most reactive allotrope and is very toxic. 
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Figure 3.19 (a) Because white phosphorus bursts into flame in air, it is stored in water. (b) The structure 

of white phosphorus consists of P4 molecules arranged in a tetrahedron. (c) Red phosphorus is much less 

reactive than is white phosphorus. (d) The structure of red phosphorus consists of networks of P4 

tetrahedra joined by P-P single bonds. [As cited in Chemistry 2e. Figure 18.24. OpenStax. CC BY. Credit 

a: modification of work from http://images-of-elements.com/phosphorus.php.] 

 
 
Heating white phosphorus to 270–300 °C in the absence of air yields red phosphorus. 
Red phosphorus (shown in Figure 3.19) is denser, has a higher melting point (~600 °C), 
is much less reactive, is essentially nontoxic, and is easier and safer to handle than is 

white phosphorus. Its structure is highly polymeric and appears to contain three-
dimensional networks of P4 tetrahedra joined by P-P single bonds. Red phosphorus is 
insoluble in solvents that dissolve white phosphorus. When red phosphorus is heated, 
P4 molecules sublime from the solid. 

Sulfur 

The allotropy of sulfur is far greater and more complex than that of any other element. 
Sulfur is the brimstone referred to in the Bible and other places, and references to sulfur 
occur throughout recorded history—right up to the relatively recent discovery that it is a 

component of the atmospheres of Venus and of Io, a moon of Jupiter. The most 
common and most stable allotrope of sulfur is yellow, rhombic sulfur, so named 
because of the shape of its crystals. Rhombic sulfur is the form to which all other 
allotropes revert at room temperature. Crystals of rhombic sulfur melt at 113 °C. Cooling 
this liquid gives long needles of monoclinic sulfur. This form is stable from 96 °C to the 

melting point, 119 °C. At room temperature, it gradually reverts to the rhombic form. 

Both rhombic sulfur and monoclinic sulfur contain S8 molecules in which atoms form 
eight-membered, puckered rings that resemble crowns, as illustrated in Figure 3.20. 
Each sulfur atom is bonded to each of its two neighbors in the ring by covalent S-S 
single bonds. 
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Figure 3.20 These four sulfur allotropes show eight-membered, puckered rings. Each sulfur atom bonds 
to each of its two neighbors in the ring by covalent S-S single bonds. Here are (a) individual S8 rings, (b) 

S8 chains formed when the rings open, (c) longer chains formed by adding sulfur atoms to S8 chains, and 

(d) part of the very long sulfur chains formed at higher temperatures. [credit: Chemistry 2e. Figure 18.25. 

OpenStax. CC BY.] 

 
 
When rhombic sulfur melts, the straw-colored liquid is quite mobile; its viscosity is low 

because S8 molecules are essentially spherical and offer relatively little resistance as 
they move past each other. As the temperature rises, S-S bonds in the rings break, and 
polymeric chains of sulfur atoms result. These chains combine end to end, forming still 
longer chains that tangle with one another. The liquid gradually darkens in color and 
becomes so viscous that finally (at about 230 °C) it does not pour easily. The dangling 

atoms at the ends of the chains of sulfur atoms are responsible for the dark red color 
because their electronic structure differs from those of sulfur atoms that have bonds to 
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two adjacent sulfur atoms. This causes them to absorb light differently and results in a 
different visible color. Cooling the liquid rapidly produces a rubberlike amorphous mass, 
called plastic sulfur. Sulfur boils at 445 °C and forms a vapor consisting of S2, S6, and 

S8 molecules; at about 1000 °C, the vapor density corresponds to the formula S2, which 
is a paramagnetic molecule like O2 with a similar electronic structure and a weak sulfur-
sulfur double bond. 

As seen in this discussion, an important feature of the structural behavior of the 
nonmetals is that the elements usually occur with eight electrons in their valence shells. 

If necessary, the elements form enough covalent bonds to supplement the electrons 
already present to possess an octet. For example, members of group 15 have five 
valence electrons and require only three additional electrons to fill their valence shells. 
These elements form three covalent bonds in their free state: triple bonds in the N2 
molecule or single bonds to three different atoms in arsenic and phosphorus. The 

elements of group 16 require only two additional electrons. Oxygen forms a double 
bond in the O2 molecule, and sulfur, selenium, and tellurium form two single bonds in 
various rings and chains. The halogens form diatomic molecules in which each atom is 
involved in only one bond. This provides the electron required necessary to complete 
the octet on the halogen atom. The noble gases do not form covalent bonds to other 

noble gas atoms because they already have a filled outer shell.  

Periodic Trends  

Electronegativity  

Whether a bond is nonpolar or polar covalent is determined by a property of the bonding 
atoms called electronegativity. Electronegativity is a measure of the tendency of an 
atom to attract electrons (or electron density) towards itself. It determines how the 
shared electrons are distributed between the two atoms in a bond. The more strongly an 
atom attracts the electrons in its bonds, the larger its electronegativity. Electrons in a 

polar covalent bond are shifted toward the more electronegative atom; thus, the more 
electronegative atom is the one with the partial negative charge. The greater the 
difference in electronegativity, the more polarized the electron distribution and the larger 
the partial charges of the atoms. 

Figure 3.21 shows the electronegativity values of the elements as proposed by one of 

the most famous chemists of the twentieth century. In general, electronegativity 
increases from left to right across a period in the periodic table and decreases down a 
group. Thus, the nonmetals, which lie in the upper right, tend to have the highest 
electronegativities, with fluorine the most electronegative element of all (EN = 4.0). 
Metals tend to be less electronegative elements, and the group 1 metals have the 

lowest electronegativities. Note that noble gases are excluded from this figure because 
these atoms usually do not share electrons with other atoms since they have a full 
valence shell. While noble gas compounds such as XeO2 do exist, they can only be 
formed under extreme conditions, and thus they do not fit neatly into the general model 
of electronegativity. 
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Figure 3.21 The electronegativity values derived by Pauling follow predictable periodic trends, with the 
higher electronegativities toward the upper right of the periodic table. [credit: Chemistry 2e. Figure 7.6. 

OpenStax. CC BY.] 

 

Variation in Covalent Radius 

The quantum mechanical picture makes it difficult to establish a definite size of an atom. 
However, there are several practical ways to define the radius of atoms and, thus, to 
determine their relative sizes that give roughly similar values. We will use the covalent 

radius (see Figure 3.22), which is defined as one-half the distance between the nuclei 
of two identical atoms when they are joined by a covalent bond (this measurement is 
possible because atoms within molecules still retain much of their atomic identity). We 
know that as we scan down a group, the principal quantum number, n, increases by one 
for each element. Thus, the electrons are being added to a region of space that is 

increasingly distant from the nucleus. Consequently, the size of the atom (and its 
covalent radius) must increase as we increase the distance of the outermost electrons 
from the nucleus.  
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Figure 3.22 (a) The radius of an atom is defined as one-half the distance between the nuclei in a 

molecule consisting of two identical atoms joined by a covalent bond. The a tomic radius for the halogens 

increases down the group as n increases. (b) Covalent radii of the elements are shown to scale. The 

general trend is that radii increase down a group and decrease across a period. [credit: Chemistry 2e. 

Figure 6.30. OpenStax. CC BY.] 

 

This trend is illustrated for the covalent radii of the halogens in Table 3.1 and Figure 
3.22. The trends for the entire periodic table can be seen in Figure 3.22.  
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Table 3.1 Covalent Radii of the Halogen Group Elements  

 

Atom Covalent radius (pm) Nuclear charge 

F 64 +9 

Cl 99 +17 

Br 114 +35 

I 133 +53 

At 148 +85 

[credit: Chemistry 2e. Table 6.2. OpenStax. CC BY.] 

 

As we move across a period from left to right, we generally find that each element has a 

smaller covalent radius than the element preceding it. This might seem counterintuitive 
because it implies that atoms with more electrons have a smaller atomic radius. This 
can be explained with the concept of effective nuclear charge, Zeff. This is the pull 
exerted on a specific electron by the nucleus, taking into account any electron–electron 
repulsions. For hydrogen, there is only one electron and so the nuclear charge (Z) and 

the effective nuclear charge (Zeff) are equal. For all other atoms, the inner electrons 
partially shield the outer electrons from the pull of the nucleus, and thus: 
 

𝑍𝑒𝑓𝑓 = 𝑍 − 𝑠ℎ𝑖𝑒𝑙𝑑𝑖𝑛𝑔 

Shielding is determined by the probability of another electron being between the 
electron of interest and the nucleus, as well as by the electron–electron repulsions the 

electron of interest encounters. Core electrons are adept at shielding, while electrons in 
the same valence shell do not block the nuclear attraction experienced by each other as 
efficiently. Thus, each time we move from one element to the next across a period, Z 
increases by one, but the shielding increases only slightly. Thus, Zeff increases as we 
move from left to right across a period. The stronger pull (higher effective nuclear 

charge) experienced by electrons on the right side of the periodic table draws them 
closer to the nucleus, making the covalent radii smaller. Thus, as we would expect, the 
outermost or valence electrons are easiest to remove because they have the highest 
energies, are shielded more, and are farthest from the nucleus.  

Variation in Ionic Radii 

Ionic radius is the measure used to describe the size of an ion. A cation always has 
fewer electrons and the same number of protons as the parent atom; it is smaller than 
the atom from which it is derived (see Figure 3.23). For example, the covalent radius of  
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an aluminum atom is 118 pm, whereas the ionic radius of an Al3+ is 68 pm. As electrons 
are removed from the outer valence shell, the remaining core electrons occupying 
smaller shells experience a greater effective nuclear charge Zeff (as discussed) and are 

drawn even closer to the nucleus. 
 
 

 
Figure 3.23 The radius for a cation is smaller than the parent atom (Al), due to the lost electrons; the 

radius for an anion is larger than the parent (S), due to the gained electrons. [credit: Chemistry 2e. Figure 

6.32. OpenStax. CC BY.] 

 
 
Cations with larger charges are smaller than cations with smaller charges (e.g., V2+ has 

an ionic radius of 79 pm, while that of V3+ is 64 pm). Proceeding down the groups of the 
periodic table, we find that cations of successive elements with the same charge 
generally have larger radii, corresponding to an increase in the principal quantum 
number, n. 

An anion (negative ion) is formed by the addition of one or more electrons to the 

valence shell of an atom. This results in a greater repulsion among the electrons and a 
decrease in Zeff per electron. Both effects (the increased number of electrons and the 
decreased Zeff) cause the radius of an anion to be larger than that of the parent atom 
(Figure 3.23). For example, a sulfur atom has a covalent radius of 104 pm, whereas the 
ionic radius of the sulfide anion is 170 pm. For consecutive elements proceeding down 

any group, anions have larger principal quantum numbers and, thus, larger radii. 

Ionization Energies 

The amount of energy required to remove the most loosely bound electron from a 
gaseous atom in its ground state is called its first ionization energy (IE1). The first 

ionization energy for an element, X, is the energy required to form a cation with +1 
charge: 
 

𝑋(𝑔) ⟶ 𝑋+(𝑔) + 𝑒−   𝐼𝐸1  
 

The energy required to remove the second most loosely bound electron is called the 
second ionization energy (IE2). 

 

𝑋+(𝑔) ⟶ 𝑋2+(𝑔) + 𝑒− 𝐼𝐸2 
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The energy required to remove the third electron is the third ionization energy, and so 
on. Energy is always required to remove electrons from atoms or ions, so ionization 
processes are endothermic and IE values are always positive. For larger atoms, the 

most loosely bound electron is located farther from the nucleus and so is easier to 
remove. Thus, as size (atomic radius) increases, the ionization energy should decrease. 
Relating this logic to what we have just learned about radii, we would expect first 
ionization energies to decrease down a group and to increase across a period. 

Variation in Electron Affinities 

The electron affinity (EA) is the energy change for the process of adding an electron to 
a gaseous atom to form an anion (negative ion). 
 

𝑋(𝑔) + 𝑒− ⟶ 𝑋−(𝑔)  𝐸𝐴1 
 

This process can be either endothermic or exothermic, depending on the element. The 
EA of some of the elements is given in Figure 3.24. You can see that many of these 
elements have negative values of EA, which means that energy is released when the 
gaseous atom accepts an electron. However, for some elements, energy is required for 
the atom to become negatively charged and the value of their EA is positive. Just as 

with ionization energy, subsequent EA values are associated with forming ions with 
more charge. The second EA is the energy associated with adding an electron to an 
anion to form a –2 ion, and so on. 

As we might predict, it becomes easier to add an electron across a series of atoms as 
the effective nuclear charge of the atoms increases. We find, as we go from left to right 

across a period, EAs tend to become more negative. The exceptions found among the 
elements of group 2 (2A), group 15 (5A), and group 18 (8A) can be understood based 
on the electronic structure of these groups. The noble gases, group 18 (8A), have a 
completely filled shell and the incoming electron must be added to a higher n level, 
which is more difficult to do. Group 2 (2A) has a filled ns subshell, and so the next 
electron added goes into the higher energy np, so, again, the observed EA value is not 

as the trend would predict. Finally, group 15 (5A) has a half-filled np subshell and the 
next electron must be paired with an existing np electron. In all of these cases, the initial 
relative stability of the electron configuration disrupts the trend in EA. 

We also might expect the atom at the top of each group to have the most negative EA; 
their first ionization potentials suggest that these atoms have the largest effective 

nuclear charges. However, as we move down a group, we see that the second element 
in the group most often has the most negative EA. This can be attributed to the small 
size of the n = 2 shell and the resulting large electron–electron repulsions. For example, 
chlorine, with an EA value of –348 kJ/mol, has the highest value of any element in the 
periodic table. The EA of fluorine is –322 kJ/mol. When we add an electron to a fluorine 

atom to form a fluoride anion (F–), we add an electron to the n = 2 shell. The electron is  
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attracted to the nucleus, but there is also significant repulsion from the other electrons 
already present in this small valence shell. The chlorine atom has the same electron 
configuration in the valence shell, but because the entering electron is going into the n = 

3 shell, it occupies a considerably larger region of space and the electron–electron 
repulsions are reduced. The entering electron does not experience as much repulsion 
and the chlorine atom accepts an additional electron more readily, resulting in a more 
negative EA. 
 

 

 
Figure 3.24 This version of the periodic table displays the electron affinity values (in kJ/mol) for selected 

elements. [credit: Chemistry 2e. Figure 6.35. OpenStax. CC BY.] 

 

The properties discussed in this section (size of atoms and ions, effective nuclear 
charge, ionization energies, and electron affinities) are central to understanding 

chemical reactivity. For example, because fluorine has an energetically favorable EA 
and a large energy barrier to ionization (IE), it is much easier to form fluorine anions 
than cations. Metallic properties including conductivity and malleability (the ability to be 
formed into sheets) depend on having electrons that can be removed easily. Thus, 
metallic character increases as we move down a group and decreases across a period 

in the same trend observed for atomic size because it is easier to remove an electron 
that is farther away from the nucleus. 

Electronegativity versus Electron Affinity 

We must be careful not to confuse electronegativity and electron affinity. The electron 

affinity of an element is a measurable physical quantity, namely, the energy released or 
absorbed when an isolated gas-phase atom acquires an electron, measured in kJ/mol. 
Electronegativity, on the other hand, describes how tightly an atom attracts electrons in  
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a bond. It is a dimensionless quantity that is calculated, not measured. Pauling derived 
the first electronegativity values by comparing the amounts of energy required to break 
different types of bonds. He chose an arbitrary relative scale ranging from 0 to 4. 

Theory and Background: Atomic Structure 

The Concept of an Atom and Dalton’s Atomic Theory 

The earliest recorded discussion of the basic structure of matter comes from ancient 
Greek philosophers, the scientists of their day. In the fifth century BC, Leucippus and 
Democritus argued that all matter was composed of small, finite particles that they 
called atomos, a term derived from the Greek word for “indivisible.” They thought of 

atoms as moving particles that differed in shape and size, and which could join together. 
Later, Aristotle and others came to the conclusion that matter consisted of various 
combinations of the four “elements”—fire, earth, air, and water—and could be infinitely 
divided. Interestingly, these philosophers thought about atoms and “elements” as 
philosophical concepts, but apparently never considered performing experiments to test 

their ideas. 

The Aristotelian view of the composition of matter held sway for over two thousand 
years, until English schoolteacher John Dalton helped to revolutionize chemistry with 
his hypothesis that the behavior of matter could be explained using an atomic theory. 
First published in 1807, many of Dalton’s hypotheses about the microscopic features of 

matter are still valid in modern atomic theory. Below are the five postulates of Dalton’s 
atomic theory. 

POSTULATE 1 OF DALTON’S ATOMIC THEORY  

Matter is composed of exceedingly small particles called atoms. An atom is the smallest 
unit of an element that can participate in a chemical change. 

POSTULATE 2 OF DALTON’S ATOMIC THEORY  

An element consists of only one type of atom, which has a mass that is characteristic of 

the element and is the same for all atoms of that element (Figure 3.25). A macroscopic 
sample of an element contains an incredibly large number of atoms, all of which have 
identical chemical properties. 
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Figure 3.25 A pre-1982 copper penny (left) contains approximately 3 × 1022 copper atoms (several dozen 

are represented as brown spheres at the right), each of which has the same chemical properties. [credit: 
modification of work by “slgckgc”/Flickr as attributed in Chemistry: Atoms First 2e. Figure 2.2. OpenStax. 

CC BY.] 

 

POSTULATE 3 OF DALTON’S ATOMIC THEORY  

Atoms of one element differ in properties from atoms of all other elements. 
 

POSTULATE 4 OF DALTON’S ATOMIC THEORY  

A compound consists of atoms of two or more elements combined in a small, whole-
number ratio. In a given compound, the numbers of atoms of each of its elements are 
always present in the same ratio (Figure 3.26). 
 

  
 

Figure 3.26 Copper(II) oxide, a powdery, black compound, results from the combination of two types of 

atoms—copper (brown spheres) and oxygen (red spheres)—in a 1:1 ratio. [credit: modification of work by 
“Chemicalinterest”/Wikimedia Commons as attributed in Chemistry: Atoms First 2e. Figure 2.3. OpenStax. 

CC BY.] 
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POSTULATE 5 OF DALTON’S ATOMIC THEORY  

Atoms are neither created nor destroyed during a chemical change but are instead 

rearranged to yield substances that are different from those present before the change 
(Figure 3.27). 
 

 
 

Figure 3.27 When the elements copper (a shiny, red-brown solid, shown here as brown spheres) and 

oxygen (a clear and colorless gas, shown here as red spheres) react, their atoms rearrange to form a 

compound containing copper and oxygen (a powdery, black solid). [credit: modification of work by 

http://images-of-elements.com/copper.php as attributed in Chemistry: Atoms First 2e. Figure 2.4. 

OpenStax. CC BY.] 

 

 
Dalton’s atomic theory provides a microscopic explanation of the many macroscopic 
properties of matter that you’ve learned about. For example, if an element such as 
copper consists of only one kind of atom, then it cannot be broken down into simpler 

substances, that is, into substances composed of fewer types of atoms. And if atoms 
are neither created nor destroyed during a chemical change, then the total mass of 
matter present when matter changes from one type to another will remain constant (the 
law of conservation of matter). 
 

Properties of Subatomic Particles: Protons, Neutrons, and 
Electrons 

The development of modern atomic theory revealed much about the inner structure of 

atoms. It was learned that an atom contains a very small nucleus composed of 
positively charged protons and uncharged neutrons, surrounded by a much larger 
volume of space containing negatively charged electrons. The nucleus contains most of 
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an atom’s mass because protons and neutrons are much heavier than electrons, 
whereas electrons occupy almost all an atom’s volume. The diameter of an atom is on 
the order of 10−10 m, whereas the diameter of the nucleus is roughly 10−15 m—about 

100,000 times smaller. For a perspective about their relative sizes, consider this: If the 
nucleus were the size of a blueberry, the atom would be about the size of a football 
stadium (Figure 3.28). 

 

 
 

Figure 3.28 If an atom could be expanded to the size of a football stadium, the nucleus would be the size 

of a single blueberry. [credit: (middle) modification of work by “babyknight”/Wikimedia Commons and 

(right) modification of work by Paxson Woelber, as attributed in Chemistry: Atoms First 2e. Figure 2.11. 

OpenStax. CC BY.] 

 
 
Atoms—and the protons, neutrons, and electrons that compos e them—are extremely 
small. For example, a carbon atom weighs less than 2 × 10-23 g, and an electron has a 

charge of less than 2 × 10−19 C (coulomb). When describing the properties of tiny 
objects such as atoms, we use appropriately small units of measure, such as the 
atomic mass unit (amu) and the fundamental unit of charge (e). The amu was 
originally defined based on hydrogen, the lightest element, then later in terms of 
oxygen. Since 1961, it has been defined with regard to the most abundant isotope of 
carbon, atoms of which are assigned masses of exactly 12 amu. (This isotope is known 

as “carbon-12” as will be discussed later in this module.) Thus, one amu is exactly 1/12 
of the mass of one carbon-12 atom: 1 amu = 1.6605 × 10-24 g. (The Dalton (Da) and the 
unified atomic mass unit (u) are alternative units that are equivalent to the amu.) The 
fundamental unit of charge (also called the elementary charge) equals the magnitude of 
the charge of an electron (e) with e = 1.602 × 10−19 C. 

 
A proton has a mass of 1.0073 amu and a charge of 1+. A neutron is a slightly heavier 
particle with a mass 1.0087 amu and a charge of zero; as its name suggests, it is 
neutral. The electron has a charge of 1− and is a much lighter particle with a mass of 
about 0.00055 amu (it would take about 1800 electrons to equal the mass of one 

proton). The properties of these fundamental particles are summarized in Table 3.2. An 
observant student might notice that the sum of an atom’s subatomic particles does not  
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equal the atom’s actual mass: The total mass of six protons, six neutrons, and six 
electrons is 12.0993 amu, slightly larger than 12.00 amu. This “missing” mass is known 
as the mass defect, and you will learn about it in the chapter on nuclear chemistry.  
 

 

Table 3.2 Properties of Subatomic Particles 
 

Name Location Charge (C)  Unit Charge Mass (amu) Mass (g) 
Electron Outside 

nucleus 
−1.602 × 10−19 1− 0.00055 0.00091 × 10−24 

Proton Nucleus 1.602 ×10−19 1+ 1.00727 1.67262 × 10−24 

Neutron Nucleus  0 0 1.00866 1.67493 × 10−24 

[credit: Chemistry: Atoms First 2e. Table 2.2. OpenStax. CC BY.] 

 
 

Atomic Number and Atomic Mass 

The number of protons in the nucleus of an atom is its atomic number (Z). This is the 
defining trait of an element: Its value determines the identity of the atom. For example, 
any atom that contains six protons is the element carbon and has the atomic number 6, 
regardless of how many neutrons or electrons it may have. A neutral atom must contain 

the same number of positive and negative charges, so the number of protons equals the 
number of electrons. Therefore, the atomic number also indicates the number of 
electrons in an atom. The total number of protons and neutrons in an atom is called its 
mass number (A). The number of neutrons is therefore the difference between the 
mass number and the atomic number: A – Z = number of neutrons. 

 
 

atomic number (Z) = number of protons 
 
mass number (A) = number of protons + number of neutrons  
 
A – Z = number of neutrons 
 
 

Atoms are electrically neutral if they contain the same number of positively charged 
protons and negatively charged electrons. When the numbers of these subatomic 
particles are not equal, the atom is electrically charged and is called an ion. The charge 
of an atom is defined as follows: 
 

 

Atomic charge = number of protons − number of electrons 
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As will be discussed in more detail in the next lab on Mixtures & Compounds, atoms 
(and molecules) typically acquire charge by gaining or losing electrons. An atom that 
gains one or more electrons will exhibit a negative charge and is called an anion. 

Positively charged atoms called cations are formed when an atom loses one or more 
electrons. For example, a neutral sodium atom (Z = 11) has 11 electrons. If this atom 
loses one electron, it will become a cation with a 1+ charge (11 − 10 = 1+). A neutral 
oxygen atom (Z = 8) has eight electrons, and if it gains two electrons it will become an 
anion with a 2− charge (8 − 10 = 2−). 

 

Isotopes 

The symbol for a specific isotope of any element is written by placing the mass number 

as a superscript to the left of the element symbol (Figure 3.29). The atomic number is 
sometimes written as a subscript preceding the symbol, but since this number defines 
the element’s identity, as does its symbol, it is often omitted. For example, magnesium 
exists as a mixture of three isotopes, each with an atomic number of 12 and with mass 
numbers of 24, 25, and 26, respectively. These isotopes can be identified as 24Mg, 
25Mg, and 26Mg. These isotope symbols are read as “element, mass number” and can 
be symbolized consistent with this reading. For instance, 24Mg is read as “magnesium 
24,” and can be written as “magnesium-24” or “Mg-24.” 25Mg is read as “magnesium 
25,” and can be written as “magnesium-25” or “Mg-25.” All magnesium atoms have 12 
protons in their nucleus. They differ only because a 24Mg atom has 12 neutrons in its 

nucleus, a 25Mg atom has 13 neutrons, and a 26Mg has 14 neutrons. 
 
 

 
 

Figure 3.29 The symbol for an atom indicates the element via its usual two-letter symbol, the mass 

number as a left superscript, the atomic number as a left subscript (sometimes omitted), and the charge 

as a right superscript. [credit: Chemistry: Atoms First 2e. Figure 2.14. OpenStax. CC BY.] 

 

 
 
Information about the naturally occurring isotopes of elements with atomic numbers 1 
through 10 is given in Table 3.3. Note that in addition to standard names and symbols, 
the isotopes of hydrogen are often referred to using common names and accompanying 

symbols. Hydrogen-2, symbolized 2H, is also called deuterium and sometimes 
symbolized D. Hydrogen-3, symbolized 3H, is also called tritium and sometimes 
symbolized T. 
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Table 3.3 Nuclear Compositions of Atoms of the Very Light Elements 

 

Element Symbol 
Atomic 

Number 

Number of 

Protons 

Number of 

Neutrons 

Mass 

(amu) 

% Natural 

Abundance 

Hydrogen 

(protium) 

  

𝐻1
1  1 1 0 1.0078 99.989 

Hydrogen 

(deuterium)  

𝐻1
2  1 1 1 2.0141 0.0115 

Hydrogen 

(tritium)  

𝐻1
3  1 1 2 3.01605 — (trace) 

Helium 𝐻2
3  2 2 1 3.01603 0.00013 

Helium 𝐻2
4  2 2 2 4.0026 100 

Lithium 𝐿3
6  3 3 3 6.0151 7.59 

Lithium 𝐿3
7  3 3 4 7.0160 92.41 

Beryllium 𝐵4
9  4 4 5 9.0122 100 

Boron 𝐵5
10  5 5 5 10.0129 19.9 

Boron 𝐵5
11  5 5 6 11.0093 80.1 

Carbon 𝐶6
12  6 6 6 12.0000 98.89 

Carbon 𝐶6
13  6 6 7 13.0034 1.11 

Carbon 𝐶6
14  6 6 8 14.0032 — (trace) 

Nitrogen 𝑁7
14  7 7 7 14.0031 99.63 

Nitrogen 𝑁7
15  7 7 8 15.0001 0.37 

Oxygen 𝑂8
16  8 8 8 15.9949 99.757 

Oxygen 𝑂8
17  8 8 9 16.9991 0.038 

Oxygen 𝑂8
18  8 8 10 17.9992 0.205 

Fluorine 𝐹9
19  9 9 10 18.9984 100 

Neon 𝑁𝑒10
20  10 10 10 19.9924 90.48 

Neon 𝑁𝑒10
21  10 10 11 20.9938 0.27 

Neon 𝑁𝑒10
22  10 10 12 21.9914 9.25 

 
 

 
[credit: Chemistry: Atoms First 2e. Table 2.4. OpenStax. CC BY.] 
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Isotopes and the Relation to Atomic Mass 

Because each proton and each neutron contribute approximately one amu to the mass 
of an atom, and each electron contributes far less, the atomic mass of a single atom is 
approximately equal to its mass number (a whole number). However, the average 
masses of atoms of most elements are not whole numbers because most elements 
exist naturally as mixtures of two or more isotopes. 

The mass of an element shown in a periodic table or listed in a table of atomic masses 
is a weighted, average mass of all the isotopes present in a naturally occurring sample 
of that element. This is equal to the sum of each individual isotope’s mass multiplied by 
its fractional abundance. 
 

average mass = ∑(fractional abundance × isotopic mass)𝑖

𝑖

 

 

For example, the element boron is composed of two isotopes: About 19.9% of all boron 

atoms are 10B with a mass of 10.0129 amu, and the remaining 80.1% are 11B with a 
mass of 11.0093 amu. The average atomic mass for boron is calculated to be: 
 

boron average mass = (0.199 × 10.0129 amu) + (0.801 × 11.0093 amu)

= 1.99 amu + 8.82 amu
= 10.81 amu

 

 

It is important to understand that no single boron atom weighs exactly 10.8 amu; 10.8 
amu is the average mass of all boron atoms, and individual boron atoms weigh either 

approximately 10 amu or 11 amu. 

 
Visit this site to make mixtures of the main isotopes of the first 18 elements, gain experience 
with average atomic mass, and check naturally occurring isotope ratios using the Isotopes and 
Atomic Mass simulation. 
 
See an animation that explains mass spectrometry. Watch this video from the Royal Society for 
Chemistry for a brief description of the rudiments of mass spectrometry. 

 

 

Electron Energy Levels 

We can use Bohr’s model of the atom to understand how spectral lines are formed. The 

concept of energy levels for the electron orbits in an atom leads naturally to an 
explanation of why atoms absorb or emit only specific energies or wavelengths of light. 
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The Hydrogen Spectrum 

Let’s look at the hydrogen atom from the perspective of the Bohr model. Suppose a 
beam of white light (which consists of photons of all visible wavelengths) shines through 
a gas of atomic hydrogen. A photon of wavelength 656 nanometers has just the right 
energy to raise an electron in a hydrogen atom from the second to the third orbit. Thus, 

as all the photons of different energies (or wavelengths or colors) stream by the 
hydrogen atoms, photons with this particular wavelength can be absorbed by those 
atoms whose electrons are orbiting on the second level. When they are absorbed, the 
electrons on the second level will move to the third level, and a number of the photons 
of this wavelength and energy will be missing from the general stream of white light. 

 
Other photons will have the right energies to raise electrons from the second to the 
fourth orbit, or from the first to the fifth orbit, and so on. Only photons with these exact 
energies can be absorbed. All of the other photons will stream past the atoms 
untouched. Thus, hydrogen atoms absorb light at only certain wavelengths and produce 

dark lines at those wavelengths in the spectrum we see. 
 
Suppose we have a container of hydrogen gas through which a whole series of photons 
is passing, allowing many electrons to move up to higher levels. When we turn off the 
light source, these electrons “fall” back down from larger to smaller orbits and emit 

photons of light—but, again, only light of those energies or wavelengths that correspond 
to the energy difference between permissible orbits. The orbital changes of hydrogen 
electrons that give rise to some spectral lines are shown in Figure 3.30.  

 

 
 

Figure 3.30 Bohr Model for Hydrogen. In this simplified model of a hydrogen atom, the concentric 

circles shown represent permitted orbits or energy levels. An electron in a hydrogen atom can only exist 

in one of these energy levels (or states). The closer the electron is to the nucleus, the more tightly bound 

the electron is to the nucleus. By absorbing energy, the electron can move to energy levels farther from 

the nucleus (and even escape if enough energy is absorbed). [credit: Astronomy. Figure 5.19. OpenStax. 
CC BY.] 
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Similar pictures can be drawn for atoms other than hydrogen. However, because these 
other atoms ordinarily have more than one electron each, the orbits of their electrons 
are much more complicated, and the spectra are more complex as well. For our 

purposes, the key conclusion is this: each type of atom has its own unique pattern of 
electron orbits, and no two sets of orbits are exactly alike. This means that each type of 
atom shows its own unique set of spectral lines, produced by electrons moving between 
its unique set of orbits. 

Astronomers and physicists have worked hard to learn the lines that go with each 

element by studying the way atoms absorb and emit light in laboratories here on Earth. 
Then they can use this knowledge to identify the elements in celestial bodies. In this 
way, we now know the chemical makeup of not just any star, but even galaxies of stars 
so distant that their light started on its way to us long before Earth had even formed. 

Energy Levels and Excitation 

Bohr’s model of the hydrogen atom was a great step forward in our understanding of the 
atom. However, we know today that atoms cannot be represented by quite so simple a 
picture. For example, the concept of sharply defined electron orbits is not really correct; 
however, at the level of this introductory course, the notion that only certain discrete 
energies are allowable for an atom is very useful. The energy levels we have been 

discussing can be thought of as representing certain average distances of the electron’s 
possible orbits from the atomic nucleus. 

Ordinarily, an atom is in the state of lowest possible energy, its ground state. In the 
Bohr model of the hydrogen atom, the ground state corresponds to the electron being in 
the innermost orbit. An atom can absorb energy, which raises it to a higher energy level 

(corresponding, in the simple Bohr picture, to an electron’s movement to a larger 
orbit)—this is referred to as excitation. The atom is then said to be in an excited state. 
Generally, an atom remains excited for only a very brief time. After a short interval, 
typically a hundred-millionth of a second or so, it drops back spontaneously to its 
ground state, with the simultaneous emission of light. The atom may return to its lowest 

state in one jump, or it may make the transition in steps of two or more jumps, stopping 
at intermediate levels on the way down. With each jump, it emits a photon of the 
wavelength that corresponds to the energy difference between the levels at the 
beginning and end of that jump. 

Figure 3.31 summarizes the different kinds of spectra we have discussed. An 

incandescent lightbulb produces a continuous spectrum. When that continuous 
spectrum is viewed through a thinner cloud of gas, an absorption line spectrum can be 
seen superimposed on the continuous spectrum. If we look only at a cloud of excited 
gas atoms (with no continuous source seen behind it), we see that the excited atoms 
give off an emission line spectrum. 
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Figure 3.31 Three Kinds of Spectra. When we see a lightbulb or other source of continuous radiation, 

all the colors are present. When the continuous spectrum is seen through a thinner gas cloud, the cloud’s 

atoms produce absorption lines in the continuous spectrum. When the excited cloud is  seen without the 

continuous source behind it, its atoms produce emission lines. We can learn which types of atoms are in 

the gas cloud from the pattern of absorption or emission lines. [credit: Astronomy. Figure 5.21. OpenStax. 

CC BY.] 

 

Atoms in a hot gas are moving at high speeds and continually colliding with one another 
and with any loose electrons. They can be excited (electrons moving to a higher level) 
and de-excited (electrons moving to a lower level) by these collisions as well as by 
absorbing and emitting light. The speed of atoms in a gas depends on the temperature. 

When the temperature is higher, so are the speed and energy of the collisions. The 
hotter the gas, therefore, the more likely that electrons will occupy the outermost orbits, 
which correspond to the highest energy levels.  
 
LINK TO LEARNING 

Use this simulation to play with a hydrogen atom and see what happens when electrons 
move to higher levels and then give off photons as they go to a lower level. 

Lab Examples 
EXAMPLE 3.1: NAMING GROUPS OF ELEMENTS 

Atoms of each of the following elements are essential for life. Give the group name for the 
following elements: 
 
(a) chlorine 
(b) calcium 
(c) sodium 
(d) sulfur 
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Solution 
The family names are as follows: 
 
(a) halogen 
(b) alkaline earth metal 
(c) alkali metal 
(d) chalcogen 
 
Check Your Learning 
Give the group name for each of the following elements: 
 
(a) krypton 
(b) selenium 
(c) barium 
(d) lithium 
 
ANSWER: 
(a) noble gas; (b) chalcogen; (c) alkaline earth metal; (d) alkali metal 

 
 

EXAMPLE 3.2: INTERACTIVE EXPLORATION OF THE PERIODIC TABLE 

The goREACT drag-and-drop virtual laboratory combines elements from the periodic 
table to create chemical reactions, drag various elements in the reaction area to see if 
they will form a compound, if there is a compound, goREACT will give a brief 
description, uses and image of the compound. Another way is to use goREACT is just 
to click any chemical symbol of an element, you like to learn, and it will bring up a brief 

description of the properties and uses of the specific element. 

Discover goREACT with the given compounds or use your imagination to create new 
ones, using Table 3.4 as a reference.  
 

 
Table 3.4 Chemistry Compounds Relating to the Environment, Personal Care Products, Everyday Items, 

Car Engines, Electronic Devices, and Covalent Compounds 

 
Environment Personal Care 

Products 
Everyday 
Items 

Car Engines Electronic 
Devices 

Covalent 
Compounds 

H2CO3 

O3 

CuI 
FeCl2 

AlN 
 

SeS2 

NaF 
NaOH 
MgO 
ZrOCl 
BN 

AmCl3 

CCl4 

ClO2 

Na2SO4 

MoSi2 

NO2 

MoS2 

CrO3 

FeO 
NaN3 

NdO3 

Te3O2 

PmCl3 

GeO2 

VO2 

PtCo 
SiGe 
 

NCl3 

TiB2 

CBr4 

SCl2 

SF6 
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EXAMPLE 3.3: PERIODIC TABLE CHALLENGE 

Test your knowledge by taking the International Periodic Table Challenge. These non-
graded questions will provide you feedback of what you have learned so far. Have fun! 
 

 

EXAMPLE 3.4: SORTING ATOMIC RADII 

Predict the order of increasing covalent radius for Ge, Fl, Br, Kr. 
 

 

Solution 
Radius increases as we move down a group, so Ge < Fl (Note: Fl is the symbol for 

flerovium, element 114, NOT fluorine). Radius decreases as we move across a period, 
so Kr < Br < Ge. Putting the trends together, we obtain Kr < Br < Ge < Fl. 
 
Check Your Learning 
Give an example of an atom whose size is smaller than fluorine. 

 
ANSWER: 
Ne or He 
 

 

EXAMPLE 3.5: TESTING DALTON’S ATOMIC THEORY 

In Figure 3.32, the green spheres represent atoms of a certain element. The purple 
spheres represent atoms of another element. If the spheres touch, they are part of a 
single unit of a compound. Does the following chemical change represented by these 
symbols violate any of the ideas of Dalton’s atomic theory? If so, which one? 
 

 

 
 

Figure 3.32 This equation shows that the starting materials of the reaction are two bonded, green 

spheres, which are being combined with two smaller, bonded purple spheres. The product of the change 

is one purple sphere that is bonded to one green sphere. 

 
 

Solution 
The starting materials consist of two green spheres and two purple spheres. The 
products consist of only one green sphere and one purple sphere. This violates Dalton’s 

postulate that atoms are neither created nor destroyed during a chemical change but 
are merely redistributed. (In this case, atoms appear to have been destroyed.) 
 
Check Your Learning 
In Figure 3.33, the green spheres represent atoms of a certain element. The purple 

spheres represent atoms of another element. If the spheres touch, they are part of a 
single unit of a compound. Does the following chemical change represented by these 
symbols violate any of the ideas of Dalton’s atomic theory? If so, which one? 
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Figure 3.33 This equation shows that the starting materials of the reaction are two sets of bonded, green 

spheres which are each being combined with two smaller, bonded purple spheres. The products of the 

change are two molecules that each contain one purple sphere bonded between two green spheres. 

 
 
ANSWER: 

The starting materials consist of four green spheres and two purple spheres. The 
products consist of four green spheres and two purple spheres. This does not violate 
any of Dalton’s postulates: Atoms are neither created nor destroyed, but are 
redistributed in small, whole-number ratios. 
 

 
EXAMPLE 3.6: COMPOSITION OF AN ATOM 

Iodine is an essential trace element in our diet; it is needed to produce thyroid hormone. 
Insufficient iodine in the diet can lead to the development of a goiter, an enlargement of 
the thyroid gland (Figure 3.34). 
 

 
 

Figure 3.34 (a) Insufficient iodine in the diet can cause an enlargement of the thyroid gland called a 

goiter. (b) The addition of small amounts of iodine to salt, which prevents the formation of goiters, has 

helped eliminate this concern in the US where salt consumption is high. [credit: (a) modification of work 

by “Almazi”/Wikimedia Commons and (b) modification of work by Mike Mozart, as attributed in Chemistry: 
Atoms First 2e. Figure 2.12. OpenStax. CC BY.] 

 

 
The addition of small amounts of iodine to table salt (iodized salt) has essentially 
eliminated this health concern in the United States, but as much as 40% of the world’s 
population is still at risk of iodine deficiency. The iodine atoms are added as anions, and 
each has a 1− charge and a mass number of 127. Determine the numbers of protons, 

neutrons, and electrons in one of these iodine anions. 
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Solution 
The atomic number of iodine (53) tells us that a neutral iodine atom contains 53 protons 
in its nucleus and 53 electrons outside its nucleus. Because the sum of the numbers of 

protons and neutrons equals the mass number, 127, the number of neutrons is 74 (127 
− 53 = 74). Since the iodine is added as a 1− anion, the number of electrons is 54 [53 – 
(1–) = 54]. 
 
Check Your Learning 

An ion of platinum has a mass number of 195 and contains 74 electrons. How many 
protons and neutrons does it contain, and what is its charge? 
 
ANSWER: 
78 protons; 117 neutrons; charge is 4+ 

 
 
EXAMPLE 3.7: CALCULATION OF AVERAGE ATOMIC MASS 

A meteorite found in central Indiana contains traces of the noble gas neon picked up 
from the solar wind during the meteorite’s trip through the solar system. Analysis of a 
sample of the gas showed that it consisted of 91.84% 20Ne (mass 19.9924 amu), 0.47% 
21Ne (mass 20.9940 amu), and 7.69% 22Ne (mass 21.9914 amu). What is the average 
mass of the neon in the solar wind? 
 

 

Solution 
average mass = (0.9184 × 19.9924 amu) + (0.0047 × 20.9940 amu) + (0.0769 × 21.9914 amu)

= (18.36 + 0.099 + 1.69)amu

= 20.15 amu

 

 

 

The average mass of a neon atom in the solar wind is 20.15 amu. (The average mass 
of a terrestrial neon atom is 20.1796 amu. This result demonstrates that we may find 

slight differences in the natural abundance of isotopes, depending on their origin.) 
 
Check Your Learning 
A sample of magnesium is found to contain 78.70% of 24Mg atoms (mass 23.98 amu), 
10.13% of 25Mg atoms (mass 24.99 amu), and 11.17% of 26Mg atoms (mass 25.98 

amu). Calculate the average mass of a Mg atom. 
 
ANSWER: 
24.31 amu 
We can also do variations of this type of calculation, as shown in the next example. 

 
 
EXAMPLE 3.8: CALCULATION OF PERCENT ABUNDANCE 

Naturally occurring chlorine consists of 35Cl (mass 34.96885 amu) and 37Cl (mass 
36.96590 amu), with an average mass of 35.453 amu. What is the percent composition 
of Cl in terms of these two isotopes? 
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Solution 
The average mass of chlorine is the fraction that is 35Cl times the mass of 35Cl plus the 
fraction that is 37Cl times the mass of 37Cl. 
 

 

average mass = (fraction of 35Cl × mass of 35Cl)
+ (fraction of 37Cl × mass of 37Cl)average mass 

= (fraction of 35Cl × mass of 35Cl) + (fraction of 37Cl × mass of 37Cl) 
 

 

If we let x represent the fraction that is 35Cl, then the fraction that is 37Cl is represented 

by (1.00 − 𝑥). 
 
(The fraction that is 35Cl + the fraction that is 37Cl must add up to 1, so the fraction of 
37Cl must equal 1.00 − the fraction of 35Cl.) 
 
Substituting this into the average mass equation, we have: 
 

 

35.453 𝑎𝑚𝑢 = (𝑥 × 34.96885 amu) + [(1.00 − 𝑥) × 36.96590 amu] 
35.453 = 34.96885𝑥 + 36.96590 − 36.96590𝑥 

1.99795𝑥 = 1.513 

𝑥 =
1.513

1.99705
 

= 0.7576 
 

 

Thus, solving yields x = 0.7576, which means that 1.00 − 0.7576 = 0.2424. Therefore, 
chlorine consists of 75.76% 35Cl and 24.24% 37Cl. 
 

Check Your Learning 
Naturally occurring copper consists of 63Cu (mass 62.9296 amu) and 65Cu (mass 
64.9278 amu), with an average mass of 63.546 amu. What is the percent composition 
of Cu in terms of these two isotopes? 
 

ANSWER: 
69.15% Cu-63 and 30.85% Cu-65 
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Relations to Health Sciences: Periodic Table and 
Atomic Structure 

Elements in Body 

Our body consists of 60 naturally occurring elements, such as oxygen, carbon, 
hydrogen, nitrogen, calcium, phosphorus, potassium, sulfur, sodium, chlorine, 
magnesium, but 99 percent of the mass of body consists of just six elements and these 
elements are oxygen, carbon, hydrogen, nitrogen, calcium, and phosphorus (see Figure 
3.35). Oxygen is the most abundant element in the human body and makes up 65 

percent of the total weight. Carbon is the primary element for all life on Earth and with 
an 18 percent ratio, and the second most found element in the human body. Hydrogen 
is the smallest element and it makes up about 9% of the total weight of our body. 
Human body gets nitrogen from food and nitrogen is an important component of amino 
acids, and is used to build peptides and proteins, and nitrogen forms 3% of our body. 

1.4 percent of our body weight is formed from Calcium and found in bones and teeth to 
build strong structural compounds. Like Calcium, Phosphorus is found in bones and 
teeth. 49% of elements found in trace quantities in the human body.  

 

 

Figure 3.35 Elements of the Human Body The main elements that compose the human body are shown 

from most abundant to least abundant. [credit: Anatomy and Physiology. Figure 2.2. OpenStax. CC BY.] 
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Some of the trace elements that are essential for human life such as iron, zinc, copper, 
iodine, selenium, chromium, manganese, and lithium. Iron is a component of 
hemoglobin and carriers of oxygen in the blood and muscles and iron deficiency might 

be one of the factors that contribute to the occurrence of esophagus and stomach 
cancers. Zinc is another trace element found in the body and plays an important role in 
cell replications, tissue repair and growth, production and storage of hormones. Some of 
the elements found within the body are not essential and considered to be contaminants 
that appear to do no harm but serve no known function. Examples include cesium and 

titanium. 

Elements in Medical Imaging and Therapy 

As we mentioned before, trace elements such as copper, zinc, chromium and iron are 
essential nutrients to all life and they are also useful in different technologies. On the 

contrary of benefits, all trace elements are toxic if consumed at high levels for a long 
period of time. High levels of metals cause many diseases such as Alzheimer, Menkes, 
Wilson and others. Third of all our body proteins can bind metals, X-Ray Fluorescence 
Imaging (XRF) is used to detect these metals’ function in the human body to understand 
not only the effects of metal deficiencies and toxicities but also the conditions and 

diseases in which metal can cause. To measure manganese and other metals in the 
brain, Magnetic Resonance Imaging (MRI) is used. 

Nuclear medicine helps detect and treat diseases by using a small amount of 
radioisotopes called traces such as 11-C, 13-N, 15-O, isotopes of carbon, nitrogen and 
oxygen. These radioisotopes are inserted into the bloodstream and can travel to specific 

organs to detect problems by taking images. A positron emission tomography (PET) 
scan is one of the techniques used to help diagnose the disease by observing the 
metabolic processes in the body. Figure 3.36 illustrates a variety of medical imaging 
techniques to detect variety conditions. 
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Figure 3.36 Medical Imaging Techniques (a) The results of a CT scan of the head are shown as 

successive transverse sections. (b) An MRI machine generates a magnetic field around a patient. (c) PET 
scans use radiopharmaceuticals to create images of active blood flow and physiologic activity of the 

organ or organs being targeted. (d) Ultrasound technology is used to monitor pregnancies because it is 

the least invasive of imaging techniques and uses no electromagnetic radiation. [As attributed in Anatomy 

and Physiology. Figure 1.19. OpenStax. CC BY. Credit a: Akira Ohgaki/flickr; credit b: “Digital Cate”/flickr; 

credit c: “Raziel”/Wikimedia Commons; credit d: “Isis”/Wikimedia Commons].  

 
 

Xenon, another element, is used as a neuroprotective as an inhalation contrast agent 

primarily used to image the lungs and evaluate pulmonary function.  
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Atomic Structure and Interventional Radiology 

The controlled use of radioisotopes has advanced medical diagnosis and treatment of 

disease. Interventional radiologists are physicians who treat disease by using minimally 
invasive techniques involving radiation. Many conditions that could once only be treated 
with a lengthy and traumatic operation can now be treated non-surgically, reducing the 
cost, pain, length of hospital stay, and recovery time for patients. For example, in the 
past, the only options for a patient with one or more tumors in the liver were surgery and 

chemotherapy (the administration of drugs to treat cancer). Some liver tumors, however, 
are difficult to access surgically, and others could require the surgeon to remove too 
much of the liver. Moreover, chemotherapy is highly toxic to the liver, and certain tumors 
do not respond well to it anyway. In some such cases, an interventional radiologist can 
treat the tumors by disrupting their blood supply, which they need if they are to continue 

to grow. In this procedure, called radioembolization, the radiologist accesses the liver 
with a fine needle, threaded through one of the patient’s blood vessels. The radiologist 
then inserts tiny radioactive “seeds” into the blood vessels that supply the tumors. In the 
days and weeks following the procedure, the radiation emitted from the seeds destroys 
the vessels and directly kills the tumor cells in the vicinity of the treatment. 

 
Radioisotopes emit subatomic particles that can be detected and tracked by imaging 
technologies. One of the most advanced uses of radioisotopes in medicine is the 
positron emission tomography (PET) scanner, which detects the activity in the body of a 
very small injection of radioactive glucose, the simple sugar that cells use for energy. 

The PET camera reveals to the medical team which of the patient’s tissues are taking 
up the most glucose. Thus, the most metabolically active tissues show up as bright “hot 
spots” on the images (Figure 3.37). PET can reveal some cancerous masses because 
cancer cells consume glucose at a high rate to fuel their rapid reproduction. 
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Figure 3.37 PET Scan PET highlights areas in the body where there is relatively high glucose use, which 

is characteristic of cancerous tissue. This PET scan shows sites of the spread of a large primary tumor to 

other sites. [credit: Anatomy and Physiology. Figure 2.6. OpenStax. CC BY.] 

 

 

CHEMISTRY IN EVERYDAY LIFE: NANOTUBES AND GRAPHINE 

Graphene and carbon nanotubes are two recently discovered allotropes of carbon. Both 
of the forms bear some relationship to graphite. Graphene is a single layer of graphite 
(one atom thick), as illustrated in Figure 3.38, whereas carbon nanotubes roll the layer 
into a small tube, as illustrated in Figure 3.38.  
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Figure 3.38 (a) Graphene and (b) carbon nanotubes are both allotropes of carbon. [credit: Chemistry 2e. 

Figure 18.23. OpenStax. CC BY.] 

 
 

Graphene is a very strong, lightweight, and efficient conductor of heat and electricity 
discovered in 2003. As in graphite, the carbon atoms form a layer of six-membered 
rings with sp2-hybridized carbon atoms at the corners. Resonance stabilizes the system 
and leads to its conductivity. Unlike graphite, there is no stacking of the layers to give a 
three-dimensional structure. Andre Geim and Kostya Novoselov at the University of 

Manchester won the 2010 Nobel Prize in Physics for their pioneering work 
characterizing graphene. 
 
The simplest procedure for preparing graphene is to use a piece of adhesive tape to 
remove a single layer of graphene from the surface of a piece of graphite. This method 

works because there are only weak London dispersion forces between the layers in 
graphite. Alternative methods are to deposit a single layer of carbon atoms on the 
surface of some other material (ruthenium, iridium, or copper) or to synthesize it at the 
surface of silicon carbide via the sublimation of silicon. 
 
There currently are no commercial applications of graphene. However, its unusual 

properties, such as high electron mobility and thermal conductivity, should make it 
suitable for the manufacture of many advanced electronic devices and for thermal 
management applications. 
 
Carbon nanotubes are carbon allotropes, which have a cylindrical structure. Like 

graphite and graphene, nanotubes consist of rings of sp2-hybridized carbon atoms. 
Unlike graphite and graphene, which occur in layers, the layers wrap into a tube and 
bond together to produce a stable structure. The walls of the tube may be one atom or 
multiple atoms thick. 
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Carbon nanotubes are extremely strong materials that are harder than diamond. 
Depending upon the shape of the nanotube, it may be a conductor or semiconductor. 
For some applications, the conducting form is preferable, whereas other applications 

utilize the semiconducting form. 
 
The basis for the synthesis of carbon nanotubes is the generation of carbon atoms in a 
vacuum. It is possible to produce carbon atoms by an electrical discharge through 
graphite, vaporization of graphite with a laser, and the decomposition of a carbon 

compound. 
 
The strength of carbon nanotubes will eventually lead to some of their most exciting 
applications, as a thread produced from several nanotubes will support enormous 
weight. However, the current applications only employ bulk nanotubes. The addition of 

nanotubes to polymers improves the mechanical, thermal, and electrical properties of 
the bulk material. There are currently nanotubes in some bicycle parts, skis, baseball 
bats, fishing rods, and surfboards. 
 
 

CHEMISTRY IN EVERYDAY LIFE: SACRIFICIAL ANODES 

A sacrificial anode, or galvanic anode, is a means of providing cathodic protection of 
various metals. Cathodic protection refers to the prevention of corrosion by converting 
the corroding metal into a cathode. As a cathode, the metal resists corrosion, which is 
an oxidation process. Corrosion occurs at the sacrificial anode instead of at the 
cathode. 

 
The construction of such a system begins with the attachment of a more active metal 
(more negative reduction potential) to the metal needing protection. Attachment may be 
direct or via a wire. To complete the circuit, a salt bridge is necessary. This salt bridge is 
often seawater or ground water. Once the circuit is complete, oxidation (corrosion) 

occurs at the anode and not the cathode. 
 
The commonly used sacrificial anodes are magnesium, aluminum, and zinc. 
Magnesium has the most negative reduction potential of the three and serves best 
when the salt bridge is less efficient due to a low electrolyte concentration such as in 

freshwater. Zinc and aluminum work better in saltwater than does magnesium.  
Aluminum is lighter than zinc and has a higher capacity; however, an oxide coating may 
passivate the aluminum. In special cases, other materials are useful. For example, iron 
will protect copper. 
 

 
CHEMISTRY IN EVERYDAY LIFE: AMALGAMS 

An amalgam is an alloy of mercury with one or more other metals. This is similar to 
considering steel to be an alloy of iron with other metals. Most metals will form an 
amalgam with mercury, with the main exceptions being iron, platinum, tungsten, and 
tantalum. 
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Due to toxicity issues with mercury, there has been a significant decrease in the use of 
amalgams. Historically, amalgams were important in electrolytic cells and in the 
extraction of gold. Amalgams of the alkali metals still find use because they are strong 

reducing agents and easier to handle than the pure alkali metals. 
 
Prospectors had a problem when they found finely divided gold. They learned that 
adding mercury to their pans collected the gold into the mercury to form an amalgam for 
easier collection. Unfortunately, losses of small amounts of mercury over the years left 

many streams in California polluted with mercury. 
 
Dentists use amalgams containing silver and other metals to fill cavities. There are 
several reasons to use an amalgam including low cost, ease of manipulation, and 
longevity compared to alternate materials. Dental amalgams are approximately 50% 

mercury by weight, which, in recent years, has become a concern due to the toxicity of 
mercury. 
 
After reviewing the best available data, the Food and Drug Administration (FDA) 
considers amalgam-based fillings to be safe for adults and children over six years of 

age. Even with multiple fillings, the mercury levels in the patients remain far below the 
lowest levels associated with harm. Clinical studies have found no link between dental 
amalgams and health problems. Health issues may not be the same in cases of children 
under six or pregnant women. The FDA conclusions are in line with the opinions of the 
Environmental Protection Agency (EPA) and Centers for Disease Control (CDC). The 

only health consideration noted is that some people are allergic to the amalgam or one 
of its components. 
 
 
CHEMISTRY IN EVERYDAY LIFE: USES OF LANTHANIDES IN DEVICES 

Lanthanides (elements 57–71) are fairly abundant in the earth’s crust, despite their 

historic characterization as rare earth elements. Thulium, the rarest naturally occurring 
lanthanoid, is more common in the earth’s crust than silver (4.5 × 10−5 % versus 
0.79 × 10−5 % by mass). There are 17 rare earth elements, consisting of the 15 
lanthanoids plus scandium and yttrium. They are called rare because they were once 
difficult to extract economically, so it was rare to have a pure sample; due to similar 

chemical properties, it is difficult to separate any one lanthanide from the others. 
However, newer separation methods, such as ion exchange resins similar to those  
found in home water softeners, make the separation of these elements easier and more 
economical. Most ores that contain these elements have low concentrations of all the 
rare earth elements mixed together. 

 
The commercial applications of lanthanides are growing rapidly. For example, europium 
is important in flat screen displays found in computer monitors, cell phones, and 
televisions. Neodymium is useful in laptop hard drives and in the processes that convert 
crude oil into gasoline (Figure 3.39). Holmium is found in dental and medical  
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equipment. In addition, many alternative energy technologies rely heavily on 
lanthanoids. Neodymium and dysprosium are key components of hybrid vehicle engines 
and the magnets used in wind turbines. 

 
 

 
 

Figure 3.39 (a) Europium is used in display screens for televisions, computer monitors, and cell phones. 

(b) Neodymium magnets are commonly found in computer hard drives. [credit: a) Chemistry 2e. Figure 

19.3. OpenStax. CC BY; b) modification of work by “KUERT Datenrettung”/Flickr.] 

 

 
As the demand for lanthanide materials has increased faster than supply, prices have 
also increased. In 2008, dysprosium cost $110/kg; by 2014, the price had increased to 
$470/kg. Increasing the supply of lanthanoid elements is one of the most significant 

challenges facing the industries that rely on the optical and magnetic properties of these 
materials. 
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