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Atoms, Molecules, and Ions 
Look around at the great variety of colors, textures, and other propert ies 

in the materia ls t hat surround you- the colors in a garden, the texture of 

the fabric in your clothes, the solubil ity of sugar in a cup of coffee , or the 

beauty and complexity of a geode like the one shown to the right. How can we 

explain the str iking and seemingly infinite variety of properties of the materials 

that make up our world? What makes diamonds t ransparent and hard? A 

large crysta l of sodium ch loride, table salt, looks a bit like a diamond , but is 

brittle and readily dissolves in water. What accounts for the differences? Why 

does paper burn, and why does water quench fi res? The answers to all such 

questions lie in the struct ures of atoms, wh ich determine the physical and 

chem ical properti es of matter. 

Although the materials in our world vary greatly in their properties, everything is 
formed from only about 100 elements and, therefore, from only about 100 chemically 
different kinds of atoms. In a sense, these different atoms are like the 26 letters of the 

"' A SECTION THROUGH A GEODE. AEnglish alphabet that join in different combinations to form the immense number 
geode is a mass of mineral matter (often of words in our language. But what rules govern the ways in which atoms combine? 
containing quartz) that accumulates slowlyHow do the properties of a substance relate to the kinds of atoms it contains? Indeed, 
within the shell of a roughly spherical ,

what is an atom like, and what makes the atoms of one element different from those 
hollow rock. Eventually, perfectly formed 

of another? crystals may develop at a geode's center. 
In this chapter we introduce the basic structure of atoms and discuss the forma The colors of a geode depend upon its 

tion of molecules and ions, thereby providing a foundation for exploring chemistry composition. Here, agate crystallized out as 
more deeply in later chapters. the geode formed . 

WHAT'S 
AHEAD 

2.1 THE ATOMIC THEORY OF MATTER We begin with a brief 
history of the notion of atoms-the smallest pieces of matter. 

2 .2 THE DISCOVERY OF ATOMIC STRUCTURE We then look 
at some key experiments that led to the discovery of electrons and 
to the nuclear model of the atom. 

2 .3 THE MODERN VIEW OF ATOMIC STRUCTURE 
We explore the modern theory of atomic structure, including the 

2.4 ATOMIC WEIGHTS We introduce the concept of atomic 
weights and how they relate to the masses of individual 
atoms. 

2.5 THE PERIODIC TABLE We examine the organization of the 
periodic table, in which elements are put in order of increasing 
atomic number and grouped by chemical similarity. 

2.6 MOLECULES AND MOLECULAR COMPOUNDS We 
discuss the assemblies of atoms called molecules and how 
their compositions are represented by empirical and molecular 
formulas. 

ideas of atomic numbers , mass numbers, and isotopes. 

-



2.7 IONS AND IONIC COMPOUNDS We learn that atoms 2.9 SOME SIMPLE ORGANIC COMPOUNDS We introduce 
can gain or lose electrons to form ions. We also look at how to organic chemistry, the chemistry of the element carbon. 
use the periodic table to predict the charges on ions and the 
empirical formulas of ionic compounds. 

2.8 NAMING INORGANIC COMPOUNDS We consider 
the systematic way in which substances are named, called 
~omenclature, and how this nomenclature is applied to 
inorganic compounds. 
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2.1 IThe Atomic Theory of Matter 
PhUosophers from the earliest times speculated about the nature of the fundamental qstuft" 
from which the world ls made. Democritus (460-370 BCB) and other early Greek phil 
phers described the material world as made up of tiny indivisible particles that they ~so. 
atomos, meaning "indivisible" or "uncuttable." Later, however, Plato and Aristotle formuta ed 
the notion that there can be no ultimately indivisible particles, and the "atomic" view ofIll ted 
faded for many centuries during which Aristotelean philosophy dominated Westem cu]~ltcr 

The notion of atoms reemerged in Europe during the seventeenth century. As ch e. 
ists learned to measure the amounts ofelements that reacted with one another to form em. 
substances, the ground was laid for an atomic theory that linked the id~a of elements:: 
the idea ofatoms. That theory came from the work of John Dalton dunng the period frorn 
1803 to 1807. Dalton's atomic theory was based on four postulates (see 'If Figure 2.1). 

Dalton's theory explains several laws ofchemical combination that were known dUrin 
his time, including the law ofconstant composition aco(Section 1.2),,. based on postulate l 

In a given compound, the relative numbers and kinds of atoms are constant. 

It also explains the law ofconservation of mass, based on postulate 3: 

The total mass of materials present after a chemical reaction is the same as the total mass 

present before the reaction. 
A good theory explains known facts and predicts new ones. Dalton used his theory 

to deduce the law ofmultiple proportions: 
If two elements A and B combine to form more than one compound, the masses of B 
that can combine with a given mass ofA are in the ratio of small whole numbers. 

Dalton's Atomic Theory 

3. Atoms o~ one ele~ent cannot be changed into atoms of a different element 
by 0enucal reactions; atoms are neither created nor destroyed m· ch ·ca1 
reactions. enu 

Oxygen - -0+ - Nitrogen 

4. Compounds are formed when atoms of more than one 
element c~mbine; a given com pound always has the 
same relative number and kind of atoms. 

e +e - • 
IN O I I ~ 01 

I 
Elements Compound 

1. Each element is composed of extremely small particles called atoms. 

- An atom of the element oxygen - An atom of the element nitrogen 

2. All a~oms of a given element are identical, but the atoms of one ele~ent 
are different from the atoms of all other elements. 

---Oxygen - - - Nitrogen 

• Figure 2.1 Dalton's atomic theory.t John Dalton (1766 18 . 
weaver began teaching at age 12 H . - 44), the son of a poor English , , e spent most of his years · M h h ht
both grammar school and college H' l'f . . in anc ester, where e taug· 1s I e1ong interest in meteor0 1 1 d h' t t d 
then chemistry and eventually at · th . . ogy e 1m o s u y gases,, omic eory. Despite his humbl b · · D · d 
strong scientific reputation during his lifetime. e eginmngs, alton gaine a 

·The short chainlike symbol (CDO ) th t d th · ..a. . th a prece es e seclion reference indicates a link to ideas present<¥ 
earI1er Ill e text. 
toalton, John. "Atomic Theory." 1844. 
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We can illm,trate this law by considering water and hydrogen peroxide, both of which 
com,ist of the clements hydrogen and oxygen. In forming water, 8.0 g of oxygen com-
bine with 1.0 g of hydrogen. In forming hydroge n peroxide, 16.0 g of oxygen combine 
with 1.0 g of hydrogen. Thus, the ratio of the masses of oxygen per gram of hyd rogen 
in thc_two com~oun~s is 2: 1. Using Dalton's atomic theory, we conclude that hydroge.n 
peroxide con tams twice as many atoms of oxygen per hydrogen atom than does water. 

~ Give It Some Thought 
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 carbo11 atoms, what can 

we conclude about the composition of compound B? 

2.2 IThe Discovery of Atomic 
Structure 

Dalton based his conclusions about atoms on chemical observations made in the 
laboratory. By assuming the existence of atoms he was able to account for the laws of 
constant composition and of multiple proportions. But neither Dalton nor those who 
followed him during the century after his work was published had any direct evidence 
for the existence of atoms. Today, however, we can measure the pro,perties of individual 
atoms and even provide images of them (.,. Figure 2.2). 

As scientists developed methods for probing the nature of matter, the supposedly 
indivisible atom began to show signs ofa more complex structure, and today we know 
that the atom is composed of subatomic particles. Before we summarize the current 
model, we briefly consider a few of the landmark discoveries that led to that model. 
We will see that the atom is composed in part of electrically charged particles, some 
with a positive charge and some with a negative charge. As we discuss the develop
ment of our current model of the atom, keep in mind this fact: Particles with the same 
charge repel one another, whereas particles with unlike charges attract one another. 

Cathode Rays and Electrons 
During the mid-I 800s, scientists began to study electrical discharge through a glass 
tube pumped almost empty of air (Figure 2.3). 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 wa.s detected because 
they cause certain materials to fluoresce, or to give off light. 

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. The British 
scientist J. J. Thomson (1856-1940) observed that cathode rays are the same regard
less of the identity of the cathode material. In a paper published in 1897, Thomson 
described cathode rays as streams of negatively charged particles. His paper is generally 
accepted as the discovery ofwhat became known as the electron. 

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 perpen
dicular to the electron beam, and a fluorescent screen was located at one end (Figure 2.4). 
The electric field deflected the rays in one direction, and the magnetic field deflected them 
in the opposite direction. Thomson adjusted the strengths of the fields so that the effects 
balanced each other, allowing the electrons to travel in a straight path to the screen. Know
ing the strengths that resulted in the straight path made it possible to calculate a value of 
1.76 X 108 coulombs* per gram for the ratio of the electron's electrical charge to its mass. 

·The coulomb (C) is the SI unit for electrical charge. 

A Figure 2.2 An image of the surface 
of silicon. The image was obtained by 
a technique called scanning tunneling 
microscopy. The color was added to the image 
by computer to help distinguish its features. 
Each red sphere is a silicon atom. 



The tube contains a fluorescent 
screen that shows the path of 
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GO rtGURE h d to anode7 
I from cat O e · How do we deduce from the figure that the cathode rays trave 

Electrons move from the 
negative cathode to the 
pos,t,ve anode. the cathode rays. 

& Figure 2 .3 Cathode-ray tube. 

~ Give It Some Thought 
Thomson observed that the cathode rays produced in the cathode- ray tube 
behaved identically, regardless of the particular metal used as cathode. What is 
the significance of this observation ? 

GO FIGURE 
If no magnetic field were applied , would you expect the electron beam to be deflected upward or downward by the electric field? 

Fluorescent 

Evacuated tube 

Electron beam undeflected if 
electric and magnetic field 
strengths exactly balance 
each other. 

A Figure 2.4 Cathode-ray tube with perpendicular magnetic and electric fields. The cathode 
rays (e lectrons) originate at the cathode and are accelerated toward the anode, which has a 
hole in i ts center. A narrow beam of electrons passes through the hole and travels to the 
f luorescent screen. 



GO FIGURE 

would the masses of the oil drops be changed significantly by any electrons that accumulate on them? 

Oil drops
) lolc in plate 

L-------r -_,. Electrically 
charged plates 

A Figure 2.5 Millikan's oil-drop experiment to measure the charge of the electron. Small drops 
of oil are allowed to !al Ibetween electrically charged plates. The drops pick 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 x 10- 19 C, Millikan deduced this value to be the charge of a single electron. 

Once the charge-to-mass ratio of the electron was known, measuring either quan
tity allowed scientists to calculate the other. In 1909, Robert Millikan (1868-1953) 
of the University of Chicago succeeded in measuring the charge of an electron by 
performing the experiment described in A. Figure 2.5. He then calculated the mass 
of the electron by using his experimental value for the charge, 1.602 X 10-19 C, and 
Thomson's charge-to-mass ratio, 1.76 X 108 C/g: 

1.602 X 10-19 C 
Electron mass = C/ = 9.10 X 10-28 g

1.76 X 10 8 g 

This result agrees well with the currently accepted value for the electron mass, 
9. 10938 X 10- 2s g. This mass is about 2000 times smaller than that of hydrogen, the 
lightest atom. 

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. At Becquerel's suggestion, Marie Curie (.,. Figure 2.6) 
and her husband, Pierre, began experiments to identify and isolate the source of radio
activity in the compound. They concluded that it was the uranium atoms. 

Further study ofradioactivity, principally by the British scientist Ernest Rutherford, 
revealed three types of radiation: alpha (a), beta (/3), and gamma (-y). The paths 
of a and f3 radiation are bent by an electric field, although in opposite directions; -y 
radiation is unaffected by the field (Figure 2.7). Rutherford (1871-1937) was a very 
important figure in this period of atomic science. After working at Cambridge 
University with J. J. Thomson, he moved to McGill University in Montreal, where he 
did research on radioactivity that led to his 1908 Nobel Prize in Chemistry. In 1907 
he returned to England as a faculty member at Manchester University, where he did his 
famous a - particle scattering experiments, described below. 

Rutherford showed that a and f3 rays consist of fast-moving particles. In fact, /3 
particles are high-speed electrons and can be considered the radioactive equivalent 
of cathode rays. They are attracted to a positively charged plate. The a particles have a 

.& Figure 2.6 Marie Sklodowska Curie 
(1867-1934). In 1903 Henri Becquerel, 
Marie Curie, and her husband, Pierre, were 
jointly awarded the Nobel Prize in Physics for 
their pioneering work on radioactivity (a term 
she introduced). In 1911 Marie Curie won a 
second Nobel Prize, this time in chemistry for 
her discovery of the elements polonium and 
radium. 
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Which of the three kinds of radiation shown consists of electro 
others? 

· Y 

f3 rays are negatively charged 

'Y rays carry no charge 

a rays are positively charged 

Electrically 
charged plates 

CHAPTER 2 Atoms, Molecules, and Ions 

GO FIGURE . ns? Wh are these rays deflected to a great er extent than the 

• Figure 2.7 Behavior of alpha (a), beta (P), and gamma (-y) rays in an electric field. 

Radioactive 
substance 

Positive charge 
spread throughout 
sphere 

.a. Figure 2.8 J. J. Thomson's plum-pudding 
model of the atom. Ernest Rutherford and 
Ernest Marsden proved this model wrong. 

positive charge and are attracted to a negative plate. In units of the charge of th~ electron, 
/3 particles have a charge of 1- and a particles a charge of 2+. Each a particle has a 
mass about 7400 times that ofan electron. Gamma radiation is high-energy radiation simi
lar to X rays; it does not consist ofparticles and carries no charge. 

The Nuclear Model of the Atom 
With growing evidence that the atom is composed of smaller particles, scientist gave 
attention to how the particles fit together. During the early 1900s, Thomson reasoned 
that because electrons contribute only a very small fraction of an atom's mass they 
probably are responsible for an equally small fraction of the atom's size. He proposed 
that the atom consists ofa uniform positive sphere ofmatter in which the mass is evenly 
d istributed and in which the electrons are embedded like raisins in a pudding or seeds 
in a watermelon (~ Figure 2.8). This plum-pudding model, named after a traditional 
English dessert, was very short-lived. 

In 1910, Rutherford was studying the angles at which a particles were deflected, or 
scattered, as they passed through a thin sheet of gold foil (.,,. Figu re 2.9). He discovered 
that almost all the particles passed directly through the foil without deflection, with a 
few particles deflected about l 0

, consistent with Thom son's plum-pudding model. For 
the sake of completeness, Rutherford suggested that Ernest Marsden, an undergradu
ate 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 fo r these re
sults was not immediately obvious, but they were clearly inconsistent with Thomson's 
plum-pudding model. 

Rutherford explained the results by postulating the nuclear model of the atom, 
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 a-scattering experiment, most of the particles passed through the 
foil unscattered because they did not encounter the minute nucleus of any gold atom. Oc
casionally, however, an a particle came close to a gold nucleus. In such encounters, the 
repulsion between the highly positive charge of the gold nucleus and the positive charge 
of the a particle was strong enough to deflect the particle, as shown in Figure 2.9. 

ndSubsequent experiments led to the d iscovery of positive particles (protons) a
neutral particles (neutrons) in the nucleus. Protons were discovered in 1919 by Ruther

thford and neutrons in 1932 by British scientist James Chadwick (1891- 1972). Thus, e 
atom is composed of electrons, protons, and neutrons. 



.-. GO FIGURE 
What is the charge on the particles that form the beam? 

faperiment Interpretation 

repulsion by a tiny
Most a particles positive nucleus 
undergo no scattering 

Circular 
fluorescent 
screen 

A few a particles are 
scattered because of 

because most of the 
atom 1s empty 

A Figure 2.9 Rutherford's a-Sacttering experiment. When a 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 
deflect ions. The nuclear model of the atom explains why a few a particles are deflected at large 
angles. Although the nuclear atom has been depicted here as a yellow sphere, it is important to 
realize that most of the space around the nucleus contains only the low-mass electrons. 

Give It Some Thought 
What happens to most of the a particles that strike the gold foil in Rutherford 's 
experiment? Why do they behave that way? 

2.3 IThe 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 chem
ists, 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. 

As noted earlier, the charge ofan electron is -1.602 X 10-19 C. The charge of a pro
ton is opposite in sign but equal in magnitude to that ofan electron: +1.602 X 10- 19 C. 
The quantity 1.602 X 10-19 C is called the electronic charge. For convenience, the 
charges ofatomic and subatomic particles are usually expressed as multiples of this charge 
rather than in coulombs. Thus, the charge ofan electron is 1- and that of a proton is l +. 
Neutrons are electrically neutral (which is how they received their name). Every atom has 
cm equal number ofelectrons and protons, so atoms have no 11et electrical charge. 

-
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Protons and neutrons reside in the tiny nucleus of th~ atom. ': he vast majority 
of an atom's volume is the space in wh ici'~ the electro ns reside ( • F~f ure 2.10). Most 

GO FIGURE 0 
atoms have diameters between I X 10- m ( 100 p~) an d_ 5 X _10 m (500 pm). A 

What 1s t he approximate diameter of convenient non- SI unit of length used fo r atom ic d1me ns10ns 1s the angstrom (A) 
the nucleus 1n urnts of pm? where I A = I x 10- IO m. Thus, atoms have diameters of a pproxima tely I - 5 A'. 
N uclcu~ Volume occupied 
con t,1ining 
pro ton~ ,md 
nl.'lltTOIIS b/'"°'" 

r-1-sA--j 
4 Figure 2.10 The structure of the atom. 
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 1s composed of t he protons and 
neutrons. The nucleus contains virtually all 
the mass of the atom. 

The diameter of a chlorine a tom, fo r example, is 200 pm , o r 2.0 A. 
Electrons are att racted to the protons in the nucleus by the electrostatic force that 

exists between particles of o pposite electrical charge. Jn la ter c~apters we will see that 
the strength of the a ttractive forces between electrons and nuclei can be used to explain 
many of the differences among different elements. 

L.. Give It Some Thought 
(a) If an atom has 15 protons, how many electrons does it have? 
(b) Where do the protons reside in an atom? 

Atoms have extremely small masses . The mass of the h eaviest known atorn, 
for example, is approximately 4 X 10- 22 g. Because it would be cumbersome to ex
press such small masses in grams, we u se the atomic m ass unit (amu),* where 
I amu = 1.66054 X 10- 24 g. A proton has a mass of l.0073 amu, a neutron l.0087 amu, 
and an electron 5.486 X 10- 4 amu ('f Table 2.1). Because it takes 1836 electrons to equal 
the mass ofone proton or one neutron, the nucleus contains most of the mass ofan atom. 

Table 2.1 Comparison of the Proton, Neutron, and Electron 

Particle Charge Mass (amu) 

Proton Positive ( l +) 1.0073 

Neutron None (neutral) 1.0087 

Electron Negative (1-) 5.486 X 10- 4 

SAMPLE 
EXERCISE 2.1 Atomic Size 

The diameter ofa U.S. dime is 17.9 mm, and the diameter ofa silver atom is 2.88 A. How many 
silver atoms could be arranged side by side across the diameter of a dime? 

/SOLUTION 

The unknown is the number of silver (Ag) atoms. Using the relationship l Ag atom = 2.88 A 
as a conversion factor relating number ofatoms and distance, we start with the diameter ofthe 
dime, first converting this distance into angstroms and then using the diameter of the Ag atom to 
convert distance to number of Ag atoms: 

10- 1R )(lAgatom) 
1 m)(Ag atoms = (17.9mm) ( - - / ---=io )(_ = 6.22 x 107 Agatoms 

l mm 10 .m 2.88 

That is, 62.2 million silver atoms could sit side by side across a dime! 

Practice Exercise 1 
Which of the following factors determines the size ofan atom? 
(a) The volume of the nucleus; (b) the volume ofspace occupied by the electrons of the atom; 
(c) the volume ofa single electron, multiplied by the number ofelectrons in the atom; (d) The 
total nuclear charge; (e) The total mass of the electrons surrounding the nucleus. 

Practice Exercise 2 
The diameter of a carbon atom is 1.54 A. ( a) Express th is diameter in pico meters. (b) How 
many carbon atoms could be aligned side by side across the width ofa pencil line that is 
0.20 mm wide? 

·The SI abbreviation for the atomic mass unit is u. V{e \\~II use the more common abbreviation amu. 
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The diameter of an atomic nucleus is approximately 10-4 A, only a small fraction 
oi the d iameter of the atom as a whole. You can appreciate the relative sizes of the atom 
.ind its nucleus by imagining that if the hydrogen atom were as large as a footba ll sta
dium, the nucleus -:vould be the size of a small marble. Because the tiny nucleus ca(ries 
most of the mass of the atom in such a small volume, it has an incredibly high density
on the order of _1~1J-10

14 
g / cm

3
. A matchbox full of material of such density would 

weigh over 2.5 b1llton tons! 

Basic Forces 

Four basic fo rces are known in nature: (l) gravitational, (2) electro
magnetic, (3) strong nuclear, and (4) weak nuclear. Gravitational 
forces are attractive forces that act between all objects in proportion 
to their masses. Gravitational forces between atoms or between sub
atomic particles are so small that they are of no chemical significance. 

Electromagnetic forces are attractive or repulsive forces that act 
between either electrically charged or magnetic objects. Electric forces 
are important in understanding the chemical behavior of atoms. The 
magnitude of the electric force between two charged particles is given 
by Coulomb's law: F = kQ1Q2/ d2

, where Q1 and Q2 are the magni
tudes of the charges on the two particles, d is the distance between 
their centers, and k is a constant determined by the units for Q and d. 

A negative value for the fo rce indicates attraction, whereas a positive 
value indicates repulsion. Electric forces are ofprimary importance in 
determining the chemical properties of elements. 

All nuclei except those of hydrogen atoms contain two or more 
protons. Because like charges repel, electrical repulsion would cause 
the protons to fly apart if the strong nuclear force did not keep them 
together. This force acts between subatomic particles, as in the 
nucleus. At this distance, the attractive strong nuclear force is stron
ger than the positive- positive repulsive electric force and holds the 
nucleus together. 

The weak nuclear force is weaker than the electric force but 
stronger than the gravitational fo rce. We are aware of its existence 
only because it shows itself in certain types of radioactivity. 

Related Exercise: 2.1 12 

Figure 2.10 incorporates the features we have just discussed. Electrons play the ma
jor role in chemical reactions. The significance of representing the region containing 
electrons as an indistinct cloud will become clear in later chapters when we consider the 
energies and spatial arrangements of the electrons. For now we have all the information 
we need to discuss many topics that form the basis ofeveryday uses ofchemistry. 

Atomic Numbers, Mass Numbers, and Isotopes 
What makes an atom of one element different from an atom of another element? The 
atoms of each element have a characteristic number of protons. 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 ofcarbon, 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. The atomic number of each element 
is listed with the name and symbol of the element on the front inside cover of the te~'t. 

Atoms of a given element can differ in the number of neutrons they contain and, 
consequently, in mass. For example, while most atoms of carbon have six n eutrons, 
some have more and some have less. The symbol 1~C (read "carbon twelve," carbon -12) 
represents the carbon atom containing six protons and six neutrons, whereas carbon 
atoms that contain six protons and eight neutrons have mass number 14, are repre
sented as 1tc or 14C, and are referred to as carbon-14. 

The atomic number is indicated by the subscript; the superscript, called the mass 
number, is the n umber of proto ns plus neutrons in the atom: 

Ma~~ numbl'r (numbl.'r of 
protons plus neutrons) '----.,. 

l~C - Symbol of e lement 

. /
Atomic number (number 
of protons or electrons) 
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some Isotopes of Carbon° Table 2.2 
Number of Number of -..,.Number of 
Electrons NeutronsProtonsSymbol 

6 5
lie 6 

6 6612c 

76 
13c 6 

6 8 
14c 6 

2
•Almost 99% of1hc carbon found in nature is ' C. 

Because all atoms of a given element have the same atomic number, the subscript is 
redundant and is often omitted. T hus, the symbol for carbon- l 2 can be represented 

simpl)' as 12C. . . 
Atoms with identical atomic numbers but different mass numbers (that 1s, same 

number of protons but d ifferent numbers of neutrons) are called ~sotopes of one an
other. Several isotopes of carbon are listed in • Table 2.2. We will generally use the 
notation with superscripts only when referring to a particular isotope of an element. It 
is important to keep in mind that the isotopes ofany given element are all alike chemi
cally. A carbon dioxide molecule that contains a 13C atom behaves for all practical pur
poses identically to one that contains a 12C atom. 

SAMPLE 
EXERCISE 2.2 Determining the Number of Subatomic Particles in Atoms 

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

SOLUTION 
(a) The superscript 197 is the mass number (protons + neutrons). Practice Exercise 1 
According to the list of elements given on the front inside cover, gold Which of these atoms has the lar~est number ofneutrons in the 
has atomic number 79. Consequently, an atom of 197Au has 79 pro nucleus? (a) 148Eu, (b) 157Dy, (c) 49Nd, (d) 162Ho, (e) 159Gd. 
tons, 79 electrons, and 197 - 79 = 118 neutrons. (b) The atomic 
number ofstrontium is 38. Thus, all atoms of this element have Practice Exercise 2 
38 protons and 38 electrons. The strontium-90 isotope has 90 - 38 = How many protons, neutrons, and electrons are in an atom of 
52 neutrons. (a) 138Ba, (b) phosphorus-31? 

SAMPLE 
EXERCISE 2.3 Writing Symbols for Atoms 
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 ofeach isotope? 

SOLUTION 
(a) Magnesium has atomic number 12, so all atoms ofmagnesium 
contain 12 protons and 12 electrons. The three isotopes are therefore 
represented by f~Mg, n Mg, and f~Mg. (b) The number ofneutrons in 
each isotope is the mass number minus the number of protons. The 
numbers ofneutrons in an atom of each isotope are therefore 12, 13, 
and 14, respective!y. 

Practice Exercise 1 

Which ofthe following is an incorrect representation for a neutral 
atom: (a) ~Li, (b) 1Jc, (c) ~lCu,(d) {gP,(e) 1~fAg? 

Practice Exercise 2 

Give the complete chemical symbol for the atom that contains 
82 protons, 82 electrons, and 126 neutrons. 

2.4 IAtomic Weights 
Atoms are small pieces of matter, so they have mass. In this section we discuss the mass 
scale used for atoms and introduce the concept ofatomic weights. 

The Atomic Mass Scale 
Scientists of the nineteenth century were aware that atoms of different elements have 
diffe rent masses. They found, for example, that each 100.0 g of water contains 11.1 g 

-
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of hydrogen a nd 88.9 g of oxygen Thus water co t · 8 ;8 9
oxygen, by mass, as hydrogen. 01~ce sci~nt;sts unc1l1 a1tns d ·, 1I.I = 8 times as much 

, ' ers oo t 1at water contains t\ hdrogen atoms ,or each oxygen atom, they concl d d th vo y-
2 X 8 - 16 t' I u e at an oxygen atom must have 

- imcs as muc l mass as a hydrogen atom H d I . 
arbitrarily assigned a relative mass of I (no units)' At . , y rogcn, t 1e lightest atom, was 

. · · om1c masses ofother elements 
nt fiirst dctermmcd relative to this value. Thus oxyg . d . were 

T d ' en was assigne an atomic mass of 16 
o ay we can determine the masses of individual atoms with a hi h de re . 

curacy. For example, we know that the IH aton1 h f g 2g e ofac-
lh as a mass o 1.6735 x 10- 4 g a d th 

0 atom has a mass of2.6560 x 10- 23 A , . . n e 
. . g. s we noted 111 Secl!on 2.3, it is convenient to 

use the atomic mass umt when dealing with these ext l II reme y sma masses: 

1 amu = 1.66054 X 10- 24 g and 1 g = 6.02214 x 1023 amu 

The atomic mass unit is presently defined by assig · f I 
. II nmg a mass o exact y 12 amu to a 

chem1ca y unbound atom of the 12C isotope ofcarbon In the 1H h 
f 

· se um ·1s, an atom as a 16 mass o 1.0078 amu and an O atom has a mass of 15 9949 . amu. 

Atomic Weight 

Most elements occur in nature as mixtures of isotopes. We can determine the average 
a_ton!ic mass of an eleme~t, usually called the element's atomic weight, by summing 
(md1cated by the Greek sigma, L) over the masses of its isotopes multiplied by their 
relative abundances: 

Atomic weight = ~ [ ( isotope mass) X ( fractional isotope abundance)) 

over all isotopes of the element (2.1] 

Naturally occurring carbon, for example, is composed of 98.93% 12C and 1.07% 13c. 
The masses of these isotopes are 12 amu (exactly) and 13.00335 amu, respectively, mak
ing the atomic weight of carbon 

{0.9893){12amu) + {0.0107){13.00335amu) = 12.0lamu 

The atomic weights of the elements are listed in both the periodic table and the table of 
elements front inside cover of this text. 

Give It Some Thought 
A particular atom of chromium has a mass of 52.94 amu, whereas the atomic weight 
of chromium is given as 51.99 amu. Explain the difference in the two masses. 

SAM P L E 
EXERCISE 2.4 Calculating the Atomic Weight of an Element from Isotopic Abundances 

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

SOLUTION 

We can calculate the atomic weight by multiplying the abundance of 
each isotope by its atomic mass and summing these products. Because 
75.78% = 0.7578 and 24.22% = 0.2422, we have 

Atomicweight = (0.7578)(34.969amu) + (0.2422) (36.966amu) 

= 26.50 amu + 8.953 amu 

= 35.45 amu 

This answer makes sense: The atomic weight, which is actually 
the average atomic mass, is between the masses of the two isotopes 
and is closer to the value of 35CI, the more abundant isotope. 

Practice Exercise 1 
The atomic weight ofcopper, Cu, is listed as 63.546. Which of the 
following statements arc untrue? 

(a) Not all the atoms ofcopper have the same number of 
electrons. 

(b) All the copper atoms have 29 protons in the nucleus. 
(c) The dominant isotopes ofCu must be 63Cu and 64Cu. 
(d) Copper is a mixture ofat least two isotopes. 
(e) The number ofelectrons in 1he copper atoms is independent of 

atomic mass. 

Practice Exercise 2 
Three isotopes ofsilicon 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 ofsilicon. 
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The Mass Spectrometer 

l h,· m1"t ,\Hur.tic llll'.111' Im J clcrmlnlng atomic weights 1s pro
\1,l.:,I by th,· "'"" , pcctromckr (T Figure 2.11). Agaseous sample 
" mtrodu,c,I ,It A ,111J bombarded by a stream of high-energy elec
tron, at ff l ' ollt,lon, het" cen the electrons ,md the atoms or mol
Cd1le, of the g,\\ produce posit ivelr charged particles. called 1011s, 

th.It an· then .1c.:dcr,,ted low.ird ,, ncgulivcly charged grid (C). After 
the 1011, p.i,~ thrnu11h the grid, they encounter two slits that allow 
onlv .i 11.11 row beam of ion~ lo pa~s. Tim beam then pa~scs betwe<.>n 
the pole~ of a magnet, which Jcflech the ions Into a curved path. 
For ion~ with the ~.lllll.' charge, the extent of deflection depends on 
ma~~- thc mtne massive the 10n. the less the deflection. The ions 
an• thcn·by ~ep.iratcd according 10 their nH1ss,•s. By changing the 
-tn·ngth of th,· nrngnctic (\eld or lhe accelerating voltage on the grid, 
ion~ of variou~ massc~ <'an be selected to enter the detector. 

A graph of the intensity of th<.> detector signal versus ion atomic 

mas~ is c,illcd a 111 ass spectrnm (T Figure 2.12). Analysis of a Ill 

spectrum gives both the masses of the ions reaching the detec:5$ 
and their relative ahunJances, _which arc obtained from the sign:; 
intensities. Knowing the atonuc mass and the abundance of each 
isotope allows us to calculate the atomic weight of an element , as 
shown in Sample Exercise 2.4. 

Mass spectrometers are used ex~cnsively today lo identify 
chemical compounds and analyze n11xturcs of substances. Any 
molecule that loses electrons can fa ll apart, fo rming an array of 
positively charged fragments. The mass spectrometer measures 
the masses of these fragments, producing a chemic.11 "fingerprint• 
of the molecule and provid ing clues abou t how the a toms were 
connected in the original molecule. Thus, a chemist might use this 
technique to determine the molecular structure of a newly syn. 
thesized compound or to ident ify a pollutant in the environment. 

Related Exercises: 2.27, 2.38, 2.40, 2.88, 2.98, 2.99 

A__... 
Sample 

Ionizing 
e lectron 
beam 

/ B C 

(+) \ 
To vacu um 
pump 

Separation of 
ions based on 
mass d ifferences 

34 35 36 37 38 
Atomic mass (amu) 

.t. Figure 2 .11 A mass spectrometer. Cl atoms are introduced at A and • Figure 2 .12 Mass spectrum of atomic chlorine. The fractional 
are 1on1zed to form c1+ ions, which are then directed through a magnetic abundances of the isotopes 35CI and 37CI are indicated by the rela
field. The paths of the ions of the two Cl isotopes diverge as they pass tive signal intensities of the beams reaching the detector of the mass 
through the field. spectrometer. 

2.5 IThe Periodic Table 
As the list of known elem ents expanded during the early 1800s, attempts were made to 
find patterns in chemical beh avio r. T hese efforts culm inated in the develo pment of the 
periodic table in 1869. We will have much to say abo ut the pe riod ic table in later chap
ters, but it is so important and useful that you should becom e acquainted with it now. 
You will q uickly learn that the periodic table is the most significant tool that chemists use 
for organizing and remembering chemicalfacts. 

Many elemen ts show strong similarities to o ne anothe r. The e lements lithium 
(Li), sodium (Na), an d potassium (K) are all soft, very react ive m etals, for example. 
T he elem ents heliu m (He), neon (Ne), and a rgon (Ar) a re all very n o nreactive gases. 
If th e e lem en ts a re a r ran ged in o rde r of increasing atom ic number, their chemical 
an d physical properties show a repeatin g, or periodic, pattern. For example, each 
of the soft, reactive m e ta ls-lithiu m , sodium , and po tassium-comes immediately 
a fte r one of the no nreactive gases-helium, neon, an d argon, respect ively-as shown 
in .,. Figure 2.13. 

http:chemic.11
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GO FIGURE 

If F 1s a reactive nonmetal, which other element or elements shown here do you expect to also be a reactive nonmetal? 

,\t,1mic 
number 2 3 4 - - - 9 10 II 12 - - - 17 18 19 20 

Svmbol H Be F Ne Na Mg - - - Cl Ar K Ca 

Soft, Soft, Soft,
reactive reactive reactive 
metal metal metal 

• Figure 2.13 Arranging elements by atomic number reveals a periodic pattern of properties. 
This pattern is the basis of the periodic table. 

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 
(Y Figure 2.14) . The table shows the atomic number and atomic symbol for each ele
ment, and the atomic weight is often given as well, as in this typical entry for potassium: 

19+---1-- Atomic number 
K - - - Atomic symbol 

39.0983~1-- Atomic weight 

You may notice slight variations in periodic tables from one book to another or between 
those in the lecture hall and in the text. These are simply matters ofstyle, or they might 
concern the particular information included. There are no fundamental differences. 

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 

QJ 
3 
Li 

11 
Na 

19 
K 

37 
Rb 

55 
Cs 
87 
Fr 

2A 
2 
4 

Be 
12 

Mg 

20 
Ca 
38 
Sr 
56 
Ba 
88 
Ra 

Elements arranged in 
order of increasing 
atomic number 

3B 4B SB 6B 
3 4 5 6 

21 22 23 24 
Sc Ti V Cr 
39 40 41 42 
y Zr Nb Mo 
71 72 73 74 
Lu Hf Ta w 
103 104 105 106 
Lr Rf Db Sg 

7B 
7 

25 
Mn 
43 
Tc 

75 
Re 
107 
Bh 

3A 4A SA 
S,epJike lioe diodes "-- 13 14 IS 
metals from nonmetals 5 6 7 

B C N 
88 

18 2B 13 14 15 
/ 8 9 10 11 12 A l Si p 

26 27 28 29 30 31 32 33 
Fe Co Ni Cu Zn Ga Ge As 
44 45 46 47 48 49 50 51 
Ru Rh Pd Ag Cd In Sn Sb 

76 77 78 79 80 81 82 83 
Os Ir Pt Au Hg Tl Pb Bi 
108 109 110 111 112 113 114 115 
Hs Mt Ds Rg Cn Fl 

,--

6A 7A 2 
16 17 He 
8 9 10 
0 F Ne 
16 17 18 
s Cl Ar 
34 35 36 
Se Br Kr 

52 53 54 
Te I Xe 
84 85 86 
Po At Rn 

116 117 118 
Lv 

2 

3 

4 

5 

6 

7 

Groups - vertical columns 
containing elements with 
similar properties 

J 
SA 
18 

0 Metals 
0 Metalloids 
0 Nonmetals 

57 58 59 60 61 62 63 64 65 66 67 68 69 70 
La Ce Pr Nd Pm Sm Eu Gd Tb Dy Ho Er Tm Yb 

89 
Ac 

90 
Th 

91 
Pa 

92 
u 

93 
Np 

94 
Pu 

95 
Am 

96 
Cm 

97 
Bk 

98 
Cf 

99 
Es 

100 
Fm 

101 
Md 

102 
No 

• Figure 2.14 Periodic table of elements. 
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third periods consist of eight clemen ts each. The fou~th and fifth periods contain 
IB clements. The sixth period has 32 clements. but for it to fit on a page.' 14 of these 

rat the bottom of the table. rhe sev h
clements (atomic numbers 57-70) appca • . ent 

. I. . I tc but it also has 14 of its members placed ma row a t the bottorn
pl'floc 1s mcomp e , , • • 
of the tabk 

The vertical columns arc groups.The way in which the groups are_labeled is sorne-
what arbitrary. Three labeling schemes arc in common use'. two _of wh_ich ~re shown in 
Figure 2.14. The top set of labels, which have A an~ B des1gnat1ons, is widely u_sed in 
Norlh America. Roman numerals, rather than Arabic ones, are often employed in this 
scheme. Group 7A, for example, is often labeled VllA. Europeans use a similar con
vention that numbers the columns from IA through SA and then from 1B through 88, 
thereby giving the label 7B (or VIIB) instead of7A to the gr?up head~d by fluorine (F). 
Jn an effort to e liminate this confusion, the International Umon of Pure and 
Appli ed Chemistry (IUPAC) has proposed a convention th_at n~mbers the groups 
from I through 18 with no A or B designations, as shown 111 Figure 2.14. We will 
use the tradi tional North American convention with Arabic numerals and the letters 

A and B. 
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 I B. These elements are less reactive than most metals, which is why they have 
been traditionally used throughout the world to make coins. Many other groups in the 
periodic table also have names, listed in 'Y Table 2.3. 

We will learn in Chapters 6 and 7 that elements in a group have similar properties 
because they have the same arrangement of electrons at the periphe ry of their atoms. 
However, we need not wait until then to make good use of the periodic table; after all, 

Table 2.3 Names of Some Groups in the Periodic Table 

Group Name Elements 

IA Alkali metals Li, Na, K, Rb, Cs, Fr 

2A Alkaline earth metals Be, Mg, Ca, Sr, Ba, Ra 

6A Chalcogens 0, S, Se, Te, Po 

7A Halogens F, Cl, Br, I, At 

8A Noble gases (or rare gases) He, Ne, Ar, Kr, Xe, Rn 

What Are Coins 
Made Of? 

Copper, silver, and gold were traditionally em
ployed to make coins, but modern coins are 
typically made from other metals. To be useful 
for coinage, a metal, or combination of metals 
(called an alloy), must be corrosion resistant. It 
must also be hard enough to withstand rough 
usage and yet be of a consistency that permits 
machines to accurately stamp the coins. Some 
metals that might otherwise make fine coins
for example, manganese (Mn)- arc ruled out 
because they make the coins too hard to stamp. A 
third criterion is that the value of the metal in the 
coin should not be as great as the face value of the 
coin. For example, if pennies were ·made today 

A photo of a si Iver dollar from the president 
series. 

from pure copper, the metal would be worth more 
than a penny, thus inviting smelters to melt down 
the coins for the value of the metal. Pennies today 
are largely made ofzinc with a copper cladding. 

One of the traditional alloys for making coins 
is a mixture ofcopper and nickel. Today only the 
U.S. nickel is made from this alloy, called cupro
nickel, which consists of 75% copper and 25% 
nickel. The modern U.S. dollar coin, often referred 
to as the silver dollar, doesn't contain any silver. It 
consists of copper (88.5%), zinc (6.0%), manga
nese (3.5%), and nickel (2.0%). In 2007 the U.S. 
Congress created a new series ofSI coins honoring 
former U.S. presidents. The coins have not been 
popular, and supplies stockpiled. The U.S. Treasury 
secretary suspended further production of the coins 
in December 2011. 
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GO r1<..iURE 
Name two ways 111 which the metals shown 111 Figure 2.15 differ 1n general appearance from the nonmetals. 

Nonmetals 

ll\>11 (Fl') Cnppl'I' (Cu) Aluminum (1\1) 

/l 
Bromine Carbon 

(Br) (C) 

Sulfur 

_,,,,..
Phosphorus 

(P)
Silver (Ag) Lc•,1d (Pb) Gold (Au) 

• figure 2.15 Examples of metals and nonmetals. 

chemists who knew nothing about electrons developed the table! We can use the table, 
a~ they intended, to correlate behaviors ofelements and to help us remember many facts. 

The color code of Figure 2.14 shows that, except for hydrogen, all the elements on 
the left and in the middle of the table are metallic elements, or metals. All the metal
lic clements share characteristic properties, such as luster and high electrical and heat 
conductivity, and all of them except mercury (Hg) are solid at room temperature. The 
metals are separated from the nonmetallic elements, or nonmetals, by a stepped line 
that runs from boron (B) to astatine (At). (Note that hydrogen, although on the left side 
of the table, is a nonmetal.) At room temperature some of the nonmetals are gaseous, 
~ome are solid, and one is liquid. Nonmetals generally differ from metals in appearance 
(• Figure 2.15) and in other physical properties. Many of the elements that lie along 
the line that separates metals from nonmetals have properties that fall between those of 
metals and nonmetals. These elements are often referred to as metalloids. 

Give It Some Thought 
Chlorine is a halogen (Table 2.3). Locate this element in the periodic table. 
(a) What is its symbol? 
(b) In which period and in which group is the element located? 
(c) What is its atomic number? 
(d) Is it a metal or nonmetal? 

SA MP LE 
r XERCISE 2.5 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? 

SOLUTION 

Llements 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). 

Practice Exercise 1 
A biochemist who is studying the properties ofcertain sulfur 
(S)-containing compounds in the body wonders whether trace 

-

amounts ofanother nonmetallic element might have similar be
havior. To which element should she turn her attention? (a) 0, 
(b) As, (c) Se, (d) Cr, (e) P. 

Practice Exercise 2 
Locate Na (sodium) and Br (bromine) in the periodic table. Give 
the atomic number ofeach and classify each as metal, metalloid, or 
nonmetal. 
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H ,drogcn 
peroxide, H20 2 

c .ubon C.ubon 
monoxide, CO dioxide, CO2 

Methane, CH~ 

" Figure 2.16 Molecular models. Notice 
how the chemical formulas of these simple 
molecules correspond to their compositions. 

2.6 IMolecules and Molecular 
Compounds 

Even though the atom is the ~mallcst representative ~ample of an element, only the 

\ormally found in nature as isolated atoms. Most matter is 
noblc-gas e Icments arc 1 ' d · · S · 

·011s we examine molecules here an 10ns 111 ect1on 2.7. 
compose d of 1 I S Or 1 .mo ecu c 

Molecules and Chemical Formulas 
Several elements are found in nature in molecular form-two or more of the same type 
ofatom bound together. For example, most of the oxygen in air consists of molecules 
that contain two oxygen atoms. As we saw in Section l.2, we represent this molecular 
oxygen by the chemical formula 0 2 (read "oh two"). The subscript tells us t~at two 
oxygen atoms are present in each molecule. A molecule made up of two atoms 1s called 
a diatomic molecule. 

Oxygen also exists in another molecular form known as ozone. Molecules ofozone 
consi t of three oxygen atoms, making the chemical formula 03. Even though "normal" 
oxygen (0 ) and ozone (03) are both composed only of oxygen atoms, they exhibit 

2
very different chemical and physical properties. For example, 02 is essential for life, but 
0 is toxic; 0 2 is odorless, whereas 0 3 has a sharp, pungent smell.3 

The elements that normally occur as diatomic molecules are hydrogen, oxygen, 
nitrogen, and the halogens (H2, 0 2, N2, F2, Cl2, Br2, and 12). Except for hydrogen, these 
diatomic elements are clustered on the right side of the periodic table. 

Compounds composed of molecules contain more than one type ofatom and are 
called molecular compounds. A molecule of the compound methane, for example, 
consists ofone carbon atom and four hydrogen atoms and is therefore represented by 
the chemical formula CH-1. Lack of a subscript on the C indicates one atom ofC per 
methane molecule. Several common molecules ofboth elements and compounds are 
shown in ..,. Figure 2.16. 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 molec11/ar substances we will e11co11nter contain only nonmetals. 

Molecular and Empirical Formulas 
Chemical formulas that indicate the actual numbers of atoms in a molecule are called 
molecular formulas. (The fo rmulas in Figure 2.16 are molecular formulas.) Chemi
cal 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 ra tios. The molecular formula for hydrogen peroxide 
is H20 2, 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, H20. 

Give It Some Thought 
Consider the following four formulas: S02, B2H6, CH, C4H20 2. Which of these 
formulas could be (a) only an empirical formula, (b) only a molecular formula, 
(c) either a molecular or an empirical formula? 

Whenever we know the molecular formula ofa compound, we can determine its em
pirical formula. The converse is not true, however. If we know the empirical formula ofa 
substance, we cannot determine its molecular formula unless we have more information. So 
why do chemists bother with empirical formulas? As we will see in Chapter 3, certain com
mon methods ofanalyzing substances lead to the empirical formula only. Once the empiri
cal 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. 
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SAMPLE 
i:xERCISE 2.6 Relating Empirical and Molecular Formulas 

\\ nt,· th<' ,•mpirical fo_rmulas for (u) gh1cos,•, a substance a lso known as either blood sugar o r 
.t,•,tn•~l'- moll',·ular tormul., C;,1-1120;,; (b) n itrou~ oxide, a substance used as an ancstht'tic and 
~,,111111only , .,lk d laughmg gas-mol,•.:ulnr formula N20. 

SOLUTION 
(J) Tilt' subscripts ofan empirical formula a rc the smallest wholc

numh,·r r,1tios. Tlw smallest ratios are obtained b)• dividing 
l',Kh suhscnpt by the la rgest common factor, in this case 6. The 
rl'sultant empirical formula for glucose is CH20 . 

(b) Because thr subscripts in N20 arc already the lowest integral 
numbers, the empirical formula for nitrous oxide is the same as What arc the molecular and empirical formulas of this substance? 
its mokculnr formula, N20 . (a) C202, CO2, (b) Cp, CO, (c) CO2, CO2, (d) C402, Cp , 

(c) CiO,C02, 
Practice Exercise 1 

Practice Exercise 2
Tctracarbon dioxide is an unstable oxide ofcarbon with the following 

Give the empirical formula for decaborane, whose molecular formula molecular structure: 
is B10H14. 

Picturing Molecules 
The molecular formula ofa substance summarizes the composition of the substance but 
does not show how the atoms are joined in the molecule. A structural formula shows 
which atoms are attached to which, as in the following examples: 

HH I
0-0/ H-C-H 

/ IH H 
Water Hydrogen peroxide Methane 

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 arc joined. A structural formula can be written 
as a perspective drawing (Figure 2.17), however, to portray the three-dimensional shape. 

Scientists also rely on various models to help visualize molecules. Ball-and-stick 
models show atoms as spheres and bonds as sticks. This type ofmodel has the advantage 
ofaccurately representing the angles at which the atoms are attached to one another in 
a molecule (Figure 2.17). Sometimes the chemical symbols of the elements are superim
posed on the balls, but often the atoms are identified simply by color. 

A space-filling model depicts what a molecule would look like if the atoms were 
,caled up in size (Figure 2.17). These models show the relative sizes of the atoms, but the 
angles between atoms, which help define their molecular geometry, are often more dif
ficult 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. 

Give It Some Thought 
The structural formula for ethane is H H 

I I 
H-C-C-H 

I I
H H 

(a) What is the molecular formula for ethane? 
(bl What is its empirical formula? 
(c) Wh ich kind of molecular model would most clearly show the angles between 

atoms? 
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SAMPLE 
EXERCISE 2.6 Relating Empirical and Molecular Formulas 

I\ ntt· the empir'.ral formul,1s for (a) glucose, nsubst,mce also known as either blood sugar or 
,lntnist•- mok·cular fo~m ula C~H,2O6; (b) 111trous oxide, a substance used as an anesthetic an<l 
,,1111111tmly c.1lkd laugh mg gas- molecular formula N2o. 

OLUTION 
(,i) Till' subscripts of an empirical formula arc the smallest whole

number rat(os. The smallest ratios arc obtained by dividing 
Nch subscript by the largest common factor, in this case 6. The 
r,·sultant empirical formula for glucose is CH

2
O. 

\bl Bec.1use the subsc~i~ts in N20 arc already the lowest integral 
numbers, the empmcal formula for nitrous oxide is the same as 

What are the molecular and empirical formulas of this substance? its molcclLlar formula, N20. 
(a) Ci02, CO2, (b) C4O, CO, (c) CO2, CO2 (d) C4O2, C2O, 
(e) C2O, CO2. . 

Practice Exercise 1 

Tctrncarbon dioxide is an unstable oxide ofcarbon with the following Practice Exercise 2 
molecular structure: Give the empirical formula for decabomne, whose molecular formula 

is B10H14_ 

Picturing Molecules 
The molecular formula of a substance summarizes the composition of the substance but 
does not show how the atoms are joined in the molecule. A structural formula shows 
which atoms are attached to which, as in the following examples: 

H 
/ 

H I 
0-0 H-C-H

/ IH H 
Water Hydrogen peroxide Methane 

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. A structural formula can be written 
as aperspective drawing (Figure 2.17), however, to portray the three-dimensional shape. 

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 
ofaccurately representing the angles at which the atoms are attached to one another in 
a molecule (Figure 2.17). Sometimes the chemical symbols of the elements are superim
posed on the balls, but often the atoms are identified simply by color. 

A space-filling model depicts what a molecule would look like if the atoms ,vere 
scaled up in size (Figure 2.17). These models show the relative sizes of the atoms, but the 
angles between atoms, which help define their molecular geometry, are often more dif
fkult 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. 

Give It Some Thought 
The structural formula for ethane is H H 

I I 
H-C-C-H 

I I
H H 

(a) What is the molecular formula for ethane? 
(b) What is its empirical formula? 
(c) Which kind of molecular model would most clearly show the angles between 

atoms? 
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-.. GO FIGURE 
Which model, the ball-and stick or the space-filling, 
more effectively shows the angles between bonds 
around a central atom? 

CH~ 
foll? ular formula 

H 

H-
I

C- H 
I 
H 

Structural formula 

Dashed wedge Sohd hne 1s a bond 
1s a bond 1n plane of page 
behind page 

Wedge is a bond 
out of page 

Perspective drawing 

Ball-and-stick model 

Space-filling model 

• Figure 2.17 Different representations of the methane 
(C~) molecule. Structural formulas, perspective drawings, 
ball-and-stick models, and space-filling models. 

2.7 1 Ions and Ionic 
Compounds 

The nucleus of an atom is unchanged by chemical processes, but some 
d·ly gat'n or lose electrons. If electrons arc removed fromatoms can rca t . . 

or added to an atom, a charged particle called an ton •_s formed. An ion 
with a positive charge is a cation (pronounced CAT-ton); a negatively 

charged ion is an anion (AN-ion). . . 
To see how ions fo rm, consider the sod ium 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!+. 

Loses an 
electron 

Na atom Na+ ion 

The net charge on an ion is represented by a superscript. The su
perscripts +, 2+, and 3+, for instance, mean a net charge resulting 
from the loss ofone, two, and three electrons, respectively. The super
scripts -, 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 reac
tions, producing the Cl- ion: 

Gains an 
electron 

Cl atom c 1- io n 

In general, metal atoms tend to lose electrons to form cations and non
metal atoms tend to gain electrons to form anions. Thus, ionic com
pounds tend to be composed ofmetals bonded with nonmetals, as in 
NaCl. 

SAMPLE 
EXERCISE 2.7 Writing Chemical Symbols for Ions 

Give the chemical symbol, including superscript indicating mass number, for (a) the ion with 22 protons. 
26 neutrons, and 19 electrons; and (b) the ion ofsulfur that has 16 neutrons and 18 electrons. 

SOLUTION 
(a) The number of protons is the atomic number of the element. A period ic table o r list of 

elements tells us that the element with atomic number 22 is titanium (Ti). The mass number 
(protons plus neutrons) ofthis isotope of titanium is 22 + 26 = 48. Because the ion has 
three more protons than electrons, it has a net charge of3+ and is designated 48Ti3+. 

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

In general, we will focus on the net charges ofions and ignore their mass numbers unless the 
circumstances dictate that we specify a certain isotope. 



59 SECTION 2.7 Ions and Ionic Compounds 

Practice Exercise 1 
In which of thefollowing species Is the number of protons less than the number ofelectrons? 

(a) Tiz+, (b) p3-, (c) Mn, (d) se.z-. (e) Ce4+. 

Practice Exercise 2 
How many protons, neutrons, and electrons does the 79se2- ion possess? 

In addition to simple ions such as Na+ and er. there are polyatomic ions, such 
as N~+ (ammonium ion) and sol- (sulfate ion), which consist of atoms joined as 
in a molecule, but carrying a net positive or negative charge. Polyatomic ions will be 
discussed in Section 2.8. 

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. The addi
tion or removal ofone or more electrons produces a charged species with behavior very 
different from that of its associated atom or group of atoms. 

Predicting Ionic Charges 
As noted in Table 2.3, the elements ofgroup BA are called the noble-gas elements. The 
noble gases are chemically nonreactive elements that form very few compounds. 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. We might deduce that atoms tend to acquire 
the electron arrangements of the noble gases because these electron arrangements are 
very stable. Nearby elements can obtain these same stable arrangements by losing or 
gaining electrons. For example, the loss ofone electron from an atom ofsodium 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. This 
simple observation will be helpful for now to account for the formation of ions. A 
deeper explanation awaits us in Chapter 8, where we discuss chemical bonding. 

S AMPL E 
EXERCISE 2.8 Predicting Ionic Charge 
Predict the charge expected for the most stable ion ofbarium and the most stable ion ofoxygen. 

~0 LUTION 
We will assume that barium and oxygen form ions that have the same number ofelectrons 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 of54 electrons 
by losing two electrons, forming the Ba2+ cation. 

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 02- anion. 

Practice Exercise 1 
Although it is helpful to know that many ions have the electron arrangement of a noble gas, 
many elements, especially among the metals, form ions that do not have a noble-gas elec
tron arrangement. Use the periodic table, Figure 2.14, to determine which ofthe following 
ions has a noble-gas electron arrangement, and which do not. For those that do, indicate 
the noble-gas arrangement they match: (a) Ti4+, (b) Mnz+, (c) Pbz+, (d) Te2- , (e) Zn2+. 

Practice Exercise 2 

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

The periodic table is very useful for remembering ionic charges, especially those of 
elements on the left and right sides of the table. As Figure 2.18 shows, the charges of 
tbese ions relate in a simple way to their positions in the table: The group lA elements 
(alkali metals) form 1+ ions, the group 2A elements (alkaline earths) form 2+ ions, the 
group 7 A elements (halogens) form 1- ions, and the group 6A elements form 2- ions. 
(As noted in Practice Exercise 1 of Sample Exercise 2.8, many of the other groups do 
not lend themselves to such simple rules.) -
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GO FIGURE . 
. 2+ s J+ L te the boxes in which you would place The most common ions for silver zinc and scandium are Ag+, Zn , and c · oca t? 

• ' bl elementhese ions 1n this table. Which of these ions has the same number of electrons as a no e-gas · 

IA 7A BA-El2A ~ 

3A 4A SA 6A H N - - 0 
u· NJ 02 F B 
,-.,-

Transition mct,11s L,., \11: . Al' ' 52- Cl E 

K' (. ..,,. 5c2 Br- G 

rTe2 
-

A 
l{h ' .,.., . 1- s 
c, IJ.1 "· 

E 
s 

A Figure 2.18 Predictable charges of some common ions. Notice that the red stepped hne 
that d1v1des metals from nonmetals also separates cations from anions. Hydrogen forms both 
l + and 1- ions. 

Ionic Compounds 
A great deal of chemical activity involves the transfer of electrons from one substance 
to another. ,, Figure 2.19 shows that when elemental sodium is allowed to react with 
elemental chlorine, an electron transfers from a sodium atom to a chlorine atom, form
ing a Na+ ion and a Cl- ion. Because objects ofopposite charges attract, the Na+ and the 
Cl- ions bind together to form the compound sodium chloride ( aCl). Sodium chlo
ride, which we know better as common table salt, is an example ofan ionic compound, 
a compound made up ofcations and anions. 

Na atom 

Cl atom 

e 

Gains an 
electron 

• Figu re 2.19 Formation of an ionic compound. The transfer of an electron from a Na atom to a Cl atom leads to the formation 
of a Na.,. ion and a c1- ion. These ions are arranged in a lattice in solid 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 ofnonmetals only, as in H20. 

SAMPLE 
EXERCISE 2.9 Identifying Ionic and Molecular Compounds 

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

SOLUTION 

We predict that Na2O and CaCl2 are ionic compounds because they are composed ofa metal 
combined with a nonmetal. We predict (correctly) that N2O and SF~ are molecular compounds 
because they are composed entirely of nonmetals. 
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p1actice Exe, cise 1 
\\ J11, h ,11 th.:~,· ,ompounds arc mok..:ul,1r: CBr4 FcS J> o "bF 1 

I I .. 61 f 2• 

Pl actice Exercise 2 

l;t\.: .1 r.:,1~011 why each of th,• following ~tatemcnts is a afc prediction: 
(al !:.wry ,lunpounJ ol_ R~1 with a non111ct,1l is ionic in character. 
ibl f,·ery compounJ of mtrog,·n with a halogen element is a mol •c I d

'h d •t K I . • c u ar compoun .(,) I e ,ompoun " g r2 , oc:s not exist. 
,Jl N,1 .111d K arc very imilar 111 the compounds they form with 11 ,

1 
I 

· ' J ' ' · .I OlllllC a S.
\tl II ,ont,11nc 111 ,11110111c compounu, calcium (Ca) will be in the form oftl d bl d 

IOtl, caH, IC OU y CI1arge 

The ions in ionic compounds are arranged in three-dimensional structures, as Figure 
2.19 hows for NaCl. Because there is no discrete "molecule" ofNaCl, we are able 10 write only 
,111 em~;irical for~1ula for thi_s ~ubstance. This is true for most other ionic compounds . 

.\\e can wnte the e'.npincal formula for an ionic compound if we know the charges of 
the 10ns. Because chemical compounds are always electrically neutral, the ions in an ionic 
.:ompo~d always ~ccur in s~ch a ratio ~1at the total positive charge equals the total negative 
charge. 1 hus, ther~ 1s one Na to one Cl in NaCl, one Ba2+ to two c1- in BaC1 , and so forth. 

2
As you c~ns1der these and other examples, you will see that if the charges on the 

cation and amon are equal, the subscript on each ion is 1. If the charges are not equal, 
the ch.irge on one ion (without its sign) will become the subscript on the other ion. For 
example, the ionic compound formed from Mg (which forms Mg2+ ions) and N (which 
forms N3- ions) is Mg3N2: 

Give It Some Thought 
Can you tell from the formula of a substance whether it is ionic or molecular in 
nature? Why or why not? 

Elements Required 
by Living Organisms 

l he elements essential to life are highlighted in color in 'r Figure 2.20. 
,\lore than 97% of the mass of most organisms is made up of just six 
of these elements-oxygen, carbon, hydrogen , nitrogen, phospho
rus, and sulfur. Water is the most common compound in living or
ganisms, accounting for at least 70% of the mass ofmost cells. In the 
solid components of cells, carbon is the most prevalent element by 
ma1s. Carbon atoms are found in a vast variety of organic molecules, 
bonded either to other carbon atoms or to atoms 
of other elements. All proteins, for example, con-
tain the carbon-based group 

0 
II

-N-C-
1 

R 

which occurs repeatedly in the molecules. (R is 
either an H atom or a combination of atoms, such 
asCH3.) 

lA 
• 

2A 

D Elements needed only 
in trace quantities 

Li Be 

K C a Sc 

88 Ne 

8 9 10 18 28 Al Si p S Cl Ar 

Fe Co Ni Cu Zn Ga Ge As Se Br Kr 

Rb Sr Y Zr Nb Ru Rh Pd Ag Cd In Sn Sb Te I Xe 

• Six most abundant D Five next most abundant 
essential e lements essential elements 

..t. Figure 2.20 Elements essential to life. 

In addition, 23 other elements have been found in various living or
ganisms. Five are ions required by all organisms: Caz+, Cl- , Mgz+, K+, 
and Na+. Calcium ions, for example, are necessary for the formation of 
bone and transmission ofnervous system signals. Many other elements 
are needed in only very small quantities and consequently are called 
trace elements. For example, trace quantities of copper are required in 
the diet of humans to aid in the synthesis ofhemoglobin. 

Related Exercise: 2.102 

8A 

b: 
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S AM PI.C . . . . 1F ulas for Ionic Compounds 
r>,J RCISC 2.10 Usmg Ionic Charge to Wnte Empmca orm 

w_nt.- tlw 1·mr1r1'.,,I h•1111 11l.1 ot 1h1· uunr<1111ul to ,mcJ hr (a) Al'' ,nul Cl ion<. (b) Al'' and 
\l "''"· (cl \111 ,111,I NU, 1011, -----------
SOLUTION 

Practice Exercise 11.a) I lm:1• Cl ,,,n, ,m: n·qum•J 10 hal,uiu• the d1argc ofone Al' ' ion. 2 
m,1\..11111 th1· m1p1m.1I to1mul.1 AlCI ,. For the followmg iomc compound~ for me~ with s;, what is 

the empirical formula for the posi11ve ton mvolved. (a) MnS,
(t,) ''" ' Al'' 11111, .ir,.• n.'\jUlr1-<l 111b.il.in,c the1hargc ofthrrc 0 2 mns. (b) Fc S , (c) MoS2, (d) K1S, (e) AgzS. ,\ 2::t r.1110 1, 111,-JcJ 11, h.u.1n1c 1hr 101.u ('(Ntivc chargr of6+ nnJ th1• 2 1

1111.11 nc11a11w d1,1r111· ol 6 . Ihe cmpim.11 formula ,s Al20 1• 

(~) fy.,1 N0 1 11111, Jr<' ncrdcJ to b,,l,rncc the diargc of one MgH, Practice Exercise 2 
\1dJ1n11 :-tg{NO,):. NPtc th.it the formula for the polyatomic Wntr the empirical formula for the co;~pound fo~~ed by (a) Na+ 
11111, NO, • mu~I b1· cndu,cd Ill p.ircnthcse<\ ll lhal ii 1s dear that and PO/ , (b) Zn2• and SO/- , (c) Fe and C03 . 
the ~ub,cnpl 2 .ipplic, to .ill the .11mm oflh.11 ion. 

GO FIGURE 
ls the difference in properties we 
see between the two substances in 
Figure 2 .21 a difference in physical 
or chemical properties? 

2.8 INaming Inorganic Compounds 
The names and chemical formulas of compounds are essential vocabulary in chemis
try. The system used in naming substances is called chemical nomenclature, from the 
Latin words 11ome11 (name) an<l ca/are (to call). 

There are more than 50 million known chemical substances. Naming them all 
would be a hopelessly complicated task if each had a name independent o f all others. 
Many important substances that have been known for a long time, such as water (H20 ) 
and ammonia (NH3), do have traditional names (called common names). For most sub
stances, however, we rely on n set of rules that leads to an informative and unique name 
for each substance, one that conveys 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 an<l inorganic compounds. Organic 
compounds contain carbon and hydrogen, often in combination with oxygen, nitro
gen, or other elements. All others are i11organic compounds. Early chemists associated 
organic compounds with plants and animals and inorganic compounds with the non
living portion ofour world. Although this distinction is no longer pertinent, the classifi
cation between organic and inorganic compounds continues to be useful. In this section 
we consider the basic rules for naming three categories of inorganic compounds: ionic 
compounds, molecular compounds, and acids. 

Names and Formulas of Ionic Compounds 
Recall from Section 2.7 that ionic compounds usually consist of metal ions 
combined with nonmetal ions. The metab form the cations, and the nonmetals 
form the anions. 

l. Cations 

a. Cationsformed f rom metal atoms have the same name as the metal: 

Na+ sodium ion zn2+ zinc ion All+ aluminum ion 

b. Ifa metal can form cations with different charges, the positive charge is indicated 
by a Roman numeral in parenthesesfollowing the name ofthe metal:• Figure 2.21 Different ioos of the same 

element have different properties. Both 
Fez+ iron(Il) ion Cu• copper(!) ionsubstances shown are compounds of iron. 

The substance on the left 1s Fe3O4 , which Fe,... iron(lll) ion Cui... copper(II) ion contains Fe2+ and Fe3 + 10ns. The substance 
on the right is Fe2O3• which contams 

Ions of the same element that have different charges have different properties,Fe3+ tons. 
such as different colors (~ Figure 2.21). 

http:l'mplnl.1I
http:m1p1m.1I
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!\lost ml!l,11s that form rntions with different charges are tra11sitio11 metals, 
d cmcnls that occur in the middle of the periodic table, from group 3B to group 
m {us indic,1tcd on the periodic table on the front inside cover of this book). The 
metals that form only one cation (only one possible charge) arc those of group 
l A and group 2A, as well as Al

3 1 
(group 3A) and two transition-metal ions: Ag • 

(group l B) and znH (group 2B). harges 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. 

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' Latin name: 

Fe2+ ferrou ion Cu' cuprou~ ion 

FeH ferric ion Cu21 cupric ion 

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

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 "' Table 2.4 
and on the back inside cover of the text. The ions on the left side in Table 2.4 are 

.!j 

Table 2.4 Common Cationsa 

Charge 

I+ 

Formula 

H+ 

Nam e 

hydrogen ion 

Formula 

N~+ 

Name 

ammonium ion 

u+ lithium ion cu+ copper(I) or cuprous ion 

Na+ sodium ion 

K+ potassium ion 

cs+ cesium ion 

2+ 

Ag+ 

Mg2+ 

silver ion 

magnesium ion Co2+ cobalt(II) or cobaltous ion I 

Ca2+ calcium ion Cu2+ copper(II) or cupric ion 

sr2+ strontium ion Fe2+ iron(II) or ferrous ion 

Ba2+ barium ion Mn2+ manganese(II) or manganous ion 

zn2+ zinc ion Hg/+ mercury(l) or mercurous ion 

Cd2+ cadmium ion Hg2+ mercury(II) or mercuric ion 

Nj2+ nickel(Il) or nickelous ion 

Pb2+ lead(II) or plumbous ion 

Sn2+ tin(ll) or stannous ion 

3+ AlH aluminum ion CrH chromium(Ill) or chromic ion 

FeJ+ iron(III) or ferric ion 

'The ions we use most often in this course are in boldface. Learn them firSI. 
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1ave more than one possible charge. fhose 0
the mon,1tom1C ions th,1t do not I , . or cations with more than one n 

. · I 
P0 t atomic cat ions • P<>s-

thl' right side arc cit ~c;_ ~· sual bee iusc even though it is a metal ion it ;. 
bl h , Ih. Hg ,on ,. unu • ' , .. 

' 1 e" arge. c • 2 II d I crcury(I) ion bccau~e it can be thought of as h¥o 
not mon,1ton11c. It 1s ca e t ic m r. 1.. h Tl ·ations th,,t you w1I encounter most rcquentlyin 
Hg Ions bound togct er. ic" learn thi: c cations first. 
thi~ text ,m: ,hown Ill boldf,icc. You should 

L. Give It Some Thought 
(a} Why ,s CrO named using a Roman numeral, chrom_1u~(II) oxide, whereas 

Cao named without a Roman numeral, calcium ~xide. 
(b) What does the -,um ending on the name ammonium tell you about the 

composition of the ion? 

2. Anions 
a. Tire names ofmonatomic anions areformed by replacing the ending ofthe name of 

the element witlt -ide: 

N30 2- oxide ion - nitride IonH- hydride ion 

A few polyatomic anions also have names ending in -ide: 

OH"" hydroxide ion CN"" cyanide ion oz2- peroxide ion 

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 representa
tive oxyanion ofan element, and -ite is used for an oxyanion that has the same 
charge but one O atom fewer: 

sulfate ion 

nitrite ion sulfite ion 
nitrate ion 

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 oxy
anion ending in -ite: 

Cl0 4 - perchlorate ion (one more O atom than chlorate) 

Cl0 3- chlorate ion 
CI0 2 - chloritc ion (one O atom fewe r than chlorate) 
CIO- hypochlorite ion (one O atom fewer than chlorite) 

These rules are summarized in T Figure 2.22. 

GO FIGURE 
Name the anion obtained by removing one oxygen atom from the perbromate ion, Br04-. 

____ide 
anion (chloride, Cl- ) 

. per___ate +Oatom ____ate - O atom ____ite - 0 atom hypo__ite 
xyansons (perchlorate, CJ04) (chlora te, C!Oj') (chlorite, CI02) (hypochlorite, CIO- ) 

Simple 

Common or 
representative 
oxyanion 

• Figure 2.22 Procedure for naming anions. The fi rst part of the element's name, such as 
"chlor" for chlorine or "suit" for sulfur, goes in the blank. 

0 

http:unusu.il
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Group 7A 

Period 2 
Charges increase nght 
to leftPeriod 3 

t.,roup 4A G roup SA Group 611. 
coj-

Carbonate ion 
N03 

Nitrate ion 

rot 
Phosphate ion 

soJ-
Sulfate ion 

ClO;i 
Perchlorate ion 

Maximum of four 
O atoms in penod 3. 

• Figure 2.23 Common oxyanions. The composition and charges of common oxyanions are 
related to their location in the periodic table. 

Give It Some Thought 
What information is conveyed by the endings -ide, -ate, and -ite in the name of 
an anion? 

A Figure 2.23 can help you remember the charge and number ofoxygen atoms in 
the various oxyanions. Notice that C and N, both period 2 elements, have only three O 
atoms each, whereas the period 3 elements P, S, and Cl have four O atoms each. Begin
ning at the lower right in Figure 2.23, note that ionic charge "increases from right to left, 
from 1- for Cl04- to 3- for PO/-. In the second period the charges also increase from 
right to left, from 1- for N03- to 2- for Co/-. Notice also that although each of the 
anions in Figure 2.23 ends in -ate, the Cl04- ion also has a per- prefix. 

Give It Some Thought 
Predict the formulas tor the borate ion and silicate ion, assuming they contain a 
single Band Si atom, respectively, and follow the trends shown in Figure 2.23. 

SAMPL E 
EXERCISE 2.11 Determining the Formula of an Oxyanion from Its 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 i.n group 6A and form analogous oxyanions.) 

,OLUTION 
(a) The sulfate ion is so/-. The analogous selenate ion is therefore 

Seo/-. 

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

Practice Exercise 1 
Which of the following oxyanions is incorrectly named? 

2(a) Cl02- , chlorate; (b) 104 - , periodate; (c) S03 - , sulfite; 
(d) 103- , iodate; (e) Seo/- , selenate. 

Practice Exercise 2 
The formula for the bromate ion is analogous to that for the chlo
rate ion. Write the formula for the hypobromite and bromite ions. 

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

co/- carbonate ion PO/- phosphate ion 

HC03- hydrogen carbonate ion H2P04- dihydrogen phosphate ion 

Notice that each W 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 HC03- ion is commonly called the bicarbonate ion, and HS04- is some
times called the bisulfate ion. 

The names and formulas of the common anions arc listed in Table 2.5 and on 
the back inside cover of the text. Those anions whose names end in -ide are listed 
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-~ ~ 

Tobie 2.5 Common Anionsa 

Charge 

1-

Formula 

H 

Name 

hydride ion 

2-

p-

c1-

Br-

1-

CN"" 

OH-

fluoride ion 

chloride ion 

bromide ion 

iodide ion 

cyanide ion 

hydroxide ion 

oz-

oz2-
52-

oxide ion 

peroxide ion 

sulfide ion 

3- NJ- nitride ion 

Formula Name 

CH3C00- acetate Ion 

(orC2HP2-) 

CI03- chlorate ion 

Cl04 - perchlorate Ion 

N03 - nitrate ion 

Mn04- permanganate ion 

co/- carbonate ion 

era/- chromate ion 

Cr20/- dichrornate ion 

sol- sulfate ion 

PO/ - phosphate ion 

·The ions we use most often are in boldface. Learn them first. 

on the left portion of Table 2.5, 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 fLrst. 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 ofgroup 7 A 
always have a 1- charge (F-, Cl-, Br- , and r-), and those of group 6A h ave a 2-
charge (0 2- and S2-). 

3. Ionic Compo unds 

Names ofionic compounds consist ofthe cation name followed by the anion name: 

CaC12 calcium chloride 

Al{N0 3h aluminum nitrate 

Cu(Cl04 ) 2 copper(ll) perchlorate (or cupric perchlorate) 

In the chemical formulas for aluminum nitrate and copper{II) p erchlorate, 
parentheses followed by the appropriate subscript are used because the com pounds 
contain two or more polyatomic ions. 

SAMPLE 
EXERCISE 2.12 Determining the Names of Ionic Compounds from Their Formulas 

Name the ionic compounds (a) K2S04, (b) Ba(OH)z, (c) FeCl3• 

SOLUTION 

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 IC', the potassium ion, and the anion is so/-, the 
sulfate ion, making the name potassium sulfate. (If you thought 
the compound contained s2

- and oz- 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 Fel+, the 

iron(Ill), or ferric, ion. Thus, the compound is iron(III) chloride 
or ferric chloride. 

Practice Exercise 1 

Which of the following ionic compounds is incorrectly named? 
(a) Zn(N03)z, zinc n itrate; (b) TeC14, tellurium(IV) chloride; 
(c) Fe20 3, diiron oxide; (d) BaO, barium oxide; (e) Mn3(P04}i, 
manganese (Il) phosphate. 

Practice Exercise 2 
Name the ionic compounds (a) NH4Br, (b) Cri03, (c) Co(N03)2• 
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Give It Some Thought 

Calcium bicarbonate 1s also called calcium hydrogen carbonate. (a) Write the 
formula for this compound, (b) predict the formulas for potassium bisulfate and 
hth1um d1hydrogen phosphate. 

Names and Formulas of Acids 
,\cids are an important class of hydrogen-containing compounds, and they are named 
111 ,1 special way. For our present purposes, an acid is a substance whose molecules yield 
hrdrogen ions (H+) when dissolved in water. When we encounter the chemical for
mula for an acid at this stage of the course, it will be written with H as the first element, 
J S 111 HCI and H2SO4• 

An acid is composed of an anion connected to enough W ions to neutralize, 
or balance, the anion's charge. Thus, the So/- ion requires two W ions, forming 
H,SO~- The name of an acid is related to the name of its anion, as summarized in 
• -figure 2.24. 

l. 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, a11d then following with 
tile word acid: 

Anion Corresponding Acid 

s

c1- (chloride) HCl (hydrochloric acid) 

2- (sulfide) H2S (hydrosulfuric acid) 

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. Prefoces in the anion name are 
retained in the name of the acid: 

Anion Corresponding Acid 

ClO4 - (perchlorate) HC1O4 (perchloric acid) 

CIO3- (chlorate) HC1O3 (chloric acid) 

ClO2 - (chlorite) HCIO2 (chlorous acid) 

Cio- (hypochlorite) HCIO (hypochlorous acid) 

Anion Acid 

ide add H + hydro__ic acid 
(chloride, c 1- ) (hydrochloric acid, HCI) ~ 

ic acidate add tt+ 
(chlorate, CIO3) (chloric acid, HCIO3) 

(perchlorate, CIO.j") ions (perchloric acid, HCIO4) 

ite add H + ous acid 
(chlorite, CIO2) (chlorous acid , HCIOi) 

(hypochlori te, oo-) ions (hypochlorous acid, HCIO) 

4 Figure 2.24 How anion names and acid names relate. The prefixes per- and hyper are 
retained in going from the anion to the acid. 

-
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Give It Some Thought 
Name the acid obtained by adding W to the iodate ion, 103- .~~~~~~=-------~--

SAMPLE 
EXERCISE 2.13 Relating the Names and Formulas of Acids 

N.,nl\' th,· ,in d, (n) IICN. (b) HNO3, (c) 1-12SO4, (d) H2SO3• 

SOLUTION 
(a) Th,• anion from which this acid is derived is CN- , the cyanide 

1011. Dccau,c thi~ ion has an -ide ending, the acid is given a 
Jiy,lro- prefix and an -ic ending: hydrocyanic acid. Only waler 
~olution~ of H Narc referred to as hydrocyanic acid. The pure 
compound, which is a ga under normal conditions, is called 
hydrogen cy.1nidc. Both hydrocyanic acid and hydrogen cyanide 
arc extremely toxic. 

(b) Lit: .,use NO3- is the nitrate ion, HNO3 is called nitric acid (the 
-ate ending of the anion is replaced with an -ic ending in naming 
the acid). 

(c) Ikcausc so/ - is the sulfate ion, H2SO,1 is called sulfuric acid. 

(d) Because so/- is the sulfite ion, ~ 2SO3 is sulfuro_us acid (the -ire 
ending of the anion is replaced with an -ous end mg). 

Practice Exercise 1 
Which of the following acids are incorrectly named? For those that 
are, provi<le a correct name or formu~a. (~) hydrocyanic ~ci~, HCN; 
(b) nitrous acid, HNO3; (c) perbrom1c acid, Hl3rO4; (d) 1od1c acid, 
HI; (e) selcnic acid, HSeO4. 

Practice Exercise 2 
Give the chemical formulas for (a) hydrobromic acid, (b) carbonic add 

Table 2.6 Prefixes Used in 
Naming Binary Compounds 
Formed between Nonmetals 

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: 

L The name ofthe element farth er to the left in the periodic table ( closest to the met
als) 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. Ifboth elements are in the same group, the one closer to the bottom of the table is 
named first. 

3. The name ofthe second element is given an -ide ending. 

4. Greek prefixes (<II T able 2.6) indicate the number of atoms of each element. 
(Exception: The prefix mono- is never used with the first element.) When the pre
fix 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. 

The following examples illustrate these rules: 

Prefix Meaning Cl2O dichlorine monoxide NF3 nitrogen trifluoride 

Mono- N2O4 dinitrogen tetroxide P1Sw tetraphosphorus decasulfide 

Di- 2 

Tri- 3 Rule 4 is necessary because we cannot predict formulas for most molecular sub· 

Tetra-

Penta-

4 

5 

stances the way we can for ionic compounds. Molecular compounds that contain 
hydrogen and one other element are an important exception, however. These com· 
pounds can be treated as if they were neutral substances containing W ions and 

Hexa- 6 anions. Thus, you can predict that the substance named hydrogen chloride has the for

Hep ta- 7 mula HCl, containing one W to balance the charge of one CL (The name hydrogen 

Octa- 8 chloride is used only for the pure compound; water solutions of HCl are called hydro· 

Nona- 9 
chloric acid. The distinction, which is important, will be explained in Section 4.1.) 
Similarly, the formula for hydrogen sulfide is H2S because two W ions are needed to 

Deca- 10 balance the charge on s2 
- . 
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	Atoms, Molecules, and Ions 
	Look around at the great variety of colors, textures, and other properties in the materials that surround you-the colors in a garden, the texture of the fabric in your clothes, the solubility of sugar in a cup of coffee, or the beauty and complexity of a geode like the one shown to the right. How can we explain the striking and seemingly infinite variety of properties of the materials 
	that make up our world? What makes diamonds transparent and hard? A large crystal of sodium chloride, table salt, looks a bit like a diamond, but is brittle and readily dissolves in water. What accounts for the differences? Why does paper burn, and why does water quench fires? The answers to all such 
	questions lie in the structures of atoms, which determine the physical and chemical properties of matter. 
	Although the materials in our world vary greatly in their properties, everything is formed from only about 100 elements and, therefore, from only about 100 chemically different kinds of atoms. In a sense, these different atoms are like the 26 letters of the 
	"' ASECTION THROUGH AGEODE. A
	"' ASECTION THROUGH AGEODE. A

	English alphabet that join in different combinations to form the immense number 
	geode is a mass of mineral matter (often 
	geode is a mass of mineral matter (often 

	of words in our language. But what rules govern the ways in which atoms combine? 
	containing quartz) that accumulates slowly
	How do the properties ofa substance relate to the kinds of atoms it contains? Indeed, 
	within the shell of a roughly spherical,
	within the shell of a roughly spherical,

	what is an atom like, and what makes the atoms ofone element different from those 
	hollow rock. Eventually, perfectly formed
	hollow rock. Eventually, perfectly formed
	of another? 
	crystals may develop at a geode's center. 

	In this chapter we introduce the basic structure of atoms and discuss the forma
	The colors of a geode depend upon its 
	The colors of a geode depend upon its 

	tion of molecules and ions, thereby providing a foundation for exploring chemistry 
	composition. Here, agate crystallized out as more deeply in later chapters. the geode formed. 
	WHAT'S 
	WHAT'S 
	WHAT'S 

	2.4 ATOMIC WEIGHTS We introduce the concept of atomic 
	AHEAD 

	weights and how they relate to the masses of individual 
	weights and how they relate to the masses of individual 
	atoms. 

	2.1 THE ATOMIC THEORY OF MATTER We begin with a brief 
	2.1 THE ATOMIC THEORY OF MATTER We begin with a brief 
	history of the notion of atoms-the smallest pieces of matter. 2.5 THE PERIODIC TABLE We examine the organization of the periodic table, in which elements are put in order of increasing

	2.2 THE DISCOVERY OF ATOMIC STRUCTURE We then look 
	2.2 THE DISCOVERY OF ATOMIC STRUCTURE We then look 
	atomic number and grouped by chemical similarity. 
	atomic number and grouped by chemical similarity. 

	at some key experiments that led to the discovery of electrons and 
	to the nuclear model of the atom. 
	to the nuclear model of the atom. 
	2.6 MOLECULES AND MOLECULAR COMPOUNDS We 
	discuss the assemblies of atoms called molecules and how 


	2.3 THE MODERN VIEW OF ATOMIC STRUCTURE 
	2.3 THE MODERN VIEW OF ATOMIC STRUCTURE 
	their compositions are represented by empirical and molecular 
	their compositions are represented by empirical and molecular 

	We explore the modern theory of atomic structure, including the formulas. 
	ideas of atomic numbers, mass numbers, and isotopes. 
	-
	Artifact
	2.7 IONS AND IONIC COMPOUNDS We learn that atoms 2.9 SOME SIMPLE ORGANIC COMPOUNDS We introduce can gain or lose electrons to form ions. We also look at how to organic chemistry, the chemistry of the element carbon. use the periodic table to predict the charges on ions and the empirical formulas of ionic compounds. 
	2.8 NAMING INORGANIC COMPOUNDS We consider the systematic way in which substances are named, called ~omenclature, and how this nomenclature is applied to 
	inorganic compounds. 
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	2.1 IThe Atomic Theory of Matter 
	2.1 IThe Atomic Theory of Matter 
	PhUosophers from the earliest times speculated about the nature of the fundamental qstufl" from which the world Is made. Democritus (460-BCE) aother early Greek phil phers described the material world as made up of tiny indivisible particles that they ~ so. atomos, meaning "indivisible" or "uncuttable." Later, however, Plato and Aristotle formula ed the notion that there can be no ultimately indivisibleparticles, and the "atomic" view ofrn ted faded for many centuries during which Aristotelean philosophy do
	370 
	nd 

	The notion of atoms reemerged in Europe during the seventeenth century. As ch e. lsts learned to measure the amounts of elements that reacted with one another to form em. substances, the ground was laid for an atomic theory that linked the idea ofelements:: the idea ofatoms. That theory came from the work ofJohn Dalton during the period frorn 1803 to 1807. Dalton's atomic theory was based on four postulates (see • Figure 2.1). 
	Dalton's theory explains several Jaws ofchemical combination that were known dUrin his time, including the law ofconstant composition C100(Section 1.2),,. based on postulate l 
	In a given compound, the relative numbers and kinds of atoms are constant. 
	In a given compound, the relative numbers and kinds of atoms are constant. 

	It also explains the law ofconservation of mass, based on postulate 3: 
	The total mass ofmaterials present after a chemical reaction is the same as the total mass 
	The total mass ofmaterials present after a chemical reaction is the same as the total mass 
	present before the reaction. 
	A good theory explains known facts and predicts new ones. Dalton used his theory to deduce the law ofmultiple proportions: 
	If two elements A and B combine to form more than one compound, the masses of B 
	that can combine with a given mass ofA are in the ratio of small whole numbers. 
	Dalton's Atomic Theory 

	1. Each element is composed of extremely small particles called atoms. -An atom of the element oxygen -An atom of the element nitrogen 2. All a~oms of a given element are id en tical, but the atoms of on e element are different from the atoms of all other elements. ---Oxygen ---Nitrogen 3. Atoms o~ one ele~ent cannot be changed into atoms of a different element by 0enucal reactions; atoms are neither created nor d estroyed m· ch · al reactions. enuc Oxygen --0+ -Nitrogen 4. ~ompounds are formed when atoms o
	.._ Figure 2.1 Dalton's atomic theory.I John Dalton ,1766 . 
	weaver began teaching at age H t . -1844), the son of a poor English
	12 

	' · e spen most of his year · M h
	' · e spen most of his year · M h

	both grammar school and college H' J'f • . sin anc ester, where he taught 
	. 1s I e1ong interest in meteo 1 1 d h. t t d 
	. 1s I e1ong interest in meteo 1 1 d h. t t d 

	then chemistry and eventually atom· th . . ro ogy e 1m o s u y gases, 
	, 1c eory. Despite his humbl b · · D · d 
	, 1c eory. Despite his humbl b · · D · d 

	strong scientific reputation during his lifetime. e eginmngs, alton game a ·The short chainlike symbol (ax,) th t d th ·
	earlier in the text. a prece es e seclion reference indicates a link to ideas presente4 toalton, John. "Atomic Theory." I 844. 
	SECTION 2 2 The Discovery of Atomic Structure 
	SECTION 2 2 The Discovery of Atomic Structure 

	We can illu~trate this law by considering water and hydrogen peroxide, both ofwhich i:on~ist ofthe clements hydrogen and oxygen. In forming water, 8.0 g ofoxygen combine with 1.0 g of hydrogen. In forming h)'drogen peroxide, 16.0 g of oxygen combine with 1.0 g ofh)'drogen: Thus, the ratio ofthe masses ofoxygen per gram of hydrogen in thc_two com~oun~s 1s 2:1. Using Dalton's atomic theory, we conclude that hydrogen peroxide contams twice as many atoms ofoxygen per hydrogen atom than does water. 
	-

	Give It Some Thought 
	Give It Some Thought 
	L.. 

	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) 
	(a) 
	(a) 
	What chemical law do these data illustrate? 

	(b) 
	(b) 
	If compound A has an equal number of oxygen and carbon atoms, what can we conclude about the composition of compound B? 




	2.2 IThe Discovery ofAtomic Structure 
	2.2 IThe Discovery ofAtomic Structure 
	Dalton based his conclusions about atoms on chemical observations made in the laboratory. By assuming the existence of atoms he was able to account for the laws of constant composition and of multiple proportions. But neither Dalton nor those who followed him during the century after his work was published had any direct evidence for the existence ofatoms. Today, however, we can measure the properties ofindividual atoms and even provide images ofthem (,.. Figure 2.2). 
	As scientists developed methods for probing the nature ofmatter, the supposedly indivisible atom began to show signs ofa more complex structure, and today we know that the atom is composed of subatomic particles. Before we summarize the current model, we briefly consider a few of the landmark discoveries that led to that model. We will see that the atom is composed in part ofelectrically charged particles, some with a positive charge and some with a negative charge. As we discuss the development ofour curr
	Cathode Rays and Electrons 
	During the mid-I 800s, scientists began to study electrical discharge through a glass tube pumped almost empty ofair (Figure 2.3). 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 ,vas detected because they cause certain materials tofluoresce, or to give offlight. 
	Experiments showed that cathode rays are deflected by electric or magnetic fields in a way consistent with their being a stream ofnegative electrical charge. The British scientist J. J. Thomson (1856-1940) observed that cathode rays are the same regardless of the identity ofthe cathode material. In a paper published in 1897, Thomson described cathode rays as streams ofnegatively charged particles. His paper is generally accepted as the discovery ofwhat became known as the electron. 
	Thomson constructed a cathode-ray tube having a hole in the anode through which a beamofelectrons passed. Electrically charged plates and a magnet were positioned perpendicular to the electron beam, and a fluorescent screen was located at one end (Figure 2.4). The electric field deflected the rays in one direction, and the magnetic field deflected them in the opposite direction. Thomson adjusted the strengths of the fields so that the effects balanced each other, allowing the electrons to travel in a strai
	1.76 X 10coulombs* per gram for the ratio ofthe electron's electrical charge to its mass. 
	8 

	"The coulomb (C) is the SI unit for electrical charge. 
	Sect
	Artifact
	• Figure 2.2 An image of the surface of silicon. The image was obtained by a technique called scanning tunneling microscopy. The color was added to the image by computerto help distinguish its features. Each red sphere is a silicon atom. 
	• Figure 2.2 An image of the surface of silicon. The image was obtained by a technique called scanning tunneling microscopy. The color was added to the image by computerto help distinguish its features. Each red sphere is a silicon atom. 
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	GO l'IGURE h d to anode7 
	I from cat o e · 
	I from cat o e · 

	How do we deduce from the figure that the cathode rays trave 
	Artifact
	Electrons move from the 
	Electrons move from the 
	Electrons move from the 
	The tube contains a fluorescent 
	The rays are deflected 

	negative cathode to the 
	negative cathode to the 
	screen that shows the path of 
	by a magnet. 

	pos,t,ve anode . 
	pos,t,ve anode . 
	the cathode rays. 


	.4 Figure 2.3 Cathode-ray tube. 
	.4 Figure 2.3 Cathode-ray tube. 

	L. Give It Some Thought 
	Thomson observed that the cathode rays produced in the cathode-ray tube 
	Thomson observed that the cathode rays produced in the cathode-ray tube 
	behaved identically, regardless of the particular metal used as cathode. What is 
	the significance of this observation? 

	GO FIGURE 
	GO FIGURE 
	GO FIGURE 

	If no magnetic field were applied, would you expect the electron beam to be deflected upward or downward by the electric field? 
	M agnet Fluorescent Evacuated tube Electron beam undeflected if electric and magnetic field strengths exactly balance each other. 
	£ Figure 2.4 Cathode-ray tube with perpendicular magnetic and electric fields. The cathode rays (electrons) originate at the cathode and are accelerated toward the anode, which has a hole in its center. A narrow beam of electrons passes through the hole and travels to the 
	fluorescent screen. 
	fluorescent screen. 

	GO FIGURE 
	GO FIGURE 
	GO FIGURE 

	would the masses of the oil drops be changed significantly by any electrons that accumulate on them? 
	1 tolc in plate Oil drops Microscope view ~ r..-------r -_,. Electrically charged plates 
	~ Figure 2.5 Millikan's oil-drop experiment to measure the charge of the electron. Small drops 011 are allowed to fall between electrically charged plates. The drops pick 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 !alI. From these data he calculated the negative charge on the drops. Because the charge on any drop was always some integral multiple of 
	of 

	J.602 x 10-C, Millikan deduced this value to be the charge of a single electron. 
	19 

	Once the charge-to-mass ratio of the electron was known, measuring either quantity allowed scientists to calculate the other. In 1909, Robert Millikan (1868-1953) of the University of Chicago succeeded in measuring the charge of an electron by performing the experiment described in .._ Figure 2.5. He then calculated the mass of the electron by using his experimental value for the charge, 1.602 X 10-C, and Thomson's charge-to-mass ratio, 1.76 X 10C/g: 
	19 
	8 

	1.602 X 10-19 C Electron mass = C/ = 9.10 X 10-g
	28 

	1.76 X 10g 
	8 

	This result agrees well with the currently accepted value for the electron mass, 9.10938 X 10-g. This mass is about 2000 times smaller than that of hydrogen, the lightest atom. 
	28 


	Radioactivity 
	Radioactivity 
	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. At Becquerel's suggestion, Marie Curie (.,. Figure 2.6) and her husband, Pierre, began experiments to identify and isolate the source of radioactivity in the compound. They concluded that it was the uranium atoms. 
	Further study ofradioactivity, principally by the British scientist Ernest Rutherford, revealed three types of radiation: alpha (a), beta (/3), and gamma (y). The paths of a and /3 radiation are bent by an electric field, although in opposite directions; y radiation is unaffected by the field (Figure 2.7). Rutherford (1871-1937) was a very important figure in this period of atomic science. After working at Cambridge University with J. J. Thomson, he moved to McGill University in Montreal, where he did resea
	Rutherford showed that a and f3 rays consist of fast-moving particles. In fact, /3 particles are high-speed electrons and can be considered the radioactive equivalent of cathode rays. They are attracted to a positively charged plate. The a particles have a 
	Sect
	Artifact
	.&. Figure 2.6 Marie Sklodowska Curie (1867-1934). In 1903 Henri Becquerel, Marie Curie, and her husband, Pierre, were jointly awarded the Nobel Prize in Physics for their pioneering work on radioactivity (a term she introduced). In 1911 Marie Curie won a second Nobel Prize, this time in chemistry for her discovery of the elements polonium and radium. 

	Which of the three kinds of radiation shown consists of electro others? 
	Which of the three kinds of radiation shown consists of electro others? 
	Which of the three kinds of radiation shown consists of electro others? 
	· 
	Y 
	f3 rays are negatively charged 

	TR
	'Y rays carry no charge 

	TR
	a rays are positively charged 

	Electrically charged plates 
	Electrically charged plates 


	CHAPTER 2 Atoms, Molecules, and Ions 
	GO FIGURE . ns? Wh are these rays deflected to a greater extent than the 
	• Figure 2.7 Behavior of alpha {a ), beta (/J), and gamma (y) rays in an electric field. 
	Radioactive substance 
	Radioactive substance 
	Artifact
	Positive charge spread throughout sphere 

	• Figure 2.8 J. J. Thomson's plum-pudding model of the atom. Ernest Rutherford and Ernest Marsden proved this model wrong. 
	positive charge and are attracted to a negative plate. In units of the charge of the_ electron, f3 particles have a charge of 1-and a particles a charge of 2+. Each a particle has a mass about 7400 times that ofan electron. Gamma radiation is high-energy radiation siinilar to X rays; it does not consist ofparticles and carries no charge. 
	positive charge and are attracted to a negative plate. In units of the charge of the_ electron, f3 particles have a charge of 1-and a particles a charge of 2+. Each a particle has a mass about 7400 times that ofan electron. Gamma radiation is high-energy radiation siinilar to X rays; it does not consist ofparticles and carries no charge. 
	The Nuclear Model of the Atom 
	With growing evidence that the atom is composed of smaller particles, scientist gave attention to how the particles fit together. During the early 1900s, Thomson reasoned that because electrons contribute only a very small fraction of an atom's mass they probably are responsible for an equally small fraction of the atom's size. He proposed that the atom consists ofa uniform positive sphere of matter in which the mass is evenly distributed and in which the electrons are embedded like raisins in a pudding or 
	In 1910, Rutherford was studying the angles at which a particles were deflected, or scattered, as they passed through a thin sheet of gold foil (.,. Figure 2.9). He discovered that almost all the particles passed directly through the foil without deflection, with a few particles deflected about 1°, 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 e
	Rutherford explained the results by postulating the nuclear model of the atom, 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 a-scattering experiment, most of the particles passed through the foil unscattered because they did not encounter the minute nucleus ofany gold atom. Occasiona
	nd 
	Subsequent experiments led to the discovery of positive particles (protons) aneutral particles (neutrons) in the nucleus. Protons were discovered in 1919 by Rutherford and neutrons in 1932 by British scientist James Chadwick (1891-1972). Thus, e atom is composed of electrons, protons, and neutrons. 
	th

	.,,,.. GO FIGURE 

	What is the charge on the particles that form the beam? 
	E, periment 
	E, periment 
	E, periment 
	Interpretation 

	Most a particles 
	posittve nucleus 
	posittve nucleus 

	undergo no scattering 
	Circular fluorescent screen A few a particles are scattered because of repulsion by a tiny 
	because most ofthe 
	atom 1s empty 
	A Figure 2.9 Rutherford's a-Sacttering experiment. When a 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 a particles are deflected at large angles. Although the nuclear atom has been depicted here as a yellow sphere, it is important to realize that most of the space around the nucl
	Sect
	Artifact


	Give It Some Thought 
	Give It Some Thought 
	Give It Some Thought 

	What happens to most of the a particles that strike the gold foil in Rutherford's experiment? Why do they behave that way? 




	2.3 IThe Modern View of Atomic Structure 
	2.3 IThe 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. 
	As noted earlier, the charge ofan electron is -1.602 X 10-C. The charge of a proton is opposite in sign but equal in magnitude to that ofan electron: +1.602 X 10-C. The quantity 1.602 X 10-C is called the electronic charge. For convenience, the charges ofatomic and subatomic particles are usually expressed as multiples ofthis charge rather than in coulombs. Thus, the charge ofan electron is 1-and that ofa proton is 1+. Neutrons are electrically neutral (which is how they received their name). Every atom ha
	19 
	19 
	19 

	-
	48 CHAP11 H ' Atoms, Molecules, and Ions 
	Protons and neutrons reside in the tiny nucleus of th~ atom. ':he vast majority of an atom's volume is the space in whici~ the electrons reside ( • F~fure 2.10). Most
	Protons and neutrons reside in the tiny nucleus of th~ atom. ':he vast majority of an atom's volume is the space in whici~ the electrons reside ( • F~fure 2.10). Most

	GO FIGURE 0 
	GO FIGURE 0 
	atoms have diameters between I X 10-m ( 10~ P~) and_5 X. 10 m (500 pm). A 
	What 1s the approximate diameter of 
	convenient non-SI unit of length used for ato~tc dtmenstons 1s th~ angstrom (A),the nucleus 1n units of pm? 10
	I x 10-

	where I A = 111• Thus, atoms have diameters of approximately l -5A. 
	Nuclt·u~ Volume occupied cont,1ining proton~ ,md 
	neutrons 
	neutrons 





	b/"'°'" 
	b/"'°'" 
	b/"'°'" 
	Artifact


	f-1-sA-j 
	f-1-sA-j 
	f-1-sA-j 
	.& Figure 2.10 The structure of the atom. 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 1s composed of the protons and neutrons. The nucleus contains virtually all the mass of the atom. 

	The diameter of a chlorine atom, for example, is 200 pm, or 2.0 A. 
	Electrons are attracted to the protons in the nucleus by the electrostatic force that exists between particles of opposite electrical charge. In later c~apters we will see that the strength of the attractive forces between electrons and nuclei can be used to explain many of the differences among different elements. 
	Give It Some Thought 
	Give It Some Thought 
	(a) 
	(a) 
	(a) 
	If an atom has 15 protons, how many electrons does it have? 

	(b) 
	(b) 
	Where do the protons reside in an atom? 



	Atoms have extremely small masses. The mass of the heaviest known atom, for example, is approximately 4 X 10-g. Because it would be cumbersome to express such small masses in grams, we use the atomic m ass unit (amu),* where l amu = 1.66054 X 10-g. A proton has a mass of l.0073 amu, a neutron l.0087 amu, and an electron 5.486 X 10-amu (T Table 2.1). Because it takes 1836 electrons to equal the mass of one proton or one neutron, the nucleus contains most of the mass ofan atom. 
	22 
	24 
	4 

	Sect
	Artifact

	Table 2.1 Comparison of the Proton, Neutron, and Electron 
	Particle Charge Mass (amu) 
	Particle Charge Mass (amu) 
	Proton 
	Proton 
	Proton 
	Positive ( 1+) 
	1.0073 

	Neutron 
	Neutron 
	None (neutral) 
	1.0087 

	Electron 
	Electron 
	Negative ( 1-) 
	5.486 X 10-4 



	SAMPLE EXERCISE 2.1 Atomic Size 
	The diameter of a U.S. dime is 17.9 mm, and the diameter ofa silver atom is 2.88 A. How many silver atoms could be arranged side by side across the diameter ofa dime? 
	/
	/

	SOLUTION 
	The unknown is the number ofsilver (Ag) atoms. Using the relationship 1 Ag atom = 2.88 A as a conversion factor relating number ofatoms and distance, we start with the diameter ofthe dime, first converting this distance into angstroms and then using the diameter ofthe Ag atom to 
	convert distance to number of Ag atoms: 
	convert distance to number of Ag atoms: 
	convert distance to number of Ag atoms: 

	Agatoms 
	Agatoms 
	= 
	10 (17.9JRI11)( -3111)(4)(1 Agat;m)1 mm 10.m 2.88 
	-

	= 
	622 x . 
	107 Agatoms 

	That is, 62.2 million silver atoms could sit side by side across a dime! 
	That is, 62.2 million silver atoms could sit side by side across a dime! 

	Practice Exercise 1 
	Practice Exercise 1 

	Which ofthe following factors determines the size ofan atom? 
	Which ofthe following factors determines the size ofan atom? 


	(a) 
	(a) 
	(a) 
	(a) 
	The volume of the nucleus; (b) the volume of space occupied by the electrons ofthe atom; 

	(c) 
	(c) 
	the volume ofa single electron, multiplied by the number ofelectrons in the atom; (d) The total nuclear charge; (e) The total mass of the electrons surrounding the nucleus. 


	Practice Exercise 2 The diameter of a carbon atom is 1.54 A. (a) Express this diameter in picometers. (b) How many carbon atoms could be aligned side by side across the width ofa pencil line that is 
	0.20 mm wide? 

	·The SJ abbreviation fo r the atomic mass unit is u. We will use the more common abbreviation amu. 
	SECTION 2.3 The Modern View of Atomic Structure 
	SECTION 2.3 The Modern View of Atomic Structure 

	The <liamctct_' of an atomic nucleus is approximately 10-A, only a small fraction oithe diameter ot the atom as a whole. You can appreciate the relative sizes of the atom ,1nd its nucleus by imagining that if the hydrogen atom were as large as a football stadilllll, t~1c nudcus -:voul<l be t~e size of a small marble. Because the tiny nucleus carries most of the mass of the atom 111 such a small volume, it has an incredibly high density
	4 

	13 14 3 
	13 14 3 

	on the order of _1~-10g/cm . A matchbox full of material of such density would weigh over 2.5 billion tons! 
	Basic Forces 
	Four basic forces are known in nature: (l) gravitational, (2) electromagnetic, (3) strong nuclear, and (4) weak nuclear. Gravitational forces are attractive forces that act between all objects in proportion to their masses. Gravitational forces between atoms or between subatomic particles are so small that they are of no chemical significance. 
	Electromagnetic forces are attractive or repulsive forces that act between either electrically charged or magnetic objects. Electric forces are important in understanding the chemical behavior of atoms. The magnitude ofthe electric force between two charged particles is given by Coulomb's law: F = k010i/d, where 01 and 02 are the magnitudes of the charges on the two particles, d is the distance between their centers, and k is a constant determined by the units for O and d. 
	2

	A negative value for the force indicates attraction, whereas a positive 
	A negative value for the force indicates attraction, whereas a positive 
	value indicates repulsion. Electric forces are ofprimary importance in determining the chemical properties ofelements. 
	All nuclei except those ofhydrogen atoms contain two or more protons. Because like charges repel, electrical repulsion would cause the protons to fly apart if the strong nuclear force did not keep them together. This force acts between subatomic particles, as in the nucleus. At this distance, the attractive strong nuclear force is stronger than the positive-positive repulsive electric force and holds the nucleus together. 
	The weak nuclear force is weaker than the electric force but stronger than the gravitational force. We are aware of its existence only because it shows itself in certain types ofradioactivity. 
	Related Exercise: 2.112 

	Figure 2.10 incorporates the features we have just discussed. Electrons play the major role in chemical reactions. The significance of representing the region containing electrons as an indistinct cloud will become clear in later chapters when we consider the energies and spatial arrangements ofthe electrons. For now we have all the information we need to discuss many topics that form the basis ofeveryday uses ofchemistry. 
	Atomic Numbers, Mass Numbers, and Isotopes 
	What makes an atom ofone element different from an atom of another element? The atoms of each element have a characteristic number ofprotons. 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 ofelectrons it contains must equal the number ofprotons. All atoms ofcarbon, for example, have six protons and six electrons, whereas all atoms ofoxygen have eight protons and eight electrons. Thus, carbon has atom
	Atoms of a given element can differ in the number ofneutrons they contain and, 
	consequently, in mass. For example, while most atoms ofcarbon have six neutrons, 
	some have more and some have less. The symbol ~C (read "carbon twelve," carbon-12) 
	1

	represents the carbon atom containing six protons and six neutrons, whereas carbon 
	atoms that contain six protons and eight neutrons have mass number 14, are repre
	sented as ttc or C, and are referred to as carbon-14. 
	14

	The atomic number is indicated by the subscript; the superscript, called the mass 
	number, is the number of proto ns plus neutrons in the atom: 
	Ma~~ number (number of protons plus neutrons) '----.,. iC-Symbol of element 
	1

	/
	/
	Atomic number (number of protons or electrons) 
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	Table 2.2 
	Table 2.2 
	Table 2.2 
	some Isotopes of Carbon9 

	Symbol nc 
	Symbol nc 
	Number of Protons 6 
	Number of Electrons 6 
	Numberof Neutrons 5 
	---.. 

	12c 
	12c 
	6 
	6 
	6 

	l)c 
	l)c 
	6 
	6 
	7 

	14c 
	14c 
	6 
	6 
	8 

	TR
	12


	•Almost 99% of1hc carbon found in nalure is C. 
	•Almost 99% of1hc carbon found in nalure is C. 

	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-can be represented 
	12 

	simply as C. . . Atoms with identical atomic numbers but different mass numbers (that 1s, same number of protons but different numbers of neutrons) are called '.sotopes ofone another. Several isotopes of carbon are listed in • Table 2.2. We will generally use the notation with superscripts only when referring to a particular isotope of an element. It is important to keep in mind that the isotopes ofany given element are all alike chemically. A carbon dioxide molecule that contains a C atom behaves for all
	12
	13
	12

	SAMPLE 
	SAMPLE 
	SAMPLE 

	EXERCISE 2.2 Determining the Number of Subatomic Particles in Atoms 
	How many protons, neutrons, and electrons are in an atom of (a) Au, (b) strontium-90? 
	197

	SOLUTION 
	SOLUTION 
	SOLUTION 

	(a) The superscript 197 is the mass number (protons + neutrons). 
	(a) The superscript 197 is the mass number (protons + neutrons). 
	Practice Exercise 1 

	According to the list of elements given on the front inside cover, gold has atomic number 79. Consequently, an atom of 197Au has 79 protons, 79 electrons, and 197 -79 = 118 neutrons. (b) The atomic 
	According to the list of elements given on the front inside cover, gold has atomic number 79. Consequently, an atom of 197Au has 79 protons, 79 electrons, and 197 -79 = 118 neutrons. (b) The atomic 
	Which of these atoms has the lar~est number ofneutrons in the nucleus? (a) 148Eu, (b) 157Dy, (c) 49Nd, (d) 162Ho, (e) 159Gd. 

	number ofstrontium is 38. Thus, all atoms of this element have 
	number ofstrontium is 38. Thus, all atoms of this element have 
	Practice Exercise 2 

	38 protons and 38 electrons. The strontium-90 isotope has 90 -38 = 52 neutrons. 
	38 protons and 38 electrons. The strontium-90 isotope has 90 -38 = 52 neutrons. 
	How many protons, neutrons, and electrons are in an atom of (a) 138Ba, (b) phosphorus-31? 


	SAMPLE EXERCISE 2.3 Writing Symbols for Atoms 
	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 ofeach isotope? 
	Sect
	Artifact


	SOLUTION 
	SOLUTION 
	SOLUTION 

	(a) Magnesium has atomic number 12, so all atoms of magnesium contain 12 protons and 12 electrons. The three isotopes are therefore represented by nMg, nMg, and f;Mg. (b) The number ofneutrons in each isotope is the mass number minus the number of protons. The numbers ofneutrons in an atom of each isotope are therefore 12, 13, and 14, respectively. 
	Practice Exercise 1 Which ofthe following is an incorrect representation for aneutral 
	Practice Exercise 1 Which ofthe following is an incorrect representation for aneutral 
	atom: (a) ~Li. (b) Jc, (c) ~~Cu,(d) tgP,(e) ~1Ag? 
	1
	1

	Practice Exercise 2 
	Give the complete chemical symbol for the atom that contains 
	82 protons, 82 electrons, and 126 neutrons. 



	2.4 IAtomic Weights 
	2.4 IAtomic Weights 
	Atoms are small pieces ofmatter, so they have mass. In this section we discuss the mass scale used for atoms and introduce the concept ofatomic weights. 
	The Atomic Mass Scale 
	The Atomic Mass Scale 
	Scientists of the nineteenth century were aware that atoms of different elements have different masses. They found, for example, that each 100.0 g of water contains 11.l g 
	-
	Sect
	Artifact
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	of hydrogen and 88.9 g of oxygen. Thus water co t· · ;
	' ' n ,uns 88·911 I = 8 times as n1L h 
	oxyg,·n, b}' mass, as 11ydrogen. Once scientists uncle t d ·I . ic 
	, · rs 00 t iat water contains two h
	drogcn atoms ,or eac11 o xygen atom, they cone! d cl th yJ X 8 -16 r , I u e at an oxygen atom must have 
	~ -imcs as muc l mass as a hydrogen atom H d I 1 arbitrarily assigned a relative mass of I (no units)• At . . y rogen, t 1e ightest atom, was , d . · om1c masses ofother element
	at hrst etermmcd relative to this value Thus ox . s were 
	T d d . . , ygen was assigned an atomic mass of 16 
	o _ay we can etermmc the masses of individual atoms with a hi h de r . curacy. For example, we know that the 'H atom I f g 2g ee ofac-
	lh h 1as a mass o 1 6735 X 10-4 g and th
	0 atom as a mass of2.6560 x 10-3 g As we not d · S . · . . e 
	2

	. . · c m cct10n 2.3, 1t 1s convenient to
	. . · c m cct10n 2.3, 1t 1s convenient to
	I

	use t 1e atonuc mass umt when dealing with these e t I II 
	x reme y sma masses: 
	I amu = 1.66054 X 10-24 g and I g = 6.02214 X 1023 amu 
	The atomic mass unit is presently defined by assign,· f 1 
	. ll ng a mass o exact y 12 amu to a 
	chem1ca y unbound atom ofthe C isotope ofcarbon In thes · 'H h 
	12

	· e umts, an atom as a 
	· e umts, an atom as a 
	16
	f

	mass o 1.0078 amu and an O atom has a mass of 15.9949 amu. 

	Atomic Weight 
	Atomic Weight 
	Most elements occur in nature as mixtures of isotopes. We can determine the average mass of an eleme~t, usually called the element's atomic weight, by summing (mdicated by the Greek sigma, L) over the masses ofits isotopes multiplied by their 
	a_ton'.ic 

	relative abundances: 
	Atomic weight = ~ [ ( isotope mass) X ( fractional isotope abundance)] over all isotopes ofthe element (2.1] 
	Naturally occurring carbon, for example, is composed of98.93% 12C and 1.07% 13c. The masses of these isotopes are 12 amu (exactly) and 13.00335 amu, respectively, making the atomic weight ofcarbon 
	{0.9893)(12amu) + {0.0107)(13.00335 amu) = 12.01 amu 
	The atomic weights of the elements are listed in boili the periodic table and the table of elements front inside cover ofthis text. 
	Give It Some Thought 
	Give It Some Thought 
	Give It Some Thought 

	A particular atom of chromium has a mass of 52.94 amu, whereas the atomic weight of chromium is given as 51.99 amu. Explain the difference in the two masses. 
	SAMPLE 
	SAMPLE 
	EXERCISE 2.4 Calculating the Atomic Weight of an Element from Isotopic Abundances 
	Naturally occurring chlorine is 75.78% CI (atomic mass 34.969 amu) and 24.22% CI (atomic mass 36.966 amu). Calculate the atomic weight ofchlorine. 
	35
	37

	SOLUTION 
	We can calculate the atomic weight by multiplying the abundance of each isotope by its atomic mass and summing these products. Because 75.78% = 0.7578 and 24.22% = 0.2422, we have 
	Atomic weight = (0.7578)(34.969 amu) + (0.2422) (36.966 amu) 
	26.50 amu + 8.953 amu 
	26.50 amu + 8.953 amu 
	= 


	= 35.45 amu This answer makes sense: The atomic weight, which is actually the average atomic mass, is between the masses ofthe two isotopes and is closer to the value of CI, the more abundant isotope. 
	35

	Practice Exercise 1 
	The atomic weight ofcopper, Cu, is listed as 63.546. Which ofthe 
	following statements are untrue? 
	(a) 
	(a) 
	(a) 
	(a) 
	Not all the atoms ofcopper have the same number of electrons. 

	(b) 
	(b) 
	All the copper atoms have 29 protons in the nucleus. 

	(c) 
	(c) 
	The dominant isotopes ofCu must be Cu and Cu. 
	63
	64


	(d) 
	(d) 
	Copper is a mixture ofat least two isotopes. 

	(e) 
	(e) 
	The number ofelectrons in the copper atoms is independent of atomic mass. 


	Practice Exercise 2 Three isotopes ofsilicon occur in nature: Si ( 92.23% ), atomic mass 27.97693 amu; S i ( 4.68% ), atomic mass 28.97649 amu; and Si (3.09%), atomic mass 29.97377 amu. Calculate the atomic weight ofsilicon. 
	28
	29
	30


	Artifact
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	The Mass Spectrometer 
	I h,: nHl\t .1-.ur,\ll' m,·.111, for determining atom1' weights 1s pro, Ilk,! by th,· ""'" ~pedromel\'r (Y Figure 2.11). A gaseou~ s,unplc "mtr,,du,nl ,II A ,rnd hombJrdcd hy a stream of high-energy elec
	tron, ,II ff <:ollt,1om hcl\,ccn th,: clei:trons ,md the atoms or mol,:,uk, ot the g.1, produ,e positivdy ch.irged particles, called ions, th.11 ar,· thrn .1crdcr.1tcd tow.ud a negatively charged gml (C). After th,· 1011, p,1,~ through the grid. they ,:ncounter two slits that allow 11.11 row heam of ion, lo pass. Tim beam then passes between the pole~ of .1 magnet, which dcflcch the ions Into a curved path. for 10m with the ~.,me charg,·. th,· extent of deflection depends on mas~-thc more m,1'Sivc the 10n.
	onh· .i 

	A graph of the intensity ofthe detector signal versus ion atornic mass is c.illcd a mass spcctrnm (Y Figure 2.12). Analysis of a Ill 
	A graph of the intensity ofthe detector signal versus ion atornic mass is c.illcd a mass spcctrnm (Y Figure 2.12). Analysis of a Ill 
	. h' as,
	spectrum gives both the masses o f the ions reac mg the detect and their relative abundances. which arc obtained from the sign:; 
	intensities. Knowing the atonuc mass and t~c abundance of each 
	isotope allows us to calculate the atonuc weight of an clement 
	, as 

	shown in Sample Exercise 2.4. 
	J\tass spectrometers are used ex!ensively today to identify chemical compounds and analyze mixtures of substances. Any molecule that loses electrons can fall apart, forming an array of positively charged fragments. The mass spectrometer measures the masses of these fragments, producing a chemical "fingerprint• of the molecule and providing clues about how the atoms were connected in the original molecule. Thus, a chemist might use this technique to determine the molecular structure of a newly syn. thesized 
	Related Exercises: 2.27, 2.38, 2.40, 2.88, 2.98, 2.99 

	A --Sample Ionizing electron beam In c (+) \ To vacuum pump 
	Separation of ions based on mass differences 
	l . 
	l . 
	34 35 36 37 38 Atomic mass (amu) 

	A Figure 2 .11 A mass spectrometer. Cl atoms are introduced at A and .., Figure 2.12 Mass spectrum of atomic chlorine. The fractional are 1on1zed to form c1• ions, which are then directed through a magnetic abundances of the isotopes CI and CI are indicated by the relafield. The paths of the ions of the two Cl isotopes diverge as they pass tive signal intensities of the beams reaching the detector of the mass through the field. spectrometer. 
	35
	37




	2.5 IThe Periodic Table 
	2.5 IThe Periodic Table 
	2.5 IThe Periodic Table 
	As the list of known elements expanded during the early 1800s, attempts were made to find patterns in chemical behavior. These efforts culminated in the development ofthe periodic table in 1869. We will have much to say about the periodic table in later chapters, but it is so important and useful that you should become acquainted with it now. You will quickly learn that the periodic table is the most significant tool that chemists use for organizing and remembering chemical facts. 
	Many elements show strong similarities to one another. The elements lithium (Li), sodium (Na), and potassium (K) are all soft, very reactive metals, for example. The elem ents helium (He), neon (Ne), and argon (Ar) are all very nonreactive gases. If the elements are arranged in order of increasing atomic number, their chemical and physical properties show a repeating, or periodic, pattern. For example, each of the soft, reactive metals-lithium, sodium, and potassium-comes immediately after one ofthe nonreac
	SECTION 2 5 The Periodic Table 

	GO FIGURE 
	GO FIGURE 
	If F 1s a reactive nonmetal, which other element or elements shown here do you expect to also be a reactive nonmetal? 
	,\hlll\il' numbi.•r 
	4 ---9 
	Artifact

	10 
	10 
	11 
	12 ---17 
	18 
	20 
	19 K 


	Svmbol II 
	Svmbol II 
	Be ---F 

	Ne 
	Ne 
	Na 
	Na 
	Mg ---Cl 


	Ar 
	Ar 
	Ca 
	Soft, Soft, 

	Soft, reactive reactive metal 
	reactive 

	metal metal 
	& Figure 2.13 Arranging elements by atomic number reveals a periodic pattern of properties. 
	This pattern is the basis of the periodic table. 
	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 (Y figure 2.14). 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: 
	19+-----1--Atomic number K +---t--Atomic symbol 39.0983~-Atomic weight 
	You may notice slight variations in periodic tables from one book to another or between those in the lecture hall and in the text. These are simply matters ofstyle, or they might concern the particular information included. There are no fundamental differences. 
	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 
	[I] 2A 2 3 4 Li Be 11 12 Na Mg 19 20 K Ca 37 38 Rb Sr 55 56 Cs Ba 87 88 Fr Ra Elements arranged in order of increasing atomic number 38 48 58 68 3 4 5 6 21 22 23 24 Sc Ti V Cr 39 40 41 42 y Zr Nb Mo 71 72 73 74 Lu Hf Ta w 103 104 105 106 Lr Rf Db Sg 78 7 25 Mn 43 Tc 75 Re 107 Bh 3A 4A SA S,ep/ike lioe ''" " " "'-13 14 15 metals from nonmetals 5 6 7 B C N 8B 18 28 13 14 15 /8 9 10 11 12 Al Si p 26 27 28 29 30 31 32 33 Fe Co Ni Cu Zn Ga Ge As 44 45 46 47 48 49 50 51 Ru Rh Pd Ag Cd In Sn Sb 76 77 78 79 80 81 8
	2 3 
	4 5 6 7 
	Groups -vertical columns containing elements with similar properties 
	Groups -vertical columns containing elements with similar properties 
	J 
	SA 18 

	Metals Metalloids Nonmetals 
	0 
	0 
	0 

	57 
	57 
	57 
	58 
	59 
	60 
	61 
	62 
	63 
	64 
	65 
	66 
	67 
	68 
	69 
	70 

	La 
	La 
	Ce 
	Pr 
	Nd 
	Pm 
	Sm 
	Eu 
	Gd 
	Tb 
	Dy 
	Ho 
	Er 
	Tm 
	Yb 

	89 
	89 
	90 
	91 
	92 
	93 
	94 
	95 
	96 
	97 
	98 
	99 
	100 
	101 
	102 

	Ac 
	Ac 
	Th 
	Pa 
	u 
	Np 
	Pu 
	Am 
	Cm 
	Bk 
	Cf 
	Es 
	Fm 
	Md 
	No 


	"' Figure 2.14 Periodic table of elements. 
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	third periods consist of eight elements each. The fou~th and fifth periods contain 18 ckmcnts. ·1 he sixth period has 32 elements, but for it to fit on a page•. 14 of these . b s _70) aiJpear at thl' bottom of the table. l he seventh 
	57

	l' Iemcnt s (atomic num er0 
	• ' • 
	• ' • 
	. . . t but -also has 14 of its members placed ma row at the bottom 
	1
	1 
	11 


	pl'rlOl 1s mcomp c c, , -• of the t,1blc.
	The vertical columns arc groups. The way in which the groups are_labcled is somewhat arbitrary. Three labeling schemes are in common use'. two _of wh.1ch '.ire shown in Figure 2.14. The top set of labels, which have A an~ B des1gnat1ons, is widely u_sed in North America. Roman numerals, rather than Arabic ones, are often employed Ill this scheme. Group 7A, for example, is often labeled VllA. Europeans use a similar convention that numbers the columns from IA through SA and then from B through 8B, thereby g
	-
	1

	A and B. 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 I B. These elements are less reactive than most metals, which is why they have been traditionally used throughout the world to make coins. Many other groups in the periodic table also have names, listed in ., Table 2.3. We will learn in Chapters 6 and 7 that elements in a group have similar properties because they have the same
	Table 2.3 Names of Some Groups in the Periodic Table 
	Group 
	Group 
	Group 
	Group 
	Name 
	Elements 

	IA 
	IA 
	Alkali metals 
	Li, Na. K, Rb, Cs, Fr 

	2A 
	2A 
	Alkaline earth metals 
	Be, Mg, Ca, Sr, Ba, Ra 

	6A 
	6A 
	Chalcogens 
	0, S, Se, Te, Po 

	7A 
	7A 
	Halogens 
	F, Cl, Br, I, At 

	8A 
	8A 
	Noble gases (or rare gases) 
	He, Ne, Ar, Kr, Xe, Rn 



	What Are Coins Made Of? 
	Copper, silver, and gold were traditionally employed to make coins, but modern coins are typically made from other metals. To be useful for coinage, a metal, or combination of metals (called an alloy), must be corrosion resistant. It must also be hard enough to withstand rough usage and yet be of a consistency that permits machines to accurately stamp the coins. Some metals that migh1 otherwise make fine coinsfor example, manganese (Mn)-arc ruled out because they make the coins too hard to stamp. A third 
	Copper, silver, and gold were traditionally employed to make coins, but modern coins are typically made from other metals. To be useful for coinage, a metal, or combination of metals (called an alloy), must be corrosion resistant. It must also be hard enough to withstand rough usage and yet be of a consistency that permits machines to accurately stamp the coins. Some metals that migh1 otherwise make fine coinsfor example, manganese (Mn)-arc ruled out because they make the coins too hard to stamp. A third 
	Artifact
	A photo of a si Iver dollar from the president series. 
	from pure copper, the metal would be worth more than a penny. thus inviting smelters to melt down the coins for the value of the metal. Pennies today are largely made ofzinc with a copper cladding. 
	One of the traditional alloys for making coins is a mixture of copper and nickel. Today onlythe 
	U.S. nickel is made from this alloy, called cupronickel, which consists of 75% copper and 25% nickel. The modern U.S. dollar coin, often referred to as the silver dollar, doesn't contain any silver. It consists of copper (88.5%), zinc (6.0%), manga· nese (3.5%), and nickel (2.0%). In 2007 the U.S. Congress created a new series of SI coins honoring former U.S. presidents. The coins have not been popular, and supplies stockpiled. The U.S. Treasury secretary suspended further production of the coins in Decemb
	(S) 

	GO flGURE 
	Nallll' two way~ 111 which the metals shown 111 Figure 2. 15 differ in general appearance from the nonmetals. 
	Sect
	Artifact
	Nonmetals 

	Cnppl'l' (Cu) /\luminum (/\I) 
	Artifact
	Bromine 
	Bromine 
	Carbon 
	(Br) 
	(C) 
	Sulfur 
	_,,,
	-

	Phosphorus 
	(P)

	Silver (Ag) Ll'ild (Pb) Gold (Au) 
	• figure 2.15 Examples of metals and nonmetals. 
	chemists who knew nothing about electrons developed the table! We can use the table, as they intended, to correlate behaviors ofelements and to help us remember many facts. 
	The color code of Figure 2.14 shows that, except for hydrogen, all the elements on the left and in the middle of the table are metallic elements, or metals. All the metallic elements share characteristic properties, such as luster and high electrical and heat conductivity, and all of them except mercury (Hg) are solid at room temperature. The metals are separated from the nonmetallic elements, or nonmetals, by a stepped line that runs from boron (B) to astatine (At). (Note that hydrogen, although on the le
	Give It Some Thought 
	Give It Some Thought 
	Give It Some Thought 

	Chlorine is a halogen (Table 2.3). Locate this element in the periodic table. (al What is its symbol? 
	(b) 
	(b) 
	(b) 
	In which period and in which group is the element located? (cl What is its atomic number? 

	(d) 
	(d) 
	(d) 
	Is it a metal or nonmetal? 





	SA MP LE 'XERCISE 2.5 Using the Periodic Table 
	SA MP LE 'XERCISE 2.5 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? 
	.:>OLUTION 
	Llements 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 tarth metals). 
	Practice Exercise 1 
	A biochemist who is studying the properties ofcertain sulfur 
	(S)-containing compounds in the body wonders whether trace 
	-
	amounts ofanother nonmetallic element might have similar behavior. To which element should she turn her attention? (a) 0, 
	amounts ofanother nonmetallic element might have similar behavior. To which element should she turn her attention? (a) 0, 
	(b) As, (c) Se, (d) Cr, (e) P. 
	Practice Exercise 2 Locate Na (sodium) and Br (bromine) in the periodic table. Give the atomic number ofeach and classify each as metal, metalloid, or nonmetal. 
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	Sect
	Artifact
	·w,,tt•r, 110 Hydrn~cn pt•n1xidc, 1120 2 
	1

	Artifact
	Artifact
	C.irbon CMbon monoxide, CO dioxide, CO2 
	Artifact
	Artifact
	Methane, CH4 
	.A Figure 2.16 Molecular models. Notice howthe chemical formulas of these simple molecules correspond to their compositions. 




	2.6 IMolecules and Molecular Compounds 
	2.6 IMolecules and Molecular Compounds 
	. h . · ti smallest representative sample of an clement, only the
	l:vcn t 10ug1 1I t e atom 1s 1e • . d t M 
	·n ature as 1so1ate a oms. ost matter · noble-gas elements arc norma11y foun • · . . . 1s 
	d 
	11
	1 

	., f I I · s We examine molecules here and t0ns m Section 2.7 
	., f I I · s We examine molecules here and t0ns m Section 2.7 

	composcu o mo ecu es or ton . , 
	Molecules and Chemical Formulas 
	Molecules and Chemical Formulas 
	Several elements are found in nature in molecular form-two or more of the same type of atom bound together. For example, most of the oxygen in air consiSs ~f molecules that contain two oxygen atoms. As we saw in Section 1.2, we represent this molecular oxygen by the chemical formula Q(read "oh two"). The subscript tells us t~at two oxygen atoms are present in each molecule. A molecule made up of two atoms ts called 
	t
	2 

	a diatomic molecule. Oxygen also exists in another molecular form known as ozone. Molecules ofozone consist of three oxygen atoms, making the chemical formula 03. Even though "normal• oxygen (0 ) and ozone (0 ) are both composed only of oxygen atoms, they exhibit very different chemical and physical properties. For example, 02 is essential for life, but 0 is toxic; 0 is odorless, whereas 0 has a sharp, pungent smell.
	2
	3
	3 

	3 2 
	3 2 
	The elements that normally occur as diatomic molecules are hydrogen, oxygen, 

	nitrogen, and the halogens (H, 0 , N, F, Cl2, Br2, and 12). Except for hydrogen, these 
	2
	2
	2
	2

	diatomic elements are clustered on the right side ofthe periodic table. 
	Compounds composed of molecules contain more than one type of atom and are 
	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 ofone carbon atom and four hydrogen atoms and is therefore represented by 
	the chemical formula CH• Lack ofa subscript on the C indicates one atom of C per 
	4

	methane molecule. Several common molecules ofboth elements and compounds are 
	shown in <Ill Figure 2.16. 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. 

	Molecular and Empirical Formulas 
	Molecular and Empirical Formulas 
	Chemical formulas that indicate the actual numbers of atoms in a molecule are called molecular formulas. (The formulas in Figure 2.16 are 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 H0 , for example, whereas its empirical formula is HO. The molecular formula for ethylene is
	2
	2
	2

	Give It Some Thought 
	Give It Some Thought 
	Consider the following four formulas: S02, B2H6, CH, C4H0. Which of these 
	2
	2

	formulas could be (al only an empirical formula, (b) only a molecular formula, 
	(cl either a molecular or an empirical formula? 
	Whenever we know the molecular formula ofa compound, we can determine its empirical formula. The converse is not true, however. If we know the empirical formula ofa substance, we cannot determine its molecular formula unless we have more information. So why do chemists bother with empirical formulas? As we will see in Chapter 3, certain common methods ofanalyzing substances lead to the empirical formula only. Once the empirical formula is known, additional experiments can give the information needed to c
	SE: CTION 2 6 Molecules and Molecular Compounds 

	SAMPLE i::XERCISE 2.6 Relating Empirical and Molecular Formulas 
	\\ 1it<' th<' l'lllpi~'.rn_l fo_rmulas for (a) glucose, a substm~ce also known as either blood sugar or ,i.,,tn>~l·-molnul,u tormul., C1,I 1120 ,,; (b) nitrous ox1clc, a substance used as an anesthetic and ,,,nonly c.1lkcl laughmg gas-molc.:ular formula N0. 
	1111
	2

	SOLUTION 
	SOLUTION 
	(.a) Th<· subscripts of an cmpirical formula arc the smallest wholcnumb<·Tlw smalkst rntios arc obtained b)' dividing e,Kh sub~cnpt by the largest common factor, in this case 6. The resultant empirical formula for glucose is CH0. 
	r r,,t'.os. 
	2

	lb) Bc.:ausc the subsc~i~ts in N20 are already the lowest integral 
	Sect
	Artifact

	numbers, the empmcal formula for nitrous oxide is the same as 
	numbers, the empmcal formula for nitrous oxide is the same as 
	What arc the molecular and empirical formulas of this substance? 

	its molecular formula, N20. 
	(a) C2O2, CO2, (b) C4O, CO, (c) CO2, CO2• (d) C4O2• CzO, (e) Ci0,C02• 
	(a) C2O2, CO2, (b) C4O, CO, (c) CO2, CO2• (d) C4O2• CzO, (e) Ci0,C02• 

	Practice Exercise 1 
	Practice Exercise 1 
	Practice Exercise 2 

	Tctracarbon dioxide is an unstable oxide ofcarbon with the following 
	Tctracarbon dioxide is an unstable oxide ofcarbon with the following 
	Tctracarbon dioxide is an unstable oxide ofcarbon with the following 
	Give the empirical formula for decaborane, whose molecular formula 

	111olecular structure: 

	is B10H14. 
	is B10H14. 



	Picturing Molecules 
	Picturing Molecules 
	The molecular formula ofa substance summarizes the composition ofthe substance but Joes not show how the atoms are joined in the molecule. A structural formula shows which atoms are attached to which, as in the following examples: 
	H
	H
	H
	H 

	I

	0-0/ H-C-H 
	Artifact

	/ 
	/ 
	I
	H 

	H Water Hydrogen peroxide Methane 
	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 ofthe molecule, that is, the actual angles at which atoms are joined. A structural formula can be written as aperspective drawing (Figure 2.17), however, to portray the three-dimensional shape. 
	Scientists also rely on various models to help visualize molecules. Ball-and-stick models show atoms as spheres and bonds as sticks. This type ofmodel has the advantage of accurately representing the angles at which the atoms are attached to one another in amolecule (Figure 2.17}. Sometimes the chemical symbols ofthe elements are superimposed on the balls, but often the atoms are identified simply by color. 
	A space-filling model depicts what a molecule would look like if the atoms were ,caled up in size (Figure 2.17). These models show the relative sizes ofthe 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. 
	Give It Some Thought 
	Give It Some Thought 
	Give It Some Thought 
	The structural formula for ethane is 

	H H 
	I I 
	H-C-C-H 
	I I
	H H 
	(a) 
	(a) 
	(a) 
	(a) 
	What is the molecular formula for ethane? 

	(b) 
	(b) 
	What is its empirical formula? 


	(c) 
	(c) 
	Which kind of molecular model would most clearly show the angles between atoms? 


	SECTION 2 6 Molecules and Molecular Compounds 
	SECTION 2 6 Molecules and Molecular Compounds 

	.... 
	SAMP LE EXERCISE 2.6 Relating Empirical and Molecular Formulas 
	I\ nl<' the .-mpi~'.cal fo_rmul,1s for (a) glucose, nsubst,mce also known as either blood sugar or 
	,t,·, trl,s,·-moln.ular fo~muln C6H12O~; (b) 111trous oxide. n substance used as an anesthetic and 
	_.,1111nonly c.11led laughmg gns-molecular formula NQ. 
	2

	OLUTION 
	OLUTION 
	(,i) Tlw ~ubscripts ofan empirical formula arc the smallest wholenumber r.11ios. The smallest ratios are obtained by dividing ,·,Kh sub~cnpt b)' the largest common factor, in this case 6. The rl·sultant empirical formula for glucose is CHQ. 
	2

	(h) Hcc,1usc the subsc~i~ts in N20 are already the lowest integral numbers, the cmpmcal formula for nitrous oxide is the same as 
	(h) Hcc,1usc the subsc~i~ts in N20 are already the lowest integral numbers, the cmpmcal formula for nitrous oxide is the same as 
	What are the molecular and empirical formulas of this substance? 

	Sect
	Artifact

	its molecular formula, N20. 
	(a) C2O2, CO2, (b) C4O, CO, (c) CO2, CO2, (d) C4O2, C2O, (e) C2O, CO• 
	(a) C2O2, CO2, (b) C4O, CO, (c) CO2, CO2, (d) C4O2, C2O, (e) C2O, CO• 
	2


	Practice Exercise 1 
	Practice Exercise 1 
	Tetracarbon dioxide is an unstable oxide ofcarbon with the following Practice Exercise 2 molecular structure: 
	Give the empirical formula for decabomne, whose molecular formula is BH_ 
	Give the empirical formula for decabomne, whose molecular formula is BH_ 
	10
	14






	Picturing Molecules 
	Picturing Molecules 
	The molecular formula ofa substance summarizes the composition ofthe substance but does not show how the atoms are joined in the molecule. A structural formula shows which atoms are attached to which, as in the following examples: 
	H 
	H 

	H 0-0 H-C-H
	Artifact
	/ 
	I 

	/ 
	/ 
	I
	H 

	H Water Hydrogen peroxide Methane 
	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. A structural formula can be written as aperspective drawing (Figure 2.17), however, to portray the three-dimensional shape. 
	Scientists also rely on various models to help visualize molecules. Ball-and-stick models show atoms as spheres and bonds as sticks. This type ofmodel has the advantage of accurately representing the angles at which the atoms are attached to one another in a molecule (Figure 2.17). 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 a molecule would look like if the atoms were scaled up in size (Figure 2.17). These models show the relative sizes ofthe 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. 
	Give It Some Thought The structural formula for ethane is 
	Give It Some Thought The structural formula for ethane is 

	H H 
	I I 
	H-C-C-H 
	I I
	H H 
	(a) 
	(a) 
	(a) 
	(a) 
	What is the molecular formula for ethane? 

	(b) 
	(b) 
	What is its empirical formula? 


	(c) 
	(c) 
	Which kind of molecular model would most clearly show the angles between atoms? 


	Sect
	Artifact

	SAMPLE 
	SAMPLE 
	EXERCISE 2 .7 Writing Chemical Symbols for Ions 
	Give the chemical symbol, including superscript indicating mass number, for (a) the ion with 22 protORS. 26 neutrons, and 19 electrons; and (b) the ion ofsulfur that has 16neutrons and 18 electrons. 
	SOLUTION 
	(a) 
	(a) 
	(a) 
	The number of protons is the atomic number ofthe 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 of3+ and is designated Ti+. 
	48
	3


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



	In general, we will focus on the net charges ofions and ignore their mass numbers unless the 
	circumstances dictate that we specify a certain isotope. 
	---
	Perspective drawing 
	Perspective drawing 


	58 CHI\Pl I A ' Atoms, Molecules, and Ions 
	-.. GO FIGURE Which model, the ball-and-stick or the space-filling, more effectively shows the angles between bonds 
	around a central atom? 
	around a central atom? 
	around a central atom? 

	CH~ 
	CH~ 

	11.lolecular formula 
	11.lolecular formula 

	H 
	H 

	IH-C-H 
	IH-C-H 

	I 
	I 

	H 
	H 

	Structural formula 
	Structural formula 

	Dashed wedge 
	Dashed wedge 
	Solid hne 1s a bond 

	1s a 
	1s a 
	bond 
	1n plane of page 

	behind page 
	behind page 

	TR
	Wedge is a bond 

	TR
	out of page 


	Sect
	Artifact
	Ball-and-stick model 
	Ball-and-stick model 
	Artifact
	Space-filling model 



	.A. Figure 2.17 Different representations of the methane (CH4) molecule. Structural formulas, perspective drawings, ball-and-stick models, and space-filling models. 


	27 1 Ions and Ionic Compounds 
	27 1 Ions and Ionic Compounds 
	27 1 Ions and Ionic Compounds 
	.

	The nucleus ofan atom is unchanged by chemical processes, but some ·1y ga·or lose electrons. Ifelectrons arc removed from
	d
	111 

	atoms can rca 1 . . or added to an atom, a charged particle called an 10n 1_s 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 ?ne electro_n. The resulting cation has 11 protons and IO electrons, which means 1t has a 
	net charge of l+. 
	Loses an electron 
	Na atom 
	Na atom 


	Na+ ion 
	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 ofone, 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 c1-ion: 
	Gains an electron 
	Artifact
	Cl atom 
	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 ofmetals bonded with nonmetals, as in NaCl. 

	Artifact
	SECTION 2.7 Ions and Ionic Compounds 
	SECTION 2.7 Ions and Ionic Compounds 

	Practice Exercise 1 In which ofthe following species Is the number ofprotons less than the number ofelectrons? 
	(a) Ti2+, (b) p3-, (c) Mn, (d) se.z-. (e) Ce+. 
	4

	Practice Exercise 2 
	Practice Exercise 2 
	How many protons, neutrons, and electrons does the se2-ion possess? 
	79

	In addition to simple ions such as Na+ and er, there are polyatomic ions, such as N~+ (ammonium ion) and sol-(sulfate ion), which consist of atoms joined as in a molecule, but carrying a net positive or negative charge. Polyatomic ions will be discussed in Section 2.8. 
	It is important to realize that the chemical properties of ions are very different from the chemical properties ofthe atoms from which the ions are derived. The addition or removal ofone or more electrons produces a charged species with behavior very different from that of its associated atom or group ofatoms. 

	Predicting Ionic Charges 
	Predicting Ionic Charges 
	As noted in Table 2.3, the elements ofgroup BA are called the noble-gas elements. The noble gases are chemically nonreactive elements that form very few compounds. Many atoms gain or lose electrons to end up with the same number ofelectrons as the noble gas closest to them in the periodic table. We might deduce that atoms tend to acquire the electron arrangements ofthe noble gases because these electron arrangements are very stable. Nearby elements can obtain these same stable arrangements by losing or gain
	SAMP LE 
	SAMP LE 
	EXERCISE 2.8 Predicting Ionic Charge 
	Predict the charge expected for the most stable ion ofbarium and the most stable ion ofoxygen. 
	~OLUTION We will assume that barium and oxygen form ions that have the same number ofelectrons as the nearest noble-gas atom. From the periodic table, wesee that barium has atomic number 56. The nearest noble gas is xenon, atomic number 54. Barium can attain a stable arrangement of54 electrons by losingtwo electrons, forming the Ba2+ cation. 
	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 02-anion. 
	Practice Exercise 1 Although it is helpful to know that many ions have the electron arrangement ofa noble gas, many elements, especially among the metals, form ions that do not have a noble-gas electron arrangement. Use the periodic table, Figure 2.14, to determine which ofthe following ions has a noble-gas electron arrangement, and which do not. For those that do, indicate the noble-gas arrangement they match: (a) Ti4+, (b) Mnz+, (c) Pbz+, (d) Te2-. (e) Zn+. 
	2

	Practice Exercise 2 Predict the charge expected for the most stable ion of(a) aluminum and (b) fluorine. 
	The periodic table is very useful for remembering ionic charges, especially those of elements on the left and right sides of the table. As Figure 2.18 shows, the charges of 
	th
	ese ions relate in a simple way to their positions in the table: The group IA elements (alkali metals) form l+ ions, the group 2A elements (alkaline earths) form 2+ ions, the group 7 A elements (halogens) form 1-ions, and the group 6A elements form 2-ions. (As noted in Practice Exercise I of Sample Exercise 2.8, many of the other groups do not lend themselves to such simple rules.) 
	-
	Sect
	Artifact
	Artifact

	C'HArl Ln" Atoms, Molecules, and Ions 
	GO FIGURE . 
	+ 2+ s J+ L ate the boxes in which you would place 
	+ 2+ s J+ L ate the boxes in which you would place 

	The most common ions for silver, zinc, and scandium are Ag , Zn , and c · oc ent? 
	I
	I

	these ions in this table. Which of these ions has the same number of electrons as a noble-gas e em · IA 
	7A BA 
	7A BA 

	El2A 3A 4A SA 6AFi -N--0 Li' N' 02 F I3 L '\,, \Ii,: ' Transition metals Al' ' 52-Cl E .._. C,12• 5cl Br-G h"el-A Rb ' ~r1 · 1-s Ec,• n.,li s 
	• Figure 2.18 Predictable charges of some common ions. Notice that the red stepped line that d1v1des metals from nonmetals also separates cations from anions. Hydrogen forms both 1+ and 1-ions. 
	Ionic Compounds 
	A great deal of chemical activity involves the transfer of electrons from one substance to another. l' Figure 2.19 shows that 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 ofopposite charges attract, the Na+ and the c1-ions bind together to form the compound sodium chloride (NaCl). Sodium chloride, which we know better as common table salt, is an example ofan ionic compound, a 
	+
	ne-

	11
	11

	Loses an p electron 
	\ N,' ;on Na atom 
	e 
	e 

	Gains an electron Cl atom cl-ion 
	Artifact
	• Figure 2.19 Formation of an ionic compound. The transfer of an electron from a Na atom to a Cl atom leads to the formation of a Na+ion and a er ion. These ions are arranged in a lattice in solid sodium chloride, NaCl. 
	We can often tell whether a compound is ionic (consisting of ions) or molecular (consisting ofmolecules) from its composition. In general, cations are metal ions and anions are nonmetal ions. Consequently, ionic compounds are generally combinations ofmetals and nonmetals, as in NaCL In contrast, molecular compounds are generally composed ofnonmetals only, as in H0. 
	2

	SAMPLE 
	SAMPLE 
	EXERCISE 2.9 Identifying Ionic and Molecular Compounds 
	Which ofthese compounds would you expect to be ionic: N0, Na0, CaCl, SF?
	2
	2
	4

	2
	2

	SOLUTION 
	We predict that Na20 and CaCl2 are ionic compounds because they are composed ofa metal combined with a nonmetal. We predict (correctly) that N0 and SFare molecular compounds because they are composed entirely ofnonmetals. 
	2
	4 

	SECTION 2 7 Ions and Ionic Compounds 
	SECTION 2 7 Ions and Ionic Compounds 

	p1actice Exe,cise 1 \\ Ju,h ot th,·~,· uimpounds ,ire 111olc,ul,1r: CBr, FcS, po , PbF/
	4

	46
	p1actice Exercise 2 
	\ ;1"-· .1 n·.1si111 why <'a(h. of tlw following Matcmcnts is a ~afc prediction: lal !·wry «nnpounJ ot Rh with a 11011111ct,1l is ionic in charact 
	. . er.
	J I
	J I

	tbl Fn-ry , ompoun o 111trogl'll with a halogen clement is a molcc I d
	·h d M •· d . · u ar compoun .
	t.l I e -<nnpoun g"r2 o,·s not exist. 
	(J) N,1 .111d K arc V<'ry ~imilar in the compounds they form with , I 
	. . J . . . nonmcta s. (rl II ~ontamr 111 ,Ill 10111c compound, calcium (Ca) will be in the form oftl d bl h d 
	toll, Ci~, IC OU )' C arge 
	fhe ions in ionic compounds are arranged in three-dimensional structures, as Figure 
	2.19 sh~\~S for NaCl. Becau~e there is no.dis_cr~te "molecule" ofNaCl, we are able write only .in cmi;incal for~mla for th1_s _substance. fh1s 1s tr~e ~or most other ionic compounds. 
	10 

	. \ \ e can wnte the e'.npmcal formula for an 10111c compound ifwe know the charges of the ions. Because chemical compounds are always electrically neutral, the ions in an ionic ,ompou~d always ~ccur in s~ch a ratio ~~at the total positive charge equals the total negative charge. 1hus, there 1s one Na to one Cl m NaCl, one Ba+ to two c1-in Ba Cl2, and so forth. 
	2

	As you c~nsider these and other examples, you will see that if the charges on the c,1tion and amon are equal, the subscript on each ion is l. 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 Mg2+ ions) and N (which fo rms N-ions) is Mg3N2: 
	3

	Artifact

	Give It Some Thought 
	Give It Some Thought 
	Give It Some Thought 

	Can you tell from the formula of a substance whether it is ionic or molecular in nature? Why or why not? 
	Sect
	Artifact
	Elements Required by Living Organisms 

	l he elements essential to life are highlighted in color in 'r Figure 2.20. ~lore than 97% of the mass of most organisms is made up ofjust six of these elements-oxygen, carbon, hydrogen, nitrogen, phosphorus, and sulfur. Water is the most common compound in living organi1ms, accounting for at least 70% of the mass ofmost cells. In the 1olid components of cells, carbon is the most prevalent element by ma1s. Carbon atoms are found in a vast variety of organic molecules, 
	In addition, 23 other elements have been found in various living organisms. Five are ions required by all organisms: ca2+, Cl-, Mgz+, K+ , and Na+. Calcium ions, for example, are necessary for the formation of bone and transmission ofnervous system signals. Many other elements are needed in only very small quantities and consequently are called trace elements. For example, trace quantities ofcopper are required in the diet ofhumans to aid in the synthesis ofhemoglobin. 
	In addition, 23 other elements have been found in various living organisms. Five are ions required by all organisms: ca2+, Cl-, Mgz+, K+ , and Na+. Calcium ions, for example, are necessary for the formation of bone and transmission ofnervous system signals. Many other elements are needed in only very small quantities and consequently are called trace elements. For example, trace quantities ofcopper are required in the diet ofhumans to aid in the synthesis ofhemoglobin. 
	Related Exercise: 2.102 

	bonded either to other carbon atoms or to atoms of other elements. All proteins, for example, con· tain the carbon-based group 
	0 II
	0 II
	-N-C
	-

	1 
	R 

	which occurs repeatedly in the molecules. (R is either an H atom or a combination of atoms, such as CH.) 
	3

	IA 
	IA 
	SA 
	2A Li Be 
	8B 
	1B Al Si P S Cl Ar
	S lO 
	28 

	~~M~~ ~~ ~~ fu~ 
	9 
	Artifact
	K~ & 

	Rb Sr Y Zr Nb M Tc Ru Rh Pd Ag Cd In Sn Sb Te I Xe 

	• Six most abundant D Five next most abundant essential elements essential elements 
	Ne 
	Ne 
	Elements needed only in trace quantities 
	Elements needed only in trace quantities 
	D 




	A Figure 2.20 Elements essential to life. 
	b 
	\I Atoms. Moloculos. ond Ions 
	62 

	SAMrt.E . . . . F ulas for Ionic Compounds
	1 

	no R(lSC 2.10 Usmg Ionic Charge to Wnte Empmca orm 
	\\"nh· th,· ,·mrm,,,I h•1111ul., of th,· \lHlll'<•mlll to,mrJ hy (11) Al'' .uul Cl ion<. (b) Al'' Jml l l' ''""· (d \lit' .111,I Nll, 1011, 
	SOLUTION Practice Exercise 1
	(.a) I hr,·,· l'I "'"' .,re r,·qum•J to hal,m,e the ,hargc ofone Al'• ion. 2 111,1\..111!? th,· ,·mp1m.1I h11mul., AKI,. For the following iomc compoun~~forme~ with s;, what is th<' empirical formula for the positive ,on mvolvcd. (a) MnS,
	\hl '"'' Al'' 1011, .ir,· n-qu1r,-d lo b.il,111,c the ,hargc ofthrrc 0 1011<. 
	1 

	(b) Pc2S,, (c) M0S2, (d) K2S, (e) Ag2S,
	(b) Pc2S,, (c) M0S2, (d) K2S, (e) Ag2S,

	,\ ~:;\ r,1110" nl\-Jcd 1,, b,,l,mcc the lot,1l p<Nllvc ch.irKc of 6 t-and the tot.II l\l"(tJtm: ,h,,r1t,· oft, . I he formula 1~ Al20,. 
	l'mplnl.1I 

	Ill h.1l.111cr the charge ofone Mg•, Practice Exercise 2 ,1dd1111t ~lg(NO,h N11tc th.II the formula for the polyatomic Wntc the empirical formula for the compound formed by (a) Na+ 111 p.ircnthcse< ,o that ii ,s clear that and PO/ , (b) Zn+ and SO/ -, (c) Fc+ and CO/-. the ~uh,.:ripl 2.ipplic-, lo .,II the ,!tom< of th,11 ion. 
	(() l\"1 NO, 1011, ,m• n,·rdcJ 
	1
	11111. NO, • mml h,· cndo,eJ 
	2
	3

	GO FIGURE 
	GO FIGURE 
	Is the difference in properties we see between the two substances in Figure 2.21 a difference in physical or chemical properties? 
	Artifact
	• Figure 2.21 Different ions of the same element have different properties. Both substances shown are compounds of iron. The substance on the left 1s Fe304 , which contains Fe• and Fe+ ions. The substance on the right is Fe203• which contains Fe3• ions. 
	2
	3






	2.8 INaming Inorganic Compounds 
	2.8 INaming Inorganic Compounds 
	2.8 INaming Inorganic Compounds 
	The names and chemical formulas of compounds are essential vocabulary in chemistry. The system used in naming substances is called chemical nomenclature, from the Latin words 110111e11 (name) and ca/are (to call). 
	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 (H20) and ammonia (NH), do have traditional names (called common names). For most sub
	3
	stances, however, we rely on a set of rules that leads to an informative and unique name for each substance, one that conveys 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 
	compo1111ds contain carbon and hydrogen, often in combination with oxygen, nitro
	gen, or other elements. All others are inorganic compounds. Early chemists associated 
	organic compounds with plants and animals and inorganic compounds with the non
	living portion ofour world. Although this distinction is no longer pertinent, the classifi
	cation between organic and inorganic compounds continues to be useful. In this section 
	we consider the basic rules for naming three categories of inorganic compounds: ionic 
	compounds, molecular compounds, and acids. 


	Names and Formulas of Ionic Compounds 
	Names and Formulas of Ionic Compounds 
	Names and Formulas of Ionic Compounds 
	Recall from Section 2.7 that ionic compounds usually consist of metal ions combined with nonmetal ions. The metals form the cations, and the nonmetals form the anions. 
	I. Cations 
	a. Cations formed from metal atoms have the same name as the metal: 
	Na+ sodium ion z n2+ zinc ion Al+ aluminum ion 
	3

	b. Ifa metdicated by a Roman numeral in parentheses following the name ofthe metal: 
	al can form cations with different charges, the positive charge is in

	Fe+ iron(II) ion Cu• copper(!) ion Fe,. iron(lll) ion CuH copper(II) ion 
	2

	Ions of the same element that have different charges have different properties, such as different colors (.,. Figure 2.21). 
	SECTION 2.8 Naming Inorganic Compounds 

	l\lost metals that form cations with different charges are tra11sitio11 metals, 
	elc111ents that ocrnr in the middle of the periodic table, from group 3B to group 211 (as indicated on the periodic table on the front inside cover ofthis book). The 111etals that form only one cation (only one possible charge) are those ofgroup IA and group 2A, as well as Al(group 3A) and two transition-metal ions: Ag+ (group I B) and zn2+ (group 2B). harges arc 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 
	31 

	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+ ferrou ion 
	Fe2+ ferrou ion 
	Cu' cuprous ion 
	H ferric ion 
	Fe 

	CuH cupric ion 

	Although we will only rarely use these older names in this text, you might encounter them elsewhere. 
	c. Cations formed from nonmetal atoms have names that end in -ium: 
	NH4+ ammonium ion 
	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 ofsome common cations are shown in "' Table 2.4 and on the back inside cover ofthe text. The ions on the left side in Table 2.4 are 
	Table 2.4 Common Cationsa Charge Formula Name I+ H+ hydrogen ion 
	u+ lithium ion 
	u+ lithium ion 
	Na+ sodium ion 
	K+ potassium ion 
	cs+ cesium ion 
	Ag+ silver ion 

	2+ 
	2+ 
	2+ 
	Mg2+ 
	magnesium ion 

	TR
	Ca2+ 
	calcium ion 

	TR
	sr2+ 
	strontium ion 

	TR
	Ba2+ 
	barium ion 

	TR
	zn2+ 
	zinc ion 

	TR
	Cd2+ 
	cadmium ion 


	3+ 
	AIH aluminum ion 
	AIH aluminum ion 
	=t 

	Formula Name 
	N~+ cu+ 
	N~+ cu+ 
	Co2+ Cu2+ Fe2+ Mn2+ Hg/+ Hg2+ Ni2+ pt,2+ 
	Sn2+ 
	ammonium ion copper{!) or cuprous ion 
	cobalt(II) or cobaltous ion copper(II) or cupric ion iron (II) or ferrous ion manganese(II) or manganous ion mercury{!) or mercurous ion mercury(II) or mercuric ion nickel(II) or nickelous ion Iead(II) or plumbous ion tin(Il) or stannous ion 

	CrJ+ chromium(Ill) or chromic ion FeJ+ iron(l11) or ferric ion 
	'The ions we use most often in this course are in boldface. Learn them first. 
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	h c more th,rn one possible charge. Iho~e on the monattmu, ams ,it do not _av . or cations with more than one 
	h c more th,rn one possible charge. Iho~e on the monattmu, ams ,it do not _av . or cations with more than one 
	th

	. h d ·th. polyatomic cation~ P<>s
	-

	thl' rig t s1 c arc .~1 2':, ·s though it is a metal ion, it is 
	unusu.il bcc,msc, even 

	s1blc 1.h,ugc. 1.he .82 ll1odn 11. ncrcury(I) ion becau~e it can be thought ofas two not monatonuc. It 1s ca c t lC 1 r
	• . h Tl it ions th,it you w111 encounter most ,rcquently in Hg ions bound to~ct er. ic c, learn these c.itions first. this text are ~hown m boldface. You should 
	.


	L. Give It Some Thought 
	(a) 
	(a) 
	(a) 
	(a) 
	Why CrO named using a Roman numeral, chrom_1u~(II) oxide, whereas CaO named without a Roman numeral, calcium ~x1de. 
	15 


	(b) 
	(b) 
	What does the -,um ending on the name ammonium tell you about the 


	composition of the ion? 

	2. Anions 
	a. The names ofmonatomic anions areformed by replacing the ending ofthe name of the element with -ide: 
	0 2-oxide ion N-nitride ion 
	0 2-oxide ion N-nitride ion 
	3

	W hydride ion A few polyatomic anions also have names ending in -ide: OW hydroxide ion CN"" cyanide ion 
	o}-peroxide ion 


	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 ofan element, and -ite is used for an oxyanion that has the same 
	charge but one O atom fewer: 
	charge but one O atom fewer: 
	sulfate ion 
	nitrate ion 
	sulfite ion 
	nitrite ion 
	Prefixes arc 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 -ale; hypo-indicates one O atom fewer than the oxyanion ending in -ite: 
	Cl04 
	Cl04 
	Cl04 
	-

	perchlorate ion (one more O atom than chlorate) 

	Cl03
	Cl03
	-

	chlorate ion 

	Clo2 -
	Clo2 -
	chlorite ion (one O atom fewer than chlorate) 

	CIO-
	CIO-
	hypochlorite ion (one O atom fewer than chlorite) 


	These rules are summarized in T Figure 2.22. 

	GO FIGURE Name the anion obtained by removing one oxygen atom from the perbromate ion, Br04-. 
	GO FIGURE Name the anion obtained by removing one oxygen atom from the perbromate ion, Br04-. 
	GO FIGURE Name the anion obtained by removing one oxygen atom from the perbromate ion, Br04-. 

	Simple anion 
	Simple anion 
	____ide (chloride, en 

	. 0 xyanions 
	. 0 xyanions 
	per___ate (perchlorate, CIO.j') 
	+ Oatom 
	____ate (chlorate, CI03) 
	-Oatom 
	____ite (chlorite, Cl02) 
	-Oatom 
	hypo__ite (hypochlorite, CIO-) 


	Common or representative oxyanion 
	• Figure 2.22 Procedure for naming anions. The first part of the element's name, such as "chlor" for chlorine or "suit" for sulfur, goes in the blank. 
	SECTION 2 B Naming Inorganic Compounds M,l'unum of three 7 O atoms 1n pcno~ \..,roup 4A Group SA 
	l 

	Group 6/1. Group 7A 
	Group 6/1. Group 7A 

	Period 2 Charges increase nght to left 
	Period 3 
	Period 3 

	C05 Carbonate ion 
	C05 Carbonate ion 
	C05 Carbonate ion 
	NOj Nitrate ion 

	TR
	PO.f Phosphate ion 
	soJ-Sulfate ion 
	CI04 Perchlorate ion 


	Maximum of four O atoms in penod 3. 
	Sect
	Artifact

	• Figure 2.23 Common oxyanions. The composition and charges of common oxyanions are related to their location in the periodic table. 
	Give It Some Thought 
	Give It Some Thought 
	Give It Some Thought 

	What information is conveyed by the endings -ide, -ate, and -ite in the name of an anion? 
	A Figure 2.23 can help you remember the charge and number ofoxygen atoms in the various oxyanions. Notice that C and N, both period 2 elements, have only three O atoms each, whereas the period 3 elements P, S, and Cl have four O atoms each. Beginning at the lower right in Figure 2.23, note that ionic charge "increases from right to left, from 1-for Cl04-to 3-for PO/-. In the second period the charges also increase from right to left, from 1-for N03-to 2-for Co/-. Notice also that although each of the anion

	Give It Some Thought 
	Give It Some Thought 
	Give It Some Thought 

	Predict the formulas for the borate ion and silicate ion, assuming they contain a single B and Si atom, respectively, and follow the trends shown in Figure 2.23. 
	SAMPLE 
	SAMPLE 
	EXERCISE 2.11 Determining the Formula of an Oxyanion from Its 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.) 
	,OLUTION 
	(a) 
	(a) 
	(a) 
	The sulfate ion is so/-. The analogous selenate ion is therefore Seo/-. 

	(b) 
	(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 Seo/ -. 


	Practice Exercise 1 Which ofthe following oxyanions is incorrectly named? 
	Practice Exercise 1 Which ofthe following oxyanions is incorrectly named? 
	(a) 
	(a) 
	(a) 
	Cl02-, chlorate; (b) 104 -, periodate; (c) so/-, sulfite; 

	(d) 
	(d) 
	103-, iodate; (e) Seo/-, selenate. 


	Practice Exercise 2 The formula for the bromate ion is analogous to that for the chlorate ion. Write the formula for the hypobromite and bromite ions. 

	c. Anions derived by adding W to an oxyanion are named by adding as a prefix the word hydrogen or dihydrogen, as appropriate: 
	carbonate ion phosphate ion hydrogen carbonate ion dihydrogen phosphate ion 
	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 HC03-ion is commonly called the bicarbonate ion, and HS0-is sometimes called the bisulfate ion. 
	4

	The names and formulas of the common anions are listed in Table 2.5 and on the back inside cover of the text. Those anions whose names end in -ide are listed 
	:-
	-
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	Table
	TR
	~ ~ '"~ -
	-

	Tobie 2.5 Charge I 
	Tobie 2.5 Charge I 
	-

	Common Anions9 Formula Name H hydride ion F-fluoridc ion c1chloride ion Br-bromide ion 1iodide ion 
	-
	-

	Formula CH3C00(orC2HP2-) CIO3C)04 NO3MnO4-
	-
	-
	-
	-

	Name -acetate ion chlorate ion perchlorate Ion nitrate ion permanganate ion 

	TR
	c~ cyanide ion 

	TR
	OH-hydroxide ion 

	2
	2
	-

	02oxide ion oi2peroxide ion 52sulfide ion 
	-
	-
	-

	co/era/Cr2O/
	-
	-
	-

	carbonate ion chromate ion dichromate ion 

	TR
	so/
	-

	sulfate ion 

	3
	3
	-

	NJ-nitride ion 
	PO/
	-

	phosphate ion 


	·The ions we use most often are in boldface. Learn them first. 
	on the left portion of Table 2.5, and those whose names end in -ate are listed on the right. The most common ofthese 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 ofthe monatomic ions in the periodic table. Those ofgroup 7 A 
	on the left portion of Table 2.5, and those whose names end in -ate are listed on the right. The most common ofthese 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 ofthe monatomic ions in the periodic table. Those ofgroup 7 A 
	always have a 1-charge (F-, Cl-, Br-, and I-), and those of group 6A have a 2
	-

	charge (0 -and S-). 
	2
	2


	3. Ionic Compounds 
	Names ofionic compounds consist ofthe cation namefollowed by the anion name: 
	CaC12 
	CaC12 
	CaC12 
	calcium chloride 

	AJ(NO3h 
	AJ(NO3h 
	aluminum nitrate 

	Cu(ClO4) 2 
	Cu(ClO4) 2 
	copper(II) perchlorate (or cupric perchlorate) 


	In the chemical formulas for aluminum nitrate and copper(II) perchlorate, parenlheses followed by the appropriate subscript are used because the compounds contain two or more polyatomic ions. 

	SAMPLE 
	SAMPLE 
	SAMPLE 

	EXERCISE 2.12 Determining the Names of Ionic Compounds from Their Formulas 
	Name the ionic compounds (a) K2SO4, (b) Ba(OH)z. (c) FeCl3• 
	SOLUTION 
	SOLUTION 

	In naming ionic compounds, it is important to recognize polyatomic ions and to determine the charge ofcations with variable charge. 2
	(a) 
	(a) 
	(a) 
	The cation is K+, the potassium ion, and the anion is SO4 -, the sulfate ion, making the name potassium sulfate. (Ifyou thought the compound contained s-and a2-ions, you failed to recognize the polyatomic sulfate ion.) 
	2


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

	(c) 
	(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 Fe+, the 
	3



	iron(III), or ferric, ion. Thus, the compound is iron(III) chloride or ferric chloride. 
	iron(III), or ferric, ion. Thus, the compound is iron(III) chloride or ferric chloride. 
	Practice Exercise 1 Which of the following ionic compounds is incorrectly named? 
	(a) 
	(a) 
	(a) 
	Zn(NO3)z, zinc nitrate; (b) TeC1, tellurium(IV) chloride; 
	4


	(c) 
	(c) 
	Fe2O3, diiron oxide; (d) BaO, barium oxide; (e) Mn3(PO4}i, manganese (II) phosphate. 


	Practice Exercise 2 Name the ionic compounds (a) NH4Br, (b) Cri03, (c) Co(NO3h• 
	SECTION 2.8 Naming Inorganic Compounds 



	Give It Some Thought 
	Give It Some Thought 
	Calcium bicarbonate 1s also called calcium hydrogen carbonate. (a) Write the formula for this compound, (b) predict the formulas for potassium bisulfate and lithium dihydrogen phosphate. 
	Names and Formulas of Acids 
	Acids are an important class ofhydrogen-containing compounds, and they are named 111 ,1 special way. For our present purposes, an acid is a substance whose molecules yield hrdrogen 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, 
	JS 111 HCl and H2SO4• 
	An acid is composed of an anion connected to enough W ions to neutralize, or balance, the anion's charge. Thus, the so/-ion requires two W ions, forming 4• The name of an acid is related to the name of its anion, as summarized in • ·Figure 2.24. 
	H,S0

	l. 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: 
	Anion Corresponding Acid 
	c1-(chloride) HCI (hydrochloric acid) -(sulfide) H2S (hydrosulfuric acid) 
	s
	2

	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 ofthe acid: 
	Anion Corresponding Acid 
	CIO4-
	CIO4-
	CIO4-
	(perchlorate) 
	HCIO4 
	(perchloric acid) 

	ClO3 -
	ClO3 -
	(chlorate) 
	HCIO3 
	(chloric acid) 

	CIO2-
	CIO2-
	(chlorite) 
	HClO2 
	(chlorous acid) 

	Clo
	Clo
	-

	(hypochlorite) 
	HCIO 
	(hypochlorous acid) 


	Anion 
	Anion 
	Anion 
	Acid 

	.--:-:---,--ide (chloride, Cl-) 
	.--:-:---,--ide (chloride, Cl-) 
	jadd tt+ F 
	hydro___ic acid (hydrochloric acid, HCI) 

	.,___ ate (chlorate, CJO3) (perchlorate, CIO4) 
	.,___ ate (chlorate, CJO3) (perchlorate, CIO4) 
	-

	add H + ions 
	ic acid --~-:(ch lo r i c acid, HCIO3) (perchloric acid, HCIO4) 
	-


	:--:--:--:::-:ite (chlorite, CJO2) (hypochlorite, CIO-) 
	:--:--:--:::-:ite (chlorite, CJO2) (hypochlorite, CIO-) 
	add H + ions 
	_ _ __ous acid (chlorous acid, HCIO:z.) (hypochlorous acid, HCIO) 


	Figure 2.24 How anion names and acid names relate. The prefixes per-and hyp~ are retained in going from the anion to the acid. 
	4 

	b:r 
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	Sect
	Artifact
	Give It Some Thought 
	Name the acid obtained by adding W to the iodate ion, 103-.




	-~~~~==.:::...:.=--_::_------------:~ 
	-~~~~==.:::...:.=--_::_------------:~ 
	SAMPLE 
	SAMPLE 
	SAMPLE 

	EXERCISE 2.13 Relating the Names and Formulas ofAcids 
	Nam,· th,· ,Kid, (n) II N, (b) HNO), (c) HSO, (d) H2SO3• 
	2
	4


	SOLUTION 
	SOLUTION 
	SOLUTION 

	(a) 
	(a) 
	(a) 
	fill' .1111011 from which this acid is derived is CN-, the cyanide 1011. Because thi~ ion has an -ide ending, the acid is given a liyclro-preftx and an -ic ending: hydrocyanic acid. Only water ~olutions of HCN arc 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 arc extremely toxic. 

	(b) 
	(b) 
	lk ause NO3-is the nitrate ion, HNO3 is called nitric acid (the -ate ending ofthe anion is replaced with an -ic ending in naming the acid). 

	(c) 
	(c) 
	Bec.msl' so/-is the sulfate ion, H2SO4 is called sulfuric acid. 


	2-is the sulfite ion, H2SO3 is sulfurous acid (the ·ite 
	2-is the sulfite ion, H2SO3 is sulfurous acid (the ·ite 
	So 

	(d) 8ecause 1 . c1· 
	ending of the anion is replaced with an -ous en mg). 
	Practice Exercise 1 Which ofthe following acids are incorrectly named? For those that are, provide a correct name or formu~a. (~) hydrocyanic ~ci~, HCN; 
	(b) nitrous acid, HNO; (c) perbrom1c acid, HBrO4; (d) 1od1c acid, HI; (e) selcnic acid, HSeO4. 
	3

	Practice Exercise 2 Give the chemical formulas for (a) hyclrobromic acid, (b) carbonic acid 

	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 ofthe 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. 
	2. 
	2. 
	Ifboth elements are in the same group, the one closer to the bottom ofthe table is named first. 

	3. 
	3. 
	The name ofthe second element is given an -ide ending. 


	4. Greek prefixes (<II Table 2.6) indicate the number of atoms of each element. (Exception: 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. 
	The following examples illustrate these rules: 
	Table 2.6 Prefixes Used in Naming Binary Compounds Formed between Nonmetals 
	Table 2.6 Prefixes Used in Naming Binary Compounds Formed between Nonmetals 
	Table 2.6 Prefixes Used in Naming Binary Compounds Formed between Nonmetals 

	Prefix 
	Prefix 
	Meaning 
	Cl2O 
	clichlorine monoxide 
	NF) 
	nitrogen trifluoride 

	Mono
	Mono
	-

	N2O4 
	dinitrogen tetroxide 
	P,Sio 
	tetraphosphorus decasulficle 

	Di
	Di
	-

	2 

	Tri
	Tri
	-

	3 
	Rule 4 is necessary because we cannot predict formulas for most molecular sub

	Tetra-Penta
	Tetra-Penta
	-

	4 5 
	stances the way we can for ionic compounds. Molecular compounds that contain hydrogen and one other element are an important exception, however. These com· pounds can be treated as if they were neutral substances containing H+ ions and 

	Hexa
	Hexa
	-

	6 
	anions. Thus, you can predict that the substance named hydrogen chloride has the for

	Hepta
	Hepta
	-

	7 
	mula HCI, containing one W to balance the charge of one CL (The name hydrogen 

	Octa
	Octa
	-

	8 
	chloride is used only for the pure compound; water solutions of HCl are called hydro· 

	Nona
	Nona
	-

	9 
	chloric acid. The distinction, which is important, will be explained in Section 4.1.) Similarly, the formula for hydrogen sulfide is H2S because two H+ ions are needed to 

	Deca-
	Deca-
	JO 
	balance the charge on s2 -. 









