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Atoms, Molecules, and Ions 

Chapter 2
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The Atomic Theory of Matter
• Philosophers of the early ages described 

matter as composed of tiny indivisible 
particles called atomos (from Greek, 
meaning indivisible or uncuttable).

• Later philosophers including Aristotle 
presented their beliefs that there are no 
particles that can be indivisible.

• The idea of atoms reemerged in the 19th

century as John Dalton developed his atomic 
theory, to account for the reaction of certain 
amounts of elements to form compounds. 

3

Dalton’s theory explained the law of constant 
composition (postulate 4). Dalton realized that in a 
given compound, the relative numbers of atoms and 
kinds are constant.

Dalton also realized the law of conservation of mass 
(postulate 3): He stated that the total mass after a 
chemical reaction is the same as before the reaction.

Dalton used his theory to explain the law of multiple 
proportions: If two elements A and B are combined 
to form more than one compound, the masses of B 
that can combine with the same mass of A are in the 
ratio of small whole numbers.

4
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Law of Multiple Proportions
• We can illustrate this law by considering water 

and hydrogen peroxide, both of which consist of 
the elements hydrogen and oxygen. In forming 
water, 8.0 g of oxygen combine with 1.0 g of 
hydrogen.  Therefore, 8 g O /g H

• In forming hydrogen peroxide (H2O2), 16.0 g of 
oxygen combine with 1.0 g of hydrogen (16g O/g 
H). Thus, the ratio of the mass of oxygen per 
gram of hydrogen in the two compounds is 2:1 
(divide ratio 2 by 1). Using Dalton’s atomic 
theory, we conclude that hydrogen peroxide 
contains twice as many atoms of oxygen per 
hydrogen atom as does water.

6

Compound A contains 1.333 g of oxygen per gram 
of carbon, whereas compound B contains 2.666 
g of oxygen per gram of carbon. 

a. What chemical law do these data illustrate? 
b. If compound A has an equal number of oxygen 

and carbon atoms, what can we conclude about 
the composition of compound B?

a. This is a manifestation of the law of definite 
proportions.

b. Compound 2 has twice the number of atoms of 
oxygen as compared to atoms of carbon.

7

Law of Conservation of Mass
• The total mass of substances present at the 

end of a chemical process is the same as the 
mass of substances present before the 
process took place.

• The physical evidence for existence of atoms 
was not presented by Dalton. However, as 
more experiments and facilities were 
developed, not only atoms can now be 
tracked but also subatomic species as well. 

8

Cathode Rays and Electrons
During the mid-1800s (They were first observed in 1869 by 

German physicist Johann Hittorf, and were named in 
1876 by Eugen Goldstein Kathodenstrahlen, or cathode 
rays), scientists began to study electrical discharge 
through a glass tube pumped almost empty of air. When 
a high voltage was applied to the electrodes in the tube, 
radiation was produced between the electrodes. This 
radiation, called cathode rays, originated at the negative 
electrode and traveled to the positive electrode. 

Although the rays could not be seen, their presence was 
detected because they cause certain materials to 
fluoresce, or to give off light.
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How does the magnetic field interact with a 
charged object? If the charge is at rest, there 
is no interaction. If the charge moves, 
however, it is subjected to a force, the size of 
which increases in direct proportion with the 
velocity of the charge. 

The force has a direction that is perpendicular 
both to the direction of motion of the charge 
and to the direction of the magnetic field .

11

The Electron
• The British scientist J. J. Thomson constructed a 

cathode-ray tube having a hole in the anode through 
which a beam of electrons passed.

• Electrically charged plates and a magnet were 
positioned perpendicular to the electron beam, and a 
fluorescent screen was located at one end 

• Experiments showed that cathode rays are deflected 
by electric or magnetic fields in a way consistent 
with their being a stream of negative electrical 
charge. It was also observed that cathode rays are 
the same regardless of the identity of the cathode 
material.

• Thomson described cathode rays as streams of 
negatively charged particles called electrons.Cathode ray tube
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Cathode rays and their properties in a magnetic field

The reason for the observed deflection is 
because a charged particle that is 
moving creates a magnetic field, and 
this field will react with the magnetic 
field through which it is moving. 

The result will be lateral deflection, and 
positively charged particles will be 
deflected one way and negatively 
charged particles will be deflected the 
other. 14

1516

If no magnetic field were applied, would you expect the 
electron beam to  be deflected upward or downward by 
the electric field?
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Measurement of Electron Charge and 
Mass

• Thomson measured the charge/mass ratio of the 
electron to be 1.76 × 108 coulombs/gram (C/g).

• In 1909, Robert Millikan (1868–1953) of the University 
of Chicago succeeded in measuring the charge of an 
electron by performing the experiment described 
below, to be 1.602*10-19C. He then calculated the 
mass of the electron by using his experimental value 
for the charge, , and Thomson’s charge-to-mass 
ratio:

18

Millikan’s oil-drop experiment 

19

Millikan Experiment and Conclusions
• Small drops of oil were allowed to fall 

between electrically charged plates. 
• The drops picked up extra electrons as a 

result of irradiation by X-rays and so became 
negatively charged.

• Millikan measured how varying the voltage 
between the plates affected the rate of fall. 

• From these data he calculated the negative 
charge on the drops. Because the charge on 
any drop was always some integral multiple 
of 1.602*10-19C , Millikan deduced this value 
to be the charge of a single electron.

20

Radioactivity
• In 1896 the French scientist Henri Becquerel (1852–

1908) discovered that a compound of uranium 
spontaneously emits high-energy radiation. This 
spontaneous emission of radiation is called 
radioactivity. 

• Further study of radioactivity, principally by the 
British scientist Ernest Rutherford, revealed three 
types of radiation: alpha , beta , and gamma .

• The paths of alpha and beta radiation are bent by an 
electric field, although in opposite directions; 
gamma radiation is unaffected by the field.
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α, β and γ Rays
• Rutherford showed that α and beta rays consist of 

fast-moving particles. In fact, β particles are high-
speed electrons. They are attracted to a positively 
charged plate. The α particles have a positive charge 
and are attracted to a negative plate. 

• In units of the charge of the electron, β particles 
have a charge of (1-) and α particles a charge of (2+) 
. Each α particle has a mass about 7400 times that of 
an electron. Gamma radiation is high-energy 
radiation similar to X-rays; it does not consist of 
particles and carries no charge

22

Behavior of alpha , beta , and gamma rays in 
an electric field

23

The Nuclear Model of the Atom
• During the early 1900s, Thomson reasoned 

that because electrons contribute only a very 
small fraction of an atom’s mass they 
probably were responsible for an equally 
small fraction of the atom’s size. 

• He proposed that the atom consisted of a 
uniform positive sphere of matter in which 
the electrons were embedded like raisins in a 
pudding or seeds in a watermelon. This plum 
pudding model, named after a traditional 
English dessert, was very short-lived.

24
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The Nuclear Model of the Atom
• In 1910, Rutherford was studying the angles 

at which particles were deflected, or 
scattered, as they passed through a thin 
sheet of gold foil. 

• He discovered that almost all the particles 
passed directly through the foil without 
deflection, with a few particles deflected 
about 1 degree, consistent with Thomson’s 
plum-pudding model. 

• For the sake of completeness, Rutherford 
suggested that Ernest Marsden, an 
undergraduate student working in the 
laboratory, look for scattering at large 
angles. 

• To everyone’s surprise, a small amount of 
scattering was observed at large angles, with 
some particles scattered back in the 
direction from which they had come. 

• The explanation for these results was not 
immediately obvious, but they were clearly 
inconsistent with Thomson’s plum-pudding 
model.

26

2728

Rutherford’s scattering experiment
• When particles pass through a gold foil, 

most pass through  undeflected but some 
are scattered, a few at very large angles. 
According to the plum-pudding model of the 
atom, the particles should experience only 
very minor deflections. 

• The nuclear model of the atom explains why 
a few α particles are deflected at large 
angles. For clarity, the nuclear atom is 
shown here as a colored sphere, but most of 
the space around the nucleus is empty 
except for the tiny electrons moving around.
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Rutherford’s Explanations
• Rutherford explained the results by postulating the 

nuclear model of the atom, a model in which most of 
the mass of each gold atom and all of its positive 
charge reside in a very small, extremely dense region 
that he called the nucleus.

• He postulated further that most of the volume of an 
atom is empty space in which electrons move around 
the nucleus. In the experiment, most of the particles 
passed through the foil unscattered because they did 
not encounter the minute nucleus of any gold atom. 

• Occasionally, however, an α particle came close to a 
gold nucleus. The repulsion between the highly 
positive charge of the gold nucleus and the positive 
charge of the particle was then strong enough to 
deflect the particle

30

31

A cloud of rapidly 
moving electrons 
occupies most of 
the volume of the 
atom.
The nucleus 
occupies a tiny 
region at the
center of the atom 
and is composed of 
the protons and 
neutrons. The 
nucleus contains
virtually all the 
mass of the atom.

The structure of the atom

32

THE MODERN VIEW OF ATOMIC STRUCTURE
• Since Rutherford’s time, as physicists have 

learned more and more about atomic nuclei, the 
list of particles that make up nuclei has grown 
and continues to increase. 

• As chemists, however, we can take a simple 
view of the atom because only three subatomic 
particles—the proton, neutron, and electron, 
have a bearing on chemical behavior.

• Every atom has an equal number of electrons 
and protons, so atoms have no net electrical 
charge.
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• As noted earlier, the charge of an 
electron is -1.062*10-19 C. That of a 
proton is equal in magnitude, + 
1.062*10-19 C. The quantity is called the 
electronic charge.

• For convenience, the charges of atomic 
and subatomic particles are usually 
expressed as multiples of this charge 
rather than in coulombs. Thus, the 
charge of the electron is (-1) and that of 
the proton is (+1). Neutrons are 
electrically neutral. 

3334

Emergence of Atomic Mass Units
• Atoms have extremely small masses. The mass 

of the heaviest known atom, for example, is 
approximately 4*10-22 g. Because it would be 
cumbersome to express such small masses in 
grams, we use the  atomic mass unit (amu), 
where 1 amu = 1.66*10-24g. 

• A proton has a mass of 1.0073 amu, a neutron 
1.0087 amu, and an electron 5.486*10-4 amu.

• Because it takes 1836 electrons to equal the 
mass of one proton or one neutron, the nucleus 
contains most of the mass of an atom.

Most atoms have diameters between 1*10-10 m and 5*10-

10 m. A convenient non–SI unit of length used for 
atomic dimensions is the  angstrom (Å), where 1 Å
=1*10-10 m 

Thus, atoms have diameters of approximately 1-5Å . 
The diameter of a chlorine atom, for example, is 200 
pm, or 2 Å.

Because the tiny nucleus carries most of the mass of 
the atom in such a small volume, it has an incredibly 
high density. 

3536

• The diameter of a US dime is 17.9 mm, and 
the diameter of a silver atom is 2.88 Å. How 
many silver atoms could be arranged side by 
side across the diameter of a dime?
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The diameter of a carbon atom is 1.54 Å. 
(a) Express this diameter in picometers. 
(b) How many carbon atoms could be 
aligned side by side across the width of 
a pencil line that is 0.20 mm wide?

• pm = 1.54 Å *(10-10 m/ Å)*(pm/10-12m)= 154 

• Number of C atoms = 0.2 mm*(10-3m/mm) 
*(Å/10-10m)*(1 C atom/1.54 Å)=1.3*106 atoms 

38

Atomic Numbers, Mass Numbers, and 
Isotopes

• What makes an atom of one element different 
from an atom of another element is that the 
atoms of each element have a characteristic 
number of protons. 

• Indeed, the number of protons in an atom of 
any particular element is called that 
element’s atomic number.

Because an atom has no net electrical charge, the 
number of electrons it contains must equal the 
number of protons. All atoms of carbon, for example, 
have six protons and six electrons, whereas all 
atoms of oxygen have eight protons and eight 
electrons. 

Thus, carbon has atomic number 6, and oxygen has 
atomic number 8.

Atoms of a given element can differ in the number of 
neutrons they contain and, consequently, in mass.

3940

For example, most atoms of carbon have six neutrons, 
although some have more and some have less. The 
symbol 12

6C (reads “carbon twelve,” carbon-12) 
represents the carbon atom containing six protons 
and six neutrons. 

The atomic number is shown by the subscript; the 
superscript, called the mass number, is the number 
of protons plus neutrons in the atom:
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• Because all atoms of a given element have the same 
atomic number, the subscript is redundant and is 
often omitted. Thus, the symbol for carbon-12 can be 
represented simply as 12C. 

• As one more example of this notation, carbon atoms 
that contain six protons and eight neutrons have 
mass number 14, are represented as or 14C and are 
referred to as carbon-14 (an isotope of carbon).

42

How many protons, neutrons, and electrons 
are in  (a) an atom of 197Au, (b) an atom of 
strontium-90?

a) The superscript 197 is the mass number 
(protons + neutrons ). According to the list 
of elements from the periodic table, gold 
has atomic number 79. Consequently, an 
atom of Au has 79 protons, 79 electrons, 
and (197-79 = 118neutrons). 

(b) The atomic number of strontium from 
periodic table is 38. Thus, all atoms of this 
element have 38 protons and 38 electrons. 
The strontium-90 isotope has (90-38=52 
neutrons).

43

Magnesium has three isotopes with mass numbers 24, 
25, and 26. (a) Write the complete chemical symbol 
(superscript and subscript) for each. (b) How many 
neutrons are in an atom of each isotope?

(a) Magnesium has atomic number 12, so all atoms of 
magnesium contain 12 protons and 12 electrons. The 
three isotopes are therefore represented by 

(b) The number of neutrons in each isotope is the mass 
number minus the number of protons.

The numbers of neutrons in an atom of each isotope 
are therefore 12, 13, and 14, respectively.

Elements, Molecules, and 
Ions (2)
Lecture 4

44
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Atomic Weights

• Most elements occur in nature as 
mixtures of isotopes. We can determine 
the average atomic mass of an element, 
usually called the element’s atomic 
weight, by using the masses of its 
isotopes and their relative abundances:

AW = Σ[(isotope mass)*(Fractional isotope abundance)

46

• Naturally occurring carbon, is composed of 
98.93% 12C and 1.07% 13C. The masses of 
these isotopes are 12 amu (exactly) and 
13.00335 amu, respectively, making the 
atomic weight of carbon. The atomic weights 
of the elements are listed in the the periodic 
table.

AW = Σ[(isotope mass)*(Fractional isotope 
abundance)

atomic weight of C = (12) (0.9893 amu) + 
(13.00335 amu)(0.0107) = 12.01 amu

The mass of a proton is 1.0073 amu
The mass of a neutron is 1.0087 amu

Look at 35Cl, the atomic mass is 34.969 amu, and 37Cl 
atomic mass is 36.966!!!

Since 35Cl has 17 protons and 18 neutrons, and since 
both a proton and a neutron mass is more than 1 
amu, 35Cl is supposed to have a mass larger than 35 
amu. Why is this discrepancy?

The difference in atomic mass is attributed to mass 
converted to binding energy.

4748

Naturally occurring chlorine is 75.78% 35Cl (atomic 
mass 34.969 amu) and 24.22% 37Cl (atomic mass 
36.966 amu). Calculate the atomic weight of chlorine.

• AW of Cl = 34.969*0.7578 + 36.966*0.2422 = 35.45 
amu

Three isotopes of silicon occur in nature: 28Si (92.23%), 
atomic mass 27.97693 amu; 29Si (4.68%), atomic 
mass 28.97649 amu; and 30Si (3.09%), atomic mass 
29.97377 amu. Calculate the atomic weight of silicon.

AW of Si = 27.97693*0.9223 + 28.97649*0.0468 + 
29.97377*0.0309 = 28.09 amu 
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A particular atom of chromium has a 
mass of 52.94 amu, whereas the atomic 
weight of chromium is 51.99 amu. 
Explain the difference in the two 
masses.

The atom with an atomic weight of 52.94 
is an isotope of chromium. Its 
abundance is surely small since the 
average atomic weight of the element is 
less (51.99).

50

Finding Atomic Weights of 
Elements

We Can use the mass spectrometer, 
among other methods.

51

The Periodic Table
It was observed that arranging elements by 

atomic number reveals a periodic pattern of 
properties. (3,11,19), (2,10,18), etc

52

The arrangement of elements in order of 
increasing atomic number, with elements 
having similar properties placed in vertical 
columns, is known as the periodic table. 

The table shows the atomic number and atomic 
symbol for each element, and the atomic 
weight is often given as well, as in this 
typical entry for potassium:
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The Periodic TableAlkali Metals

Alkaline Earths

Transition Metals

Halogens

Noble Gases

Lanthanides and Actinides

Main Group

Main Group

54

55

• The horizontal rows of the periodic table are 
called periods. 

• The first period consists of only two 
elements, hydrogen (H) and helium (He).  

• The second and third periods consist of 
eight elements each. 

• The fourth and fifth periods contain 18 
elements. 

• The sixth period has 32 elements, but for it to 
fit on a page, 14 of these elements (atomic 
numbers 57–70) appear at the bottom of the 
table. 

• The seventh period is incomplete, but it also 
has 14 of its members placed in a row at the 
bottom of the table.

56

• The vertical columns are groups. The way in which 
the groups are labeled is some what arbitrary. We 
will use the convention shown in the previous figure. 

• The top set of labels, which have A and B 
designations, is widely used in North America. 
Roman numerals, rather than Arabic ones, are often 
employed in this scheme. 

• Group 7A, for example, is often labeled VIIA. There 
are other labeling schemes, including that suggested 
by IUPAC where groups take the numbers from 1 to 
18. 
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Elements in a group often exhibit similarities in physical 
and chemical properties. For example, the “coinage 
metals” copper (Cu), silver (Ag), and gold (Au) belong 
to group 1B. These elements are less reactive than 
most metals, which is why they are used throughout 
the world to make coins. Many other groups in the 
periodic table also have names.

58

Using the Periodic Table
• Which two of these elements would you 

expect to show the greatest similarity in 
chemical and physical properties: B, Ca, F, 
He, Mg, P?

• Elements in the same group of the periodic table are 
most likely to exhibit similar properties.

• We therefore expect Ca and Mg to be most alike 
because they are in the same group (2A, the alkaline 
earth metals).

5960

MOLECULES AND MOLECULAR COMPOUNDS

• Even though the atom is the smallest 
representative sample of an element, only 
the noble-gas elements are normally found in 
nature as isolated atoms. Most matter is 
composed of molecules or ions. 

Molecules and Chemical Formulas

1. Molecular Elements 
• Several elements are found in nature in 

molecular form—two or more of the same 
type of atom bound together. 
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For example, most of the oxygen in air consists of 
molecules that contain two oxygen atoms. chemical 
formula O2 (read “oh two”). The subscript tells us 
that two oxygen atoms are present in each molecule. 
A molecule made up of two atoms is called a 
diatomic molecule.

The elements that normally occur as diatomic 
molecules are hydrogen, oxygen, nitrogen, and the 
halogens (H2, O2, N2, F2, Cl2, Br2, and I2). Except for 
hydrogen, these diatomic elements are clustered on 
the right side of the periodic table.

6162

63

Oxygen also exists in another molecular form 
known as ozone. Molecules of ozone consist 
of three oxygen atoms, making the chemical 
formula O3 (O2 and O3 are called allotropes). 

Even though “normal” oxygen (O2) and ozone 
(O3) are both composed only of oxygen 
atoms, they exhibit very different chemical 
and physical properties. For example, O2 is 
essential for life, but O3 is toxic (when 
inhaled); O2 is odorless, whereas O3 has a 
sharp, strong smell.

64

2. Molecular Compounds 

Compounds composed of molecules contain more 
than one type of atom and are called molecular 
compounds. A molecule of the compound methane, 
for example, consists of one carbon atom and four 
hydrogen atoms and is therefore represented by the 
chemical formula CH4. Lack of a subscript on the C 
indicates one atom of C per methane molecule. 

Notice how the composition of each substance is given 
by its chemical formula. Notice also that these 
substances are composed only of nonmetallic 
elements. Most molecular substances we will 
encounter contain only nonmetals.
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Molecules (Elements and Compounds)

66

Molecular and Empirical Formulas
Chemical formulas that indicate the actual 

numbers of atoms in a molecule are called 
molecular formulas. Chemical formulas that 
give only the relative number of atoms of 
each type in a molecule are called empirical 
formulas. The subscripts in an empirical 
formula are always the smallest possible 
whole-number ratios. 

The molecular formula for hydrogen peroxide 
is H2O2, for example, whereas its empirical 
formula is HO. The molecular formula for 
ethylene is C2H4, and its empirical formula is 
CH2.

For many substances, the molecular 
formula and the empirical formula are 
identical, as in the case of water, H2O.

Whenever we know the molecular formula of a 
compound, we can determine its empirical 
formula. The converse is not true, however. If 
we know the empirical formula of a 
substance, we cannot determine its 
molecular formula unless we have more 
information. 

6768

So why do chemists bother with empirical 
formulas? 

Common methods of analyzing substances lead to 
the empirical formula only.

Once the empirical formula is known, additional 
experiments can give the information needed to 
convert the empirical formula to the molecular 
one. In addition, there are substances that do 
not exist as isolated molecules. For these 
substances, we must rely on empirical formulas.

Molecular and Empirical 
Formulas
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Write the empirical formulas for (a) glucose, a 
substance also known as either blood sugar or 
dextrose, molecular formula C6H12O6; (b) nitrous 
oxide, a substance used as an anesthetic and 
commonly called laughing gas, molecular formula 
N2O.

(a) The subscripts of an empirical formula are the 
smallest whole-number ratios. The smallest ratios 
are obtained by dividing each subscript by the 
largest common factor, in this case 6. The resultant 
empirical formula for glucose is CH2O.

(b) (b) Because the subscripts in N2O are already the 
lowest integral numbers, the empirical formula for 
nitrous oxide is the same as its molecular formula, 
N2O.

70

Picturing Molecules
The molecular formula of a substance summarizes the 

composition of the substance but does not show 
how the atoms are joined together in the molecule. A 
structural formula shows which atoms are attached 
to which, as in the following examples:

The atoms are represented by their chemical symbols, 
and lines are used to represent the bonds that hold 
the atoms together.

A structural formula usually does not depict the actual 
geometry of the molecule, that is, the actual angles 
at which atoms are joined together. A structural 
formula can be written as a perspective drawing to 
give some sense of three-dimensional shape.

7172

Scientists also rely on various models to help visualize 
molecules. Ball-and-stick models show atoms as spheres 
and bonds as sticks. This type of model has the 
advantage of accurately representing the angles at which 
the atoms are attached to one another in the molecule. 

Sometimes the chemical symbols of the elements are 
superimposed on the balls, but often the atoms are 
identified simply by color. 

A space-filling model depicts what the molecule would look 
like if the atoms were scaled up in size. These models 
show the relative sizes of the atoms, but the angles 
between atoms, which help define their molecular 
geometry, are often more difficult to see than in ball-and-
stick models. As in ball-and-stick models, the identities 
of the atoms are indicated by color, but they may also be 
labeled with the element’s symbol.



18/12/1435

19

73

Ions and Compounds
The nucleus of an atom is unchanged by chemical 

processes, but some atoms can readily gain or lose 
electrons. If electrons are removed from or added to 
an atom, a charged particle called an ion is formed. 

An ion with a positive charge is a cation (pronounced 
CAT-ion); a negatively charged ion is an anion (AN-
ion).

To see how ions form, consider the sodium atom, 
which has 11 protons and 11 electrons. This atom 
easily loses one electron. The resulting cation has 11 
protons and 10 electrons, which means it has a net 
charge of (1+). 

74

7576

The net charge on an ion is represented by a 
superscript. The superscripts +, 2+ and 3+ , for 
instance, mean a net charge resulting from the  loss 
of one, two, and three electrons, respectively. The 
superscripts - , 2- and 3- represent net charges 
resulting from the gain of one, two, and three 
electrons, respectively. 

Chlorine, with 17 protons and 17 electrons, for 
example, can gain an electron in chemical reactions, 
producing the Cl- ion:

In general, metal atoms tend to lose electrons to form 
cations and nonmetal atoms tend to gain electrons 
to form anions. Thus, ionic compounds tend to be 
composed of metals bonded with nonmetals, as in 
NaCl.
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Give the chemical symbol, including superscript 
indicating mass number, for (a) the ion with 22 
protons, 26 neutrons, and 19 electrons; (b) the ion of 
sulfur that has 16 neutrons and 18 electrons.

a) The number of protons is the atomic number of the 
element. A periodic table or list of elements tells us 
that the element with atomic number 22 is titanium 
(Ti). The mass number (protons plus neutrons) of 
this isotope of titanium is 22+26 = 48 . Because the 
ion has three more protons than electrons, it has a 
net charge of 3+ (48Ti3+)

b) The periodic table tells us that sulfur (S) has an 
atomic number of 16. Thus, each atom or ion of 
sulfur contains 16 protons. We are told that the ion 
also has 16 neutrons, meaning the mass number is 
16+16 = 32. Because the ion has 16 protons and 18 
electrons, its net charge is (2-) and the ion symbol is 
(32S2-). 78

79

How many protons, neutrons, and electrons does the ion 79Se2-

possess?

The atomic number of Se is 34 (from periodic table)
Number of neutrons = 79-34 = 45
Number of electrons = 36 since electrons equal protons in the 

uncharged form, but we have 2 negative charges which make 
the number of electrons 36

In addition to simple ions such as Na+ and Cl- , there are 
polyatomic ions, such as ammonium ion (NH4

+ ) and sulfate ion 
(SO4

2-). These latter ions consist of atoms joined as in a 
molecule, but they have a net positive or negative charge. 

It is important to realize that the chemical properties of ions are 
very different from the chemical properties of the atoms from 
which the ions are derived. Although a given atom and its ion 
may be essentially the same (plus or minus a few electrons), 
the behavior of the ion is very different from that of its 
associated atom.

80
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Predicting Ionic Charges
Many atoms gain or lose electrons to end up with the same 

number of electrons as the noble gas closest to them in 
the periodic table. Noble-gas elements are chemically 
non-reactive and form very few compounds. We might 
deduce that this is because their electron arrangements 
are very stable. Nearby elements can obtain these same 
stable arrangements by losing or gaining electrons. 

For example, the loss of one electron from an atom of 
sodium leaves it with the same number of electrons as in 
a neon atom (10).

Similarly, when chlorine gains an electron, it ends up with 
18, the same number of electrons as in argon. We will use 
this simple observation to explain the formation of ions 
till we get to the point of discussing chemical bonding 
later.
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Predict the charge expected for the most stable ion of barium and 
the most stable ion  of oxygen.

• We will assume that these elements form ions that have the 
same number of electrons as the nearest noble-gas atom. From 
the periodic table, we see that barium has atomic number 56. 
The nearest noble gas is xenon, atomic number 54. Barium can 
attain a stable arrangement of electrons by losing two 
electrons, forming the cation, Ba2+.

• Oxygen has atomic number 8. The nearest noble gas is neon, 
atomic number 10. Oxygen can attain this stable electron 
arrangement by gaining two electrons, forming the anion O2-.

Predict the charge expected for the most stable ion of (a) 
aluminum and (b) fluorine. 

• Al atomic number is 13, therefore lose 3 electrons to reach 
neon structure, Al3+

• F atomic number is 9, therefore gain 1 electron to rach the neon 
structure, F-.
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Ionic Compounds
A great deal of chemical activity involves the transfer of electrons 

from one substance to another. When elemental sodium is 
allowed to react with elemental chlorine, an electron transfers 
from a sodium atom to a chlorine atom, forming a Na+ ion and a 
Cl- ion.

Because objects of opposite charge are attracted to each other, 
the Na+ and the Cl- ions bind together to form the compound 
sodium chloride (NaCl). 

We can often tell whether a compound is ionic (consisting of ions) 
or molecular (consisting of molecules) from its composition. In 
general, cations are metal ions and anions are nonmetal ions. 
Consequently, ionic compounds are generally combinations of 
metals and nonmetals, as in NaCl. In contrast, molecular 
compounds are generally composed of nonmetals only, as in 
H2O.
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Because there is no discrete “molecule” of NaCl, we are able to 
write only an empirical formula for this substance. This is true 
for most other ionic compounds.

We can write the empirical formula for an ionic compound if we 
know the charges of the ions. This is true because chemical 
compounds are always electrically neutral. Consequently, the 
ions in an ionic compound always occur in such a ratio that the 
total positive charge equals the total negative charge. Thus, 
there is one Na+ to one Cl- (giving NaCl), one Ba2+ to two Cl-
(giving BaCl2), and so forth, but always empirical.

You will see that if the charges on the cation and anion are equal, 
the subscript on each ion is 1. If the charges are not equal, the 
charge on one ion (without its sign) will become the subscript 
on the other ion. For example, the ionic compound formed from 
Mg (which forms ions) and N (which forms ions) is Mg3N2:

87

Identifying Ionic and Molecular Compounds

Which of these compounds would you expect to be 
ionic: N2O, Na2O, CaCl2, SF4?

• We predict that Na2O and CaCl2 are ionic compounds 
because they are composed of a metal combined 
with a nonmetal. We predict that N2O and SF4 are 
molecular compounds because they are composed 
entirely of nonmetals.

Which of these compounds are molecular: CBr4, FeS, 
P4O6, PbF2?

Answer: CBr4 and P4O6 are molecular while FeS and 
PbF2 are ionic for the same argument above.

88
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Using Ionic Charge to Write Empirical Formulas
for Ionic Compounds

Write the empirical formula of the compound formed by (a) Al3+ and Cl-
ions, (b) Al3+ and O2- ions, (c) Mg2+ and NO3

- ions.

a) Three ions are required to balance the charge of one ion, making the 
formula AlCl3.

b) Two ions are required to balance the charge of three ions. That is, the 
total positive charge is 6+, and the total negative charge is 6-. The 
formula is Al2O3.

c) Two ions are needed to balance the charge of one Mg2+ , yielding 
Mg(NO3)2. Note that the formula for the polyatomic ion, NO3

- , must be 
enclosed in parentheses so that it is clear that the subscript 2 applies 
to all the atoms of that ion.

Write the empirical formula for the compound formed by  (a) Na+ and 
PO4

3- , (b) Zn2+ and SO4
2- , (c) Fe3+ and CO3

2- .
Answers: (a) Na3PO4, (b) ZnSO4, (c) Fe2(CO3)3
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Naming Inorganic Compounds
The names and chemical formulas of compounds are 

essential vocabulary in chemistry.

The system used in naming substances is called  
chemical nomenclature.

There are more than 50 million known chemical 
substances. Naming them all would be a hopelessly 
complicated task if each had a name independent of 
all others.

Many important substances that have been known for a 
long time, such as water (H2O) and ammonia (NH3), 
do have traditional names (called common names). 

For most substances, however, we rely on a set of 
rules that leads to an informative and unique name 
for each substance, a name based on the 
composition of the substance. 

The rules for chemical nomenclature are based on the 
division of substances into categories. The major 
division is between organic and inorganic 
compounds. 

Organic compounds contain carbon and hydrogen, 
often in combination with oxygen, nitrogen, or other 
elements, but usually not metals. All others are 
inorganic compounds. 
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Names and Formulas of Ionic Compounds

Ionic compounds usually consist of metal ions combined with 
nonmetal ions. The metals form the cations, and the nonmetals 
form the anions. 

1.Cations
a. Cations formed from metal atoms have the same name as the 

metal:
• Na+ : sodium ion, Zn2+ : zinc ion, Al3+ : aluminum ion 
b. If a metal can form cations with different charges, the positive 

charge is indicated by a Roman numeral in parentheses 
following the name of the metal (usually transition metals):

• iron(II) ion, Fe2+ , copper(I) ion, Cu+ , iron(III) ion, Fe3+ , 
copper(II) ion, Cu2+   

Ions of the same element that have different charges have 
different properties, such as different colors.
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Most metals that form cations with different charges 
are transition metals, elements that occur in the 
middle of the periodic table, from group 3B to group 
2B. 

The metals that form only one cation (only one 
possible charge) are those of group 1A and group 
2A, as well as Al3+ (group 3A) and two transition-
metal ions: Ag+ (group 1B), Cd2+ and Zn2+ (group 2B). 
Charges are not expressed when naming these ions. 
However, if there is any doubt in your mind whether 
a metal forms more than one cation, use a Roman 
numeral to indicate the charge. It is never wrong to 
do so, even though it may be unnecessary.

94

An older method, still widely used for 
distinguishing between differently  charged 
ions of a metal, uses the endings  -ous and    
-ic added to the root of the element’s Latin 
name:

Fe2+ ferrous ion Fe3+ ferric ion
Cu+ cuprous ion                 Cu2+ cupric ion

Although we will only rarely use these older 
names in this course, you might encounter 
them elsewhere.

95

c. Cations formed from nonmetal atoms have names that end in             
-ium:

NH4
+ ammonium ion           H3O+ hydronium ion

These two ions are the only ions of this kind that we will 
encounter frequently in the text.

The names and formulas of some common cations are shown in 
the Table below. The ions on the left side are the monatomic 
ions that do not have more than one possible charge. Those on 
the right side are either polyatomic cations or cations with 
more than one possible charge. 

The ion Hg2
2+ is unusual because, even though it is a metal ion, it 

is not monatomic. It is called the mercury(I) ion because it can 
be thought of as two ions bound together. The cations that you 
will encounter most requently are shown in boldface. You 
should learn these cations first.

96
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2. Anions
a. The names of monatomic anions are formed by 

replacing the ending of the name of the element with 
-ide:

b. Polyatomic anions containing oxygen have names 
ending in either -ate or -ite and are called oxyanions. 
The -ate is used for the most common or 
representative oxyanion of an element, and -ite is 
used for an oxyanion that has the same charge but 
one O atom fewer.

98

Prefixes are used when the series of oxyanions of an 
element extends to four members, as with the 
halogens. The prefix per- indicates one more O atom 
than the oxyanion ending in -ate; hypo- indicates 
one O atom fewer than the oxyanion ending in -ite:

99100

• Common oxyanions: The composition and 
charges of common oxyanions are related to 
their location in the periodic table
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Formula From Name
Based on the formula for the sulfate ion, predict the formula for (a) 

the selenate ion and (b) the selenite ion. (Sulfur and selenium 
are both in group 6A and form analogous oxyanions.)

a) The sulfate ion is SO4
2-. The analogous selenate ion is therefore 

SeO4
2- .

b) The ending -ite indicates an oxyanion with the same charge but 
one O atom fewer than the corresponding oxyanion that ends 
in -ate. Thus, the formula for the selenite ion is SeO3

2-.

The formula for the bromate ion is analogous to that for the 
chlorate ion. Write the formula for the hypobromite and bromite 
ions.

Answer: hypobromite is BrO -

Bromite is BrO2
-

102

• c. Anions derived by adding H+ to an 
oxyanion are named by adding as a prefix 
the word hydrogen or dihydrogen, as 
appropriate:

• Notice that each H+ added reduces the 
negative charge of the parent anion by one. 
An older method for naming some of these 
ions uses the prefix bi-. Thus, the ion HCO3

-

is commonly called the bicarbonate ion, and 
HSO4

- is sometimes called the bisulfate ion.

103

The names and formulas of the common anions are 
listed in the Table below. Those anions whose 
names end in -ide are listed on the left portion of the 
Table, and those whose names end in -ate are listed 
on the right. The most common of these ions are 
shown in boldface. 

You should learn names and formulas of these anions 
first. The formulas of the ions whose names end with 
-ite can be derived from those ending in -ate by 
removing an O atom. Notice the location of the 
monatomic ions in the periodic table. Those of group 
7A always have a (1-) charge (F-, Cl-, Br-, I-), and 
those of group 6A have a (2-) charge (S2- and O2-). 

104
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Elements, molecules and Ions (3)

Lecture 5
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3. Ionic Compounds
Names of ionic compounds consist of the 

cation name followed by the anion name:

In the chemical formulas for aluminum nitrate 
and copper(II) perchlorate, parentheses 
followed by the appropriate subscript are 
used because the compounds contain two or 
more polyatomic ions.
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Name the ionic compounds (a) K2SO4, (b) Ba(OH)2, (c) 
FeCl3.

In naming ionic compounds, it is important to recognize 
polyatomic ions and to determine the charge of cations 
with variable charge.

(a) The cation is K+ , the potassium ion, and the anion is 
SO4

2- , the sulfate ion, making the name potassium 
sulfate. (If you thought the compound contained S2- and 
O2- ions, you failed to recognize the polyatomic sulfate 
ion.

(b) The cation is Ba2+ , the barium ion, and the anion is OH- , 
the hydroxide ion: barium hydroxide.

(c) You must determine the charge of Fe in this compound 
because an iron atom can form more than one cation. 
Because the compound contains three chloride ions, Cl- , 
the cation must be , the iron(III), or ferric, ion. Thus, the 
compound is iron(III) chloride or ferric chloride.

110
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Write the chemical formulas for  (a) potassium sulfide, 
(b) calcium hydrogen carbonate, (c) nickel(II) 
perchlorate.

In going from the name of an ionic compound to its 
chemical formula, you must know the charges of 
the ions to determine the subscripts.

(a) The potassium ion is (1+), and the sulfide ion is (2-). 
Because ionic compounds are electrically neutral, 
two ions are required to balance the charge of one 
ion, giving K2S for the empirical formula.

(b) The calcium ion is (2+) . The carbonate ion is (2-) , 
so the hydrogen carbonate ion is HCO3

- . Two ions 
are needed to balance the positive charge of Ca2+ , 
giving Ca(HCO3)2.

(c) The nickel(II) ion is (2+). The perchlorate ion is (1-) . 
Two ions are required to balance the charge on one 
ion of Ni2+ , giving Ni(ClO4)2. 

112
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Name the ionic compounds (a) NH4Br, (b) 
Cr2O3, (c) Co(NO3)2.

Answers: (a) ammonium bromide, (b) 
chromium(III) oxide, (c) cobalt(II) nitrate

Give the chemical formulas for (a) magnesium 
sulfate, (b) silver sulfide, (c) lead(II) nitrate.

• Answers: (a) MgSO4, (b) Ag2S, (c) Pb(NO3)2

114

Names and Formulas of Acids
Acids are an important class of hydrogen-containing 

compounds, and they are named in a special way. 
For our present purposes, an acid is a substance 
whose molecules yield hydrogen ions (H+) when 
dissolved in water. When we encounter the chemical 
formula for an acid at this stage of the course, it will 
be written with H as the first element, as in HCl and 
H2SO4.

An acid is composed of an anion connected to enough 
H+ ions to neutralize, or balance, the anion’s charge. 
Thus, the SO4

2- ion requires two ions, forming H2SO4.

The name of an acid is related to the name of its anion.

115

1. Acids containing anions whose names 
end in -ide are named by changing the 
–ide ending to -ic, adding the prefix 
hydro- to this anion name, and then 
following with the word acid:
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2. Acids containing anions whose names end 
in -ate or -ite are named by changing -ate to   
-ic and -ite to -ous and then adding the word 
acid. Prefixes in the anion name are retained 
in the name of the acid:
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3. The prefixes per- and hypo- are retained in 
going from the anion to the acid.
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Name the acids (a) HCN, (b) HNO3, (c) H2SO4, (d) H2SO3.

a) The anion from which this acid is derived is CN- , the cyanide 
ion. Because this ion has an -ide ending, the acid is given a 
hydro- prefix and an -ic ending: hydrocyanic acid. Only water 
solutions of HCN are referred to as hydrocyanic acid. The pure 
compound, which is a gas under normal conditions, is called 
hydrogen cyanide. Both hydrocyanic acid and hydrogen 
cyanide are extremely toxic.

b) Because NO3
- is the nitrate ion, the acid is called nitric acid (the 

-ate ending of the anion is replaced with an -ic ending in 
naming the acid).

c) Because SO4
2- is the sulfate ion, the acid is called sulfuric acid.

d) Because SO3
2- is the sulfite ion, the acid is called is sulfurous 

acid (the -ite ending of the anion is replaced with an -ous 
ending).

119

Give the chemical formulas for (a) 
hydrobromic acid, (b) carbonic acid, 
(c) phosphoric acid, (D) nitrous acid.

Answers: 
(a) HBr 
(b) H2CO3 (carbonate, -ate to -ic)
(c) H3PO4  (phosphate, -ate to -ic)
(d) HNO2 (nitrite, -ite to -ous)
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Names and Formulas of Binary 
Molecular Compounds

The procedures used for naming binary (two-element) molecular 
compounds are similar to those used for naming ionic 
compounds:

1. The name of the element farther to the left in the periodic table 
(closest to the metals) is usually written first. An exception 
occurs when the compound contains oxygen and chlorine, 
bromine, or iodine (any halogen except fluorine), in which case 
oxygen is written last.

2. If both elements are in the same group, the lower one is named 
first.  

3. The name of the second element is given an -ide ending.
4. Greek prefixes (see Table below) are used to indicate the 

number of atoms of each element. The prefix mono- is never 
used with the first element. When the prefix ends in a or o and 
the name of the second element begins with a vowel, the a or o 
of the prefix is often dropped.
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Rule 4 is necessary because we cannot predict 
formulas for most molecular substances the way we 
can for ionic compounds, except when the binary 
compound contains hydrogen. 

These compounds can be treated as if they were 
neutral substances containing H+ ions and anions. 
Thus, you can predict that the substance named 
hydrogen chloride has the formula HCl, containing 
one H+ to balance the charge of one Cl- . 

Similarly, the formula for hydrogen sulfide (H2S) is 
because two H+ are needed to balance the charge on 
S2-. 
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Name the compounds (a) SO2, (b) PCl5, (c) Cl2O3. 

The compounds consist entirely of nonmetals, so they 
are molecular rather than ionic.

Using the prefixes in previous Table, we have (a) sulfur 
dioxide, (b) phosphorus pentachloride and, c) 
dichlorine trioxide.

What is the chemical formula for (a) silicon 
tetrabromide and (b) disulfur dichloride?

(a) The chemical formula for silicon tetrabromide is  
SiBr4

(b) The chemical formula for disulfur dichloride is S2Cl2
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3. Ionic Compounds
Names of ionic compounds consist of the 

cation name followed by the anion name:

In the chemical formulas for aluminum nitrate 
and copper(II) perchlorate, parentheses 
followed by the appropriate subscript are 
used because the compounds contain two or 
more polyatomic ions.
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Name the ionic compounds (a) K2SO4, (b) Ba(OH)2, (c) 
FeCl3.

In naming ionic compounds, it is important to recognize 
polyatomic ions and to determine the charge of cations 
with variable charge.

(a) The cation is K+ , the potassium ion, and the anion is 
SO4

2- , the sulfate ion, making the name potassium 
sulfate. (If you thought the compound contained S2- and 
O2- ions, you failed to recognize the polyatomic sulfate 
ion.

(b) The cation is Ba2+ , the barium ion, and the anion is OH- , 
the hydroxide ion: barium hydroxide.

(c) You must determine the charge of Fe in this compound 
because an iron atom can form more than one cation. 
Because the compound contains three chloride ions, Cl- , 
the cation must be , the iron(III), or ferric, ion. Thus, the 
compound is iron(III) chloride or ferric chloride.
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