86. A dry cleaning solvent contains chlorofluorocarbons
(CFCs). Is this dry cleaning solvent an example of a ho-
mogeneous mixture or a pure substance?

87. The electronics industry manufactures semiconductor
chips from silicon. Refer to the periodic table and pre-
dict an element that can be substituted for silicon.

88. The electronics industry manufactures transistors using
arsenic diffusion. Refer to the periodic table and predict
an element that can be substituted for arsenic.

89. Write the chemical symbol for each of the following

elements.
(a) ferrum (b) plumbum
(c) stannum (d) aurum
90. State the atomic number for each of the following
elements.
(a) rutherfordium (b) dubnium
(c) seaborgium (d) bohrium

91. State whether the following describes a physical or a
chemical change: changing physical state but not chemi-
cal formula.

92. State whether the following describes a physical or a
chemical change: changing chemical formula but not
physical state.

93. The reaction of hydrogen and nitrogen gases produces
5.00 g of ammonia and releases 3250 cal of heat. How
much energy is required to decompose 5.00 g of ammo-
nia into hydrogen and nitrogen gases?

94. The decomposition of 10.0 g of ammonia requires
27,200 J of energy to give hydrogen and nitrogen gases.
How much energy is released when hydrogen and ni-
trogen gases react to produce 10.0 g of ammonia?

95. Iron and sulfur react to produce iron sulfide and heat
energy. An experiment shows that the mass of iron and
sulfur is equal to the mass of the iron sulfide. In theory,
should the products weigh slightly more or slightly less
than the reactants?

96. Hydrogen and iodine react to give hydrogen iodide
while absorbing heat energy. An experiment shows that
the total mass of the reactants is equal to the product. In
theory, should the product weigh slightly more or slight-
ly less than the reactants?
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A In the evolving model of the atom, wh
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5.7 The Quantum Concept
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5.10 Electron Configuration

5.11 Quantum Mechanical
Model of the Atom

This chapter is carefully de-
signed to gradually increase in
sophistication of treatment for
atomic theory. That s, starting
with the simplistic Dalton
model, the explanations evolve
through the Thomson model,
Rutherford model, and Bohr
model. The treatment of the
quantum mechanical atom,
which can be considered option-
al, is reserved for the end of the
chapter. Toften choose not to
cover the concepts of electron
waves and orbitals in introduc-
tory chemistr}' as the theory may
confuse many students who aru—'
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" Explorer Quiz 2 f he concept of an atom was born G AR S mopmyia of
=3 Bpor e 2 _ e o o atom In Greece about 450 B.C. One of the greatissues energy levels and sublevels, |
. : : 2 s and ¢ 2vels.
MExaster Quiz the day was whether matter and motion were continuous or discontinuous. perform demonstrations with

Zeno, a Greek philosopher, poi
s , pointed out i i i
e distancep thenphalf . th.at‘to tre?vel any distance, you first must  gas discharge tubes and atomic
mggests e ! | e remammg d1§tance, and so on. This paradox models to help students visual-
L Zeno);herefo never arrive at your destination if motion is continuous (Fig- ize the concepts (refer to the In-
i k 3 r . . . . SL T & Y g
. e reasoned that motion is discontinuous and occurs by aseries Srctor’s Resource Manual).
b .
b g;m:);,ntil.lnfs,. a1.10ther‘G.reek philosopher, argued that matter is discontinuous and

. .blo ei initely divided. He believed that at some point a fundamental in-
visible particle woulc! emerge. He called this ultimate particle an atom, from the
Greek word atomos, which means “indivisible.” ’
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P Figure 5.1 Zeno’s Paradox
Motion must occur by discontin-
uous jumps; otherwise, the race
can never be completed. Neither
the tortoise nor the hare will
complete the race if they contin-
ue to move half the distance to
the finish.

)

Tortoise
Finish

Hare

About 350 B.C., Aristotle—the most influential philosopher of his time—argued
that both matter and motion are continuous. He believed that matter could be di-
vided an infinite number of times and that even the smallest particle could be fur-
ther divided. So powerful was Aristotle’s influence that the existence of atoms
became a closed issue and his point of view prevailed for 21 centuries.

5.1 Dalton Model of the Atom

Objective - To describe the Dalton model of the atom.

In 1803 John Dalton, a modest English schoolteacher, proposed that matter was dis-
continuous as Democritus had argued over 20 centuries before. But unlike the
Greeks, Dalton offered experimental evidence for particles. Although he was nota
distinguished scientist, Dalton presented convincing evidence based on the work
of the great scientists who had preceded him.

In the seventeenth century, Robert Boyle, the noted English physicist, had con-
cluded from experiments that a gas was made up of tiny particles. Dalton expand-
ed on Boyle’s conclusion and proposed that all matter was composed of particles.
In addition to Boyle’s experiments, Dalton relied on two other scientific principles,
the law of conservation of mass and the law of definite composition.

In 1789 Antoine Lavoisier established the law of conservation of mass. By care-
fully weighing substances before and after a chemical reaction, Lavoisier demon-
strated that matter was neither created nor destroyed. Although atoms are much too
small to weigh directly, this principle allows us to predict the masses of substances
involved in a chemical change. In 1799 Joseph Proust established the law of definite
composition, which demonstrated that a compound always contains the same ele-
ments in the same proportion by mass.

Dalton initially presented his evidence for the existence of atoms to the Liter-
ary and Philosophical Society of Manchester, England. He proposed that an ele-
ment is composed of tiny, indivisible, indestructible particles. Furthermore, he
argued that compounds are simply combinations of two or more atoms of differ-
ent elements. In 1808 Dalton published the atomic theory in his classic textbook
A New System of Chemical Philosophy.

In a surprisingly short period of time, the atomic theory was generally accept-
ed by the scientific community. The theory can be summarized as follows.

1. Anelement is composed of tiny, indivisible, indestructible particles called atoms.
2. All atoms of an element are identical and have the same properties.

3. Atoms of different elements combine to form compounds.

4. Compounds contain atoms in small whole-number ratios.

5. Atoms can combine in more than one ratio to form different compounds.

As we will learn, Dalton’s first two proposals were incorrect, but the atomic theo-

ry was nonetheless, an important step toward understanding the nature of matter.

Chemistry Connection

John I

a How was Dalton able to accept an honorary de

](.)hn Dalton was born the son of a weaver into a devoutly reli-
gious family. At the age of 12, he began teaching at a Quaker
school and developed an interest in science. He was most in-
terested in meteorology and kept a lifelong daily journal of at-

mospheric conditions for his hometown of Manchester,
England. :

4 John Dalton
(1766-1844)

By all accounts, Dalton was not an inspiring lecturer, and he
was h.indered as a researcher by being color-blind. He h’ad only
a mmal education and limited finances, but he compensated
for. this with persistence and meticulous work habits. Dalton’s
daily study of the weather led him to conclude, like Robert
Boyle and Isaac Newton before him, that the air was made up
of gas particles. Over time, he began to construct his atomic

- theory as follows.

According to the law of definite composition, carbon and
oxygen always react in the same mass ratio to produce carbon
d1.0x1de. Dalton proposed that one atom of carbon combines
with two atoms of oxygen to produce a molecule of CO,.
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Chemistry Connection - John Dalton

How was Dalton able to accept an honorary degree from Oxford University dressed in a scarlet robe
when wearing scarlet was forbidden by his Quaker faith?

John Dalton was born the son of a weaver into a devoutly reli-
gious family. At the age of 12, he began teaching at a Quaker
school and developed an interest in science. He was most in-
terested in meteorology and kept a lifelong daily journal of at-
mospheric conditions for his hometown of Manchester,
England.

Carbon dioxide, CO,

Similarly, he proposed that two atoms of hydrogen combine
with one atom of oxygen to give a molecule of H,O.

Water, H,0

Finally, Dalton reasoned that two atoms of hydrogen in
water could substitute for each of the oxygen atoms in carbon
dioxide. This would result in a molecule with one carbon atom
and four hydrogen atoms, that is, CH,. At the time, this com-
pound was known as marsh gas, but we now refer to it as

<« John Dalton methane.

(1766-1844)

By all accounts, Dalton was not an inspiring lecturer, and he
was hindered as a researcher by being color-blind. He had only
aminimal education and limited finances, but he compensated
for this with persistence and meticulous work habits. Dalton’s
daily study of the weather led him to conclude, like Robert

of gas particles. Over time, he began to construct his atomic
theory as follows.

According to the law of definite composition, carbon and Through experimentation, Dalton indeed found that the
oxygen always react in the same mass ratio to produce carbon combining ratio of carbon to hydrogen in methane was 1 to 4;
this agreed perfectly with his prediction. Thus, Dalton had lab-
oratory evidence to support the atomic theory.

Methane, CH4

Dalton rationalized that since he was color-blind and saw the ceremonial robe as gray, he was not violating Quaker doctrine.

‘5.2 Thomson Model of the Atom

‘Objectives - To describe the Thomson plum-pudding model of the atom.
- To state the relative charge and mass of the electron and proton.

/ Movie

'ﬁ'/fj’ Multiple Proportions
S

About 50 years after Dalton’s proposal, there was disturbing evidence that the atom
was divisible after all. This evidence came from cathode-ray tubes, which were
sealed glass tubes containing a gas at low pressure. When electricity is applied to
one end, a cathode-ray tube appears to glow. This phenomenon is referred to as
fluorescence, and the glowing ray is a type of light energy. Since the ray emanates
from the negative cathode in the tube, the radiation is referred to as a cathode ray.
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P Figure 5.2 Cathode-Ray
Tubes Note the influence on
cathode rays by a magnetic field
and an electric field. Several Eng-
lish and German physicists share
the credit for these experiments.

Cathode™

Cathode™

late 1870s, physicists observed that cathode rays were attracted by a
mag?etti};eﬁeld (Figure%.Z};. This observation suggested tha‘t cathode ralysh are a;t;;
ally particles, not radiation. When different gases are put in the tubes, t e res
do not change. This led to the theory that cathocjle rays are composed of tlriy, ?eg-
atively charged particles. One of these subatomic particles was called an electron
(symlrb1(;18§6);i German physicist experimented with cathode-ray ‘tL'1bes that had small
holes, or channels, in the cathode. The results showec.i fchat positive rays, as weg 'as
negative rays, were produced at the cathode. The positive rays, however, n;oveCl 11;
the direction opposite the negative cathode rays. The positive rays were re fIe‘zrre »
as channel rays, which through translation, became known as canal rays (from the

nal, meaning “channel”). .
Gerr}?ﬁﬁ}’:‘;r experimer%ts revealed that canal rays were compqsed of smal'l }I:%Sl-
tively charged particles (Figure 5.3). The smallest particle was dlscov.ereq wit zl-
drogen gas in the tube. This particle had a charge egual, but opposite in 31%ln,d 0
that of an electron. One of these subatomic particles in hydrogen gas was called a

proton (symbol p*).

Perforated cathode

P Figure 5.3 Canal Rays  Anode’ L
This cathode-ray tube ;
shows positive canal rays
move in the direction op- |
i i hod ;
I;.aac;/sslte negative cathode e

Electrons

In 1897 the English physicist J. J. Thomson demonstrated
deflected by an electric field as well as by a magnetic field (Fig
final piece of evidence confirming the notion that electrons ar
evidence had accumulated for 20 years, Thomson is usually

- discovery of the electron.

Since the electron is so tiny, Thomson could not measur:
mass. He was able, however, to determine its charge-to-mass
tinued his experiments and in a short time obtained a value fc

ratio for the proton as well as the electron. Table 5.1 lists the
mass of the electron and the proton.

Relative
Particle Symbol Charge
electron e 1=
proton i i

In1903].J. Thomson proposed a subatomic model of the a

tured a positively charged atom containing negatively charge

- son visualized electrons in homogeneous spheres of positive ¢

- Was analogous to raisins in English plum pudding (Figure 5.4).

- proposal became popularly known as the plum-pudding model or
- of the atom.

Originally, Thomson was only able to determine the relat

~ ratio of the electron and the proton. However in 1911, after 5 y

servations, the American physicist Robert Millikan determined t
- the electron. This allowed Thomson to calculate the actual mass

1 t_he proton. Thomson calculated that the mass of the electron is

- that the mass of the proton is 1.67 x 102 g

- Note J. J. Thomson spent his academic career at Cambridge Univers

27, became director of the prestigious Cavendish Laboratory. In 1906 he
in physics for his work on the electron, and 2 years later he was knigh

tribution was far-reaching—seven of his former students and assistant
Nobel prizes.

15.3 Rutherford Model of the Atom

| Objectives - To describe the Rutherford nuclear model of the atorr

* To state the relative charge and approximate mass of
ton, and neutron.

rnest Rutherford (1871-1937) was digging potatoes on his fath
and when he received the news that he had won a scholars]
iversity. He had actually come in second, but the winner dec

ship to get married. The 24-year-old Rutherford postponed his ow
and immediately set out for England.
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In 1897 the English physicist J. ]. Thomson demonstrated that cathode rays are
deflected by an electric field as well as by a magnetic field (Figure 5.2). This was the
final piece of evidence confirming the notion that electrons are particles. Although
evidence had accumulated for 20 years, Thomson is usually given credit for the
discovery of the electron.

- Since the electron is so tiny, Thomson could not measure its actual charge or
‘mass. He was able, however, to determine its charge-to-mass ratio. Thomson con-
tinued his experiments and in a short time obtained a value for the charge-to-mass
tatio for the proton as well as the electron. Table 5.1 lists the relative charge and
mass of the electron and the proton.

Table 5.1 Relative Charge and Mass of the Electron and Proton

Millikan Oil Drop Experi-

‘ \%) ment Movie

Subatomic Relative Relative
Particle Symbol Charge Mass
electron e 1- 1/1836
proton p’ It 1

jeld

In 1903 ]. J. Thomson proposed a subatomic model of the atom. The model pic-  Positive charge ltron
d a positively charged atom containing negatively charged electrons. Thom- N
visualized electrons in homogeneous spheres of positive charge in a way that gl
analogous to raisins in English plum pudding (Figure 5.4). Thus, the Thomson
oposal became popularly known as the plum-pudding model or raisin-pudding model
atom.
- Originally, Thomson was only able to determine the relative charge-to-mass
-ray tubes that had s all itio of the electron -fmd the p.r(?ton. Howev'er. in 1911, afﬁer 5 years of tedious ob-
ons, the American physicist Robert Millikan determined the actual charge on
tron. This allowed Thomson to calculate the actual mass of the electron and
ton. Thomson calculated that the mass of the electron is 9.11 X 10 g and
at the mass of the proton is 1.67 X 107 g.
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J. J. Thomson spent his academic career at Cambridge University and, at the age of of the Atom  Atoms ge pic-
me director of the prestigious Cavendish Laboratory. In 1906 he won the Nobel prize tured as spheres of REUE
for his work on the electron, and 2 years later he was knighted. Thomson’s con- ~ charge. The small negative parti-

was far-reaching—seven of his former students and assistants went on to receive c:es in the sphere represent
electrons.
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| Rutherford Model of the Atom

e

ctives - To describe the Rutherford nuclear model of the atom.
* To state the relative charge and approximate mass of the electron, pro-
ton, and neutron.

5t Rutherford (1871-1937) was digging potatoes on his father’s farm in New
when he received the news that he had won a scholarship to Cambridge
. He had actually come in second, but the winner declined the scholar-
married. The 24-year-old Rutherford postponed his own wedding plans
diately set out for England.
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C Alpha-Scattering

Experiment

P Figure 5.5 Alpha-Scattering
Experiment The diagram
shows the deflection of alpha
particles by a thin gold foil. Al-
though the foil was only 0.5 pm
thick, a few alpha particles actu-

Scattered
o particles

Beam of
o particles

Circular
fluorescent
screen
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Most particles are
undeflected

ally rebounded backward.
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Rutherford Experiment
¥ 4 ) Movie

At Cambridge, Ernest Rutherford studied subatomic particles and earned his
doctorate working for J. J. Thomson. Upon graduation, Rutherford went to McGill
University in Canada and began to work in the field of radioactivity. After a year he
went back to New Zealand, married, and returned to Manchester University in Eng-
land. There he continued to study radioactivity and coined the terms “alpha ray”
and “beta ray” for two types of radiation. He discovered a third type of radiation that
was not affected by a magnetic field and gave it the name “gamma ray.” In 1908
Rutherford received the Nobel prize in chemistry for his work on radioactivity.

In 1906 Rutherford found that alpha rays contained particles identical to those
of helium atoms stripped of electrons. He experimented with alpha rays by firing
them at thin gold foils. As expected, the particles passed straight through the foil
or, on occasion, deflected slightly (Figure 5.5). This observation seemed reasonable
since the plum-pudding model of the atom pictured homogeneous spheres.

A few years later the true picture of the atom was unveiled. The person who did
the experiment was Hans Geiger, Rutherford’s assistant and the inventor of the
Geiger counter. Here is a description of the experiment in Rutherford’s own words:

One day Geiger came to me and said, “Don’t you think that young Mars-
den, whom I am training in radioactive methods, ought to begin a small re-
search?” Now I had thought that too, so I said, “Why not let him see if any
alpha particles can be scattered through a large angle?” I may tell you in
confidence that I did not believe that they would be, since we knew that the
alpha particle was a very fast massive particle, with a great deal of energy.
Then I remember two or three days later Geiger coming to me in great ex-
citement and saying, “We have been able to get some of the alpha particles
coming backwards.” It was quite the most incredible event that has ever
happened to me in my life. It was almost as incredible as if you fired a 15-
inch shell at a piece of tissue paper and it came back and hit you.

Rutherford interpreted the alpha-scattering results as follows. He believed that
most of the alpha particles passed directly through the foil because an atom is large-
ly empty space with electrons moving about. But in the center of the atom is the
atomic nucleus containing protons. Rutherford reasoned that, compared to the
atom, the nucleus is tiny and has a very high density. The alpha particles that

A Figure 5.6 Explanation of t
Atoms are represented by circle
An alpha particle is positively c
heavy, positive, gold nucleus.

bounced backward recoiled
particles by the atomic nucl

In 1911 Rutherford proy
atively charged electrons
Rutherford was able to esti
ed that an atom has a diamgd
ameter of about 1 X 107
Figure 5.7.
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comprehend, consider the
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centimeter. Moreover, if the
be the size of a small marblg
scattered by gold nuclei in
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neutral particles in additio
mer students found the eluf
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Table 5.2.

Subatomic

Particle Symbol
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proton P
neutron n®
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Atom
108 cm

ptand n’

&
\

ost particles are

deflected H
Nucleus
1 10713 em
il d carned I : A Figure 5.6 Explanation of the Alpha-Scattering Results A Figure 5.7 Rutherford Model of the Atom Most of the
¢ particles an 5 )

Atoms are represented by circles and nuclei by small dots.
An alpha particle is positively charged and is deflected bya
heavy, positive, gold nucleus.

mass of the atom is found in the nucleus. Note that the
atoms and nuclei are not to scale, as the size of an atom is
about 100,000 times larger than the size of the nucleus.

Rutherford went to McGill
hdioactivity. After a year he
hchester University in Eng- ]
ed the terms “alpha ray” A
h third type of radiation that -
hme “gamma ray.” In 1908
5 work on radioactivitifi‘l i
articles identical to
pwith alpha rays by fmné
bd straight through the foil
rvation seemed reasonable
hbmogeneous spheres. p
veiled. The person who did
int and the inventor of
Rutherford’s own word

ed backward recoiled after striking the dense nucleus. The scattering of alpha c
articles by the atomic nuclei in the gold foil is illustrated in Figure 5.6.

- In1911 Rutherford proposed a new model of the atom. He suggested that neg-

tively charged electrons were distributed about a positively charged nucleus.

erford was able to estimate the size of the atom and its nucleus. He calculat-

that an atom has a diameter of about 1 X 10°® cm and that the nucleus has a di-

er of about 1 X 107 cm. The Rutherford model of the atom is illustrated in C Rutherford Model of the
e 5.7.

Atom

Explanation of Alpha-
Scattering Results

 Since the diameters of atoms and nuclei are extremely small and difficult to
mprehend, consider the following analogy to visualize an atom. The size of an
om compared to the size of its nucleus is similar to a kilometer compared to a
eter. Moreover, if the atom were as large as the Astrodome, the nucleus would
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5.4 Atomic Notation

Objectives - To draw a diagram of an atom given its atomic notation.
- To explain and illustrate the concept of isotopes.

Each element has a characteristic number of protons in its atomic nucleus. This
value is called the atomic number. The total number of protons and neutrons in the
nucleus of an atom is called the mass number. A shorthand method for keeping
track of protons and neutrons in the nucleus of an atom is called atomic notation.
By convention, the symbol of the element (Sy) is preceded by a subscript and su-
perscript. The subscript, designated the Z value, represents the atomic number. The
superscript, designated the A value, represents the mass number. Thus,

mass number (p*and n?)

% Sy — symbol of the element

/

atomic number (p*)

As an example, an atom of sodium can be written: {{Na Here the atomic num-
ber (protons) is 11 and the mass number (protons + neutrons) is 23. From this in-
formation, we can determine the number of neutrons. The nucleus of this sodium
atom contains 12 neutrons (A — Z = 23 — 11 = 12). Since atoms are neutral, the
number of negative electrons must equal the number of positive protons. Thus,
there are 11 electrons surrounding the nucleus. A simple diagram of the sodium

atom is as follows.

23 1200
11 Na 1 p*

1le

Example Exercise 5.1 further illustrates the interpretation of atomic notation to
state the composition of an atom.

Example Exercise 5.1 * Atomic Notation
Given the atomic notation for the following atoms, draw a diagram showing the
arrangement of protons, neutrons, and electrons.

(a) 'SF (b) 'ZAg

Solution
We can draw a diagram of an atom by showing protons and neutrons in the nucleus

surrounded by electrons.

(a) Since the atomic number is 9 and the mass number is 19, the number of neutrons is
10 (19 — 9). If there are 9 protons, there must be 9 electrons.

(b) Since the atomic nun
is 62 (109 — 47). If t}

Self-Test Exercise
Given the following dia

Answer: 3Mn

Isotopes

Approximately 20 ele
most elements, the n
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found above the symby{
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| 62 (109 — 47). If there are 47 protons, there must be 47 electrons.
109 &
62
wAg 2t
»0l of the element
Na Here the atomic num:
itrons) is 23. From this in- 5
he nucleus of this sodiur

nce atoms are neutral, the
of positive protons. Thus,
le diagram of the sodium

est Exercise
the following diagram, indicate the nucleus using atomic notation.

a1
i

30 n?

tation of atomic notatio

have a different number of neutrons in the nucleus are called isotopes.
otopes, as the number of neutrons varies, so does the mass number. For
hydrogen occurs naturally as two stable isotopes, protium (}H) and deu-
H). Protium has only one proton in its nucleus, whereas deuterium has a
1d a neutron. A third isotope of hydrogen, tritium (3H), is unstable and ra-
> Tritium has one proton and two neutrons in its nucleus, Table 5.3 lists the
occurring stable isotopes of the first ten elements.

refer to an isotope by stating the name of the element followed by its
mber, for example, carbon-14 and cobalt-60. To write the atomic notation,
also know the atomic number. In this textbook, the atomic number is
ove the symbol of the element in the periodic table. If we refer to the inside

diagram showing the

".

L1y

id neutrons in the nucleus 5

-

19, the number of neutrons i
trons.

5.4 Atomic Notation
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Table 5.3 Naturally Occurring Isotopes of the First 10 Elements

Atomic Mass Atomic Atomic Mass Atomic
Number Number Notation Number Number Notation
1 1 'H 6 13 e
il 2 H 7 14 UN
2 3 3He 7 15 JIN)
2 4 3He 8 16 20O
3 6 S 8 17 20
B 7 L 8 18 20
4 9 2Be 9 19 F
5 10 1B 10 20 WNe
5 11 1B 10 21 ' Ne
6 12 2@ 10 22 ZNe

front cover of this textbook, we find that the atomic number of C is 6 and that of
Cois 27. Thus, we can write the atomic notation for carbon-14 as ¢C and for cobalt-
60 as $9Co.

Example Exercise 5.2 further illustrates the relationship between atomic nota-
tion and the composition of an atomic nucleus.

Example Exercise 5.2 * Nuclear Composition of Isotopes

State the number of protons and the number of neutrons in an atom of each of the fol-
lowing isotopes.

(a) %7€

(b) mercury-202

Solution

The subscript value refers to the atomic number (p*), and the superscript value refers

to the mass number (p* and n%).

(a) Thus, $Clhas 17 p* and 20 n’(37 — 17 = 20).

(b) In the periodic table, we find that the atomic number of mercury is 80. Thus, the
atomic notation, 22Hg, indicates 80 p* and 122 n®(202 — 80 = 122).

Self-Test Exercise
State the number of protons and the number of neutrons in an atom of each of the fol-

lowing isotopes.

(a) '%Sn

(b) uranium-238

Answers: (a) 50 p* and 70 n’; (b) 92 p* and 146 n’

Note In general, the properties of isotopes of an element are similar. Consider a carbon-12
atom, which has six protons and six neutrons in the nucleus. If the mass number increases
by one neutron, we have a carbon-13 atom. Other than a slight change in mass, the proper-
ties of carbon-12 and carbon-13 are nearly identical.

On the other hand, when the atomic number of carbon-12 increases by-one proton, we
have a nitrogen-13 atom. The additional proton changes the properties radically. Carbon oc-
curs naturally as coal, diamond, and graphite, whereas nitrogen is a colorless, odorless gas
in the atmosphere.

5.5 Atomic Mass

Objectives - To explain the concept ¢
- To calculate the atomic
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5.5 Atomic Mass

Atomi Objectives * To explain the concept of relative atomic mass.
s omic 1 : -
yer Notation * To calculate the atomic mass for an element given the mass and abun-
dance of the naturally occurring isotopes.
lgc
YN - Werealize, of course, that atoms are much too small to weigh directly on a balance.
BN ~ Acarbon atom, for instance, has a mass of only 1.99 X 10> g. Instead of weighing
30 )/ - atoms, scientists determine the mass of atoms relative to each other. With a special
20 § - magnetic-field instrument, the mass of an atom can be compared to the mass of a
30 ' - carbon-12 atom. The carbon-12 isotope has been chosen as a reference standard and
¥F - isassigned a value of 12 atomic mass units. Stated differently, an atomic mass unit
2 (symbol amu) is equivalent to 1/12 the mass of a carbon-12 atom.
2INe ey q
| TiNe |
22 . .
5 e Simple and Weighted Averages
- Before proceeding any further, let’s explain averages using an interesting analogy.
Let’s suppose a manufacturer produces both 12-Ib and 16-1b metal shotput balls. Of
s 6 and that O ﬂ\e total shotput balls manufactured, 25% are 12-1b and 75% are 16-lb. What is the
Ofl’écclzn da?or cobaltll average mass of a shotput ball? If we add the two masses together and divide by

2, we will find the simple average.

etween atomic nota- 121b + 16 1b

=14
) Ib

simple average mass of a shotput ball is 14 1b, but the true average mass must
weighted in favor of the higher percentage of shotput balls. Since the percent-
s are 25% and 75%, we can write the decimal fractions 0.25 and 0.75. To calcu-
the weighted average mass, we must consider the mass and percentage of the
Ib and 16-Ib balls. We can proceed as follows.

m of each of the fol-

121b: 121b X 025 = 31b
161b: 161b X 0.75 = 121b

srscript value refers - ‘

1ry is 80. Thus, the v‘

Although the weighted average mass is 15 lb, we should note that no shotput
: 12208

eighs 15 1b. An actual shotput ball weighs either 12 Ib or 16 Ib. A mass of 15 1b
: presents the theoretical mass of an average shotput ball.
»m of each of the fo w ‘,

omic Mass of an Element

 atomic mass of an element is the weighted average mass of all naturally occur-
topes. To calculate the atomic mass, we will use a method similar to the one
the shotput example. That is, to calculate the weighted average mass of an
e must consider the mass as well as the percent abundance of each isotope.
bon has two naturally occurring stable isotopes: carbon-12 and carbon-13.
calculate the atomic mass of carbon given the mass and natural abundance
isotope.

lar. Consider a carbo
e mass number incre

inge in mass, the proper
J

reases by one proton,, Isotope Mass Abundance
i i . Carbon o

ree rla‘iﬁ:gyo Torles e 12.000 amu 98.89%

e ' BC 13.003 amu 1.11%
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The natural abundance of each isotope, expressed as a decimal, is 0.9889 and 0.0111. ‘ B oLic in barenth b

To calculate the true weighted average mass of a carbon atom, we must consider the 38 B ber of dhe mgstreltl ble g

mass and percentage of each isotope. We proceed as follows. ~ refers to the total numstr oef 5 bt
» pro

12C; 12.000 amu X 0.9889 = 11.87 amu ﬁ?‘;‘:f;ﬁ:::b}l’g:nfn sy
[ radioactiv

13C. 13,003 amu X 0.0111 = 0.144 amu ~in parentheses below the symb.
12.01 amu | : lustrates how to use the periodi

Even though the atomic mass of carbon is 12.01 amu, we should note that no ' M8 8 Exercise 5
carbon atom weighs 12.01 amu. An actual carbon atom weighs either 12.000 amu , R rcse 5.4« Nuclea
or 13.003 amu. A mass of 12.01 amu represents the mass of a hypothetical average
carbon atom. Example Exercise 5.3 further illustrates the calculation of atomic mass

from isotopic mass and abundance data.

| T to the periodic table on the i
number and atomic mass for iro

e periodic table we observe

Example Exercise 5.3 * Calculation of Atomic Mass

Silicon is the second most abundant element in the Earth’s crust. Calculate the atomic
mass of silicon given the following data for its three natural isotopes.

Isotope Mass Abundance
22 27.977 amu 92.21%
»Si 28.976 amu 4.70%
H6i 29.974 amu 3.09%

e RS 4 e atomic number of iron is 26, ar
We can find the atomic mass of silicon as follows. 8 information, we should nolte 1
es for iron or their mass numbe:

28gj: 27.977 amu X 0.9221 = 25.80 amu ;

5i: 28.976 amu X 0.0470 = 1.36 amu ;;‘ﬂi"efcfse_

NSj: 29.974 amu X 0.0309 = 0.926 amu | umbe éhdp;::sd;ﬁzli?nﬂtf 3
i ‘ 1mbpes er for e g

12.01 —— Atomic mass

28.09 amu
nswer: 86 and (222)

ad

A Figure 5.8 Carbon from the s
Periodic Table of Elements The average mass of a silicon atom is 28.09 amu, although we should note that there ¥ {
The atomic number designates t "
the number of protons (6). The Self-Test Exercise c 6 Th

; : x e W.
ORI designates the Calculate the atomic mass of copper given the following data. ave Nature of
weighted average mass of the
naturally occurring stable iso-
topes of the element.

are no silicon atoms with a mass of 28.09 amu.

~L* . o
- Ipctlves * To explain the wave n

Isotope Mass Abundance :
* To state the relations

SCu 62.930 amu 69.09%
S 64.928 amu 30.91% 1 Ve can use our imagination to vi

1lar to an ocean wave. Wavele

mplete one cycle. Frequency
L s. The velocity of light is cons
X 10° m/s. Figure 5.10 illustr

43— Atomic number Answer: 63.55 amu

TC The Periodic Table

We often need to refer to the atomic number and atomic mass of an element. For coné er::fyv;asvgllsl;vg;s c;f hg}; _de

(99) —+ Massnumber  (onience, this information is listed in the periodic table. In this textbook the atom- B avelcnoth decrea u erflrgt .

. ic number is indicated above the symbol, and the atomic mass is given below the salize a hjg%l—fre uen Sesli f\m -

A Figure 5.9 Technetium from (.1, Figure 5.8 illustrates carbon as it appears in the periodic table. ] y cycles };ler sezng égﬁ:

_trl']:z Z‘:;';‘ii;cnz?:;zgf;:;? When we refer to the periodic table, it is not possible to determine the number w-frequency light, and sho
the number of protons (43). The of naturally occurring isotopes for a given element. Of the first 83 elements, how= length light. ‘
mass number for this radioactive  €VeTr 81 elements have one or more stable isotopes. Only technetium (element 43)

and promethium (element 61) are radioactive and unstable. In the periodic table ght—A Continuous Spectru:

isotope is 99. Technetium-99 has = p
= on the inside front cover of this textbook, the mass number o unstable elements i§ . A
a total of 99 protons and neu ibow is created when sunlig]

trons in its nucleus. iven in parentheses as shown in Figure 5.9. L -
8! P & ature prism and separate



509889 and 0.0111.
e must consider the

The value in parentheses below the symbol of the element indicates the mass
number of the most stable or best known radioactive isotope. The mass number
refers to the total number of protons and neutrons in the unstable nucleus. From the
periodic table you can easily distinguish the elements that are stable from those
that are unstable and radioactive. For unstable elements, there is a whole number
in parentheses below the symbol of the element. Example Exercise 5.4 further il-
lustrates how to use the periodic table as a reference.

should note that no-
\s either 12.000 amu
iypothetical averagé
ation of atomic m

ple Exercise 5.4 * Nuclear Composition from the Periodic Table
to the periodic table on the inside cover of this textbook and determine the atom-
mber and atomic mass for iron.

on
periodic table we observe

2
‘alculate the atonfuc} * 0
es.
| Fe
55.85

ic number of iron is 26, and the atomic mass is 55.85 amu. From the periodic
formation, we should note that it is not possible to determine the number of iso-
iron or their mass numbers.

- Exercise
he periodic table on the inside cover of this text and determine the atomic
and mass number for the given radioactive isotope of radon gas.

86 and (222)
suld note that there

) The Wave Nature of Light

Al ‘ 2s -+ To explain the wave nature of light.
ce 3 4 : To state the relationship of wavelength, frequency, and energy of light.
n use our imagination to visualize light traveling through space in a fashion
it to an ocean wave. Wavelength refers to the distance the light wave travels
mplete one cycle. Frequency refers to the number of wave cycles completed
e velocity of light is constant, as all wavelengths and frequencies travel at
¢ W m/s. Figure 5.10 illustrates the wave nature of light.
s the wavelength of light decreases, the frequency of a light wave increases.
, as the wavelength increases, the frequency decreases. As an example,
ength decreases from red to violet as the frequency increases. We can vi-
igh-frequency light wave moving rapidly up and down while complet-
 cycles per second. Consequently, high-frequency light is more energetic
frequency light, and short-wavelength light is more energetic than long-
ngth light.

,

5 of an element. For 5
this textbook the ato:
nass is given below i
sriodic table. '
3 determine the num
 first 83 elements, NC
echnetium (element
le. In the periodic te
r of unstable elem

-A Continuous Spectrum
is created when sunlight passes through raindrops. Each raindrop acts
ture prism and separates sunlight into various bands of color. What we

-
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Wavelength and Frequency
of Light Waves
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——Long wavelength———
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A Figure 5.10 Wavelength and Frequency of Light Waves Notice that the wavelength is longer for low-energy light than
for high-energy light. Also notice that the frequency is greater for high-energy light than for low-energy light. i

C White Light Passing

Through a Prism
N

P Figure 5.11 White Light
Passing Through a Prism  No- \
tice that white light separates }
into a rainbow of colors when it —
passes through a glass prism. -
Similarly, sunlight produces a il
rainbow when it passes through Light ]
raindrops. bulb umts is ref

: "wect radiates ]

the quantum t
ficles. By way
f tiny individual

Electromagnetic Spectrum  ordinarily observe as white light is actually several colors of light mixed togeths
) Activity When white light passes through a glass prism, it separates into all the colors o F‘A
rainbow, that is, red, orange, yellow, green, blue, and violet (Figure 5.11). ¢

The term light usually refers to radiant energy that is visible. Our eyes cans
light in the visible spectrum (400-700 nm) but not in the ultraviolet and i
regions. The wavelength of ultraviolet radiation is too short to be visible
400 nm), and infrared radiation is too long (above 700 nm).

We also, on occasion, use the term “light” when referring to radiant energy tl
is not visible. The complete radiant energy spectrum is an uninterrupted ba
continuous spectrum, of visible and invisible light that ranges from short
long wavelengths. The radiant energy spectrum includes invisible gamma ra
X-rays, and microwaves, as well as visible light (Figure 5.12).

Example Exercise 5.5 illustrates how the wavelength, frequency, and ener «
light are related.




5.7 The Quantum Concept 125

— Wavelength —~
increases

i P ] 4 Figure 5.12 The Radiant En-
.' S:;guc I,Ga;?w Xrays Infrared|| Microwaves TV  Radio ergy Spectrum The complete
k- - I radiant energy spectrum includes
Low ] short-wavelength gamma rays
frequency ] « through long-wavelength mi-
a crowaves. Notice that the visible
‘ alesty L L | spectrum is only a narrow win-
1 400 nm 500 nm 600 nm 700 nm dow in a broad band of radiant
: ! Visible spectrum energy.
i i C The Radiant Energy
1 e Spectrum
8 ' e Exercise 5.5 + Properties of Light
3 ing blue light and yellow light, which has the
High A er wavelength? (b) higher frequency? (c) higher energy?
frequency ‘
g to Figure 5.12, we notice that the wavelength of yellow light is about 600 nm

of blue light, about 500 nm. Thus,
v light has a longer wavelength than blue light.
ht has a higher frequency because it has a shorter wavelength.

t has a higher energy because it has a higher frequency.
er for low-energy light than

. t Exercise
nergy light.

g infrared light and ultraviolet light, which has the
er wavelength? (b) higher frequency? (c) higher energy?
ers: (a) infrared; (b) ultraviolet; (c) ultraviolet

LI‘ e Quantum Concept
5
* To explain the quantum concept.

Detector 8 00 Max Planck (1858-1947), a German physicist, introduced a revolutionary
- anck proposed that the energy radiated by a heated object is not continuous,

ner that the radiation is emitted in small bundles. The idea that energy is re-

discrete units is referred to as the quantum concept.

hen an object radiates light, it releases a unit of radiant energy called a photon.

g to the quantum theory, a beam of light actually consists of a stream of

al particles. By way of example, an ordinary light bulb radiates energy in
orm of tiny individual photons.
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P Figure 5.13 Stair Analogy
for the Quantum Principle A
ball rolling down a ramp loses
potential energy continuously.
Conversely, a ball rolling down a
flight of stairs loses potential en-
ergy in quantized amounts each
time it drops from one step to
another.

/'-l Stair Analogy for the
Quantum Principle

NIELS BOHRS ATOMTEORI

%

'DANMARK

A Niels Bohr Stamp The plan-
etary model of the atom is illus-
trated for the model proposed by
Niels Bohr.

We can illustrate the quantum concept with the following analogy. A ball rolling
down a ramp loses potential energy continuously. Conversely, a ball rolling down
a flight of stairs loses potential energy in discrete units each time it drops from one
step to another. In this example, the loss of potential energy is continuous as the ball
rolls down the ramp, and the loss is quantized as the ball rolls down the stairs. Fig-
ure 5.13 contrasts a continuous change in energy versus a quantized energy change.

The following Example Exercise 5.6 further illustrates practical applications of
the quantum theory.

Example Exercise 5.6 * Quantum Concept

State whether each of the following scientific instruments gives a continuous or a quan-
tized measurement of mass.

(a) triple-beam balance (b) digital electronic balance

Solution
Refer to Figure 2.3 if you have not used these balances in the laboratory.

(a) On a triple-beam balance a small metal rider is moved along a beam. Since the
metal rider can be moved to any position on the beam, a triple-beam balance gives
a continuous mass measurement.

(b) On a digital electronic balance the display indicates the mass of an object to a par-
ticular decimal place, for example, 5.015 g. Since the last digit in the display must
be a whole number, a digital balance gives a quantized mass measurement.

Self-Test Exercise
State whether each of the following musical instruments produces continuous or quan-

tized musical notes.

(a) acoustic guitar (b) electronic keyboard

Answers: (a) continuous; (b) quantized

5.8 Bohr Model of the Atom

Objectives - To describe the Bohr planetary model of the atom.
- To explain the relationship between energy levels in an atom and lines in
an emission spectrum.

In 1911 a brilliant young Danish physicist, Niels Bohr (1885-1962), completed his
doctorate and left for England to begin postdoctoral work under J. J. Thomson.
After a few months, he left Cambridge to join Rutherford at Manchester where the
atomic nucleus had been discovered. In took only 2 years for the young Dane to raise
our understanding of the atom to yet another level.

In 1913 Bohr speculated that electrons orbit around the atomic nucleus just as
planets circle around the sun. He further suggested that electron orbits were at a
fixed distance from the nucleus and had a definite energy. The electron was said to

mental evide

trical voltage.
by electricity,
narrow lines

Figure 5.15.

Excitation
voltage

A Figure 5.1
gen gas is exc
crete vivid lin
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ravel in a fixed-energy orbit referred to as an energy level. Moreover, electrons
ould be found only in specific energy levels and nowhere else. Figure 5.14 illus-
the model of the hydrogen atom proposed by Niels Bohr. This model is re-
d to as the Bohr planetary model of the atom, or simply, the Bohr atom.

p vidence for Energy Levels

he Bohr model was a beautiful mental picture of electrons in atoms. However, no
ne knew whether the model was right or wrong because there was no experi-
ental evidence to support the theory. Coincidentally, Bohr received a paper on
ission of light from hydrogen gas. The paper showed that excited hydrogen
s emits separate emission lines of light rather than a continuous band of color.
“An emission spectrum is produced when hydrogen gas is excited by an elec-
voltage To do so, hydrogen gas is sealed in a gas discharge tube and energized
ectricity. The discharge tube then emits light, which separates into a series of
lines when passed through a prism. This collection of narrow bands of light
is referred to as an emission line spectrum, and the individual bands of
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riple-beam balance gi'

b (?f e ol‘;jizctltao ;? ¥ e called spectral lines. The emission spectrum of hydrogen gas is shown in c Hydrogen Emission
B ol ” - Spectrum
ss measurement.
: 141 E b &
juces continuous Or gt 5? F:; ?o g
ard
:
8 i
PR Violet

vels in an atom and lm

>

1885-1962), completed
sork under J. J. Tho:
d at Manchester whe
for the young Dane to
i

the atomic nucleus jus
1t electron orbits were a
1y. The electron was sal

Detector

lamp Red

e5.15 Hydrogen Emission Spectrum An emission line spectrum is produced when hydro-
excited by an electrical voltage. After the emitted light is passed through a prism, three dis-
nes are observed.




128 Chapter 5 Models of the Atom

After examining the emission sp
experimental evidence to support his model of the atom. The concept of electron en-

ergy levels was supported by the line spectrum of hydrogen. In a gas discharge
tube, excited atoms of hydrogen have electrons in a high-energy orbit; for example,
the electron may temporarily occupy the second orbit. Since this state is unstable,
the electron quickly drops from the higher level back to a lower level, that is, from
Jevel 2 to level 1. In the process, the electron loses a discrete amount of energy. This
discrete energy loss corresponds to a photon of lig
ton of light equals the amount of energy lost by t
higher to the lower energy level.

ergy level 3 to 2.
sponds to an excl
the most energetic of the three and is pro

gy levels and the observed lines in the hydrogen spectrum.

Since a single p
follows that several photons are emitted when severa
example,

collectively they would be observed as a violet

emission lines.

Violet
Blue-
green

C Spectral Lines and Energy (st bl
Levels in Hydrogen o

A Figure 5.16 Spectral Lines /
and Energy Levels in Hydrogen :
When electrons drop from energy

level 5 to 2, we see a violet line.

When electrons drop from level 4

to 2, we see a blue-green line;

from level 3 to 2, we observe a

{l red line.

ectrum of hydrogen, Bohr realized that he had

ht energy. The energy of the pho-
he electron as it drops from the |

In the hydrogen spectrum, there are three bright lines: red, blue-green, and vi-
olet. The red line has the longest wavelength of the three and the lowest energy. .
Bohr found that the red line corresponds to an excited electron dropping from en-
The blue-green line is more energetic than the red line and corre-
ited electron dropping from energy Jevel 4 to 2. The violet lineis:
duced when an electron drops from ener-

gy level 5 to 2. Figure 5.16 illustrates the correlation between Bohr’s electron ener=

hoton is emitted each time an electron drops to a lower level, it
| electrons change levels. For
if the electron drops from energy level 5 to 2 in ten hydrogen atoms, ten-

photons would be emitted. Each of the photons would have the same energy, and
line in the emission spectrum. Ex-

ample Exercise 5.7 further illustrates the relationship between energy levels and.
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Example Exercise 5.7 + Emission Spectrum and Energy Levels

Explain the relationship between an observed emission line in a spectrum and electron
energy levels.

Solution

- When an electron drops from a higher to a lower energy level, light is emitted. For each

- electron that drops, a single photon of light energy is emitted. The energy lost by the
electron that drops equals the energy of the photon that is emitted. Several photons of

light having the same energy are observed as a spectral line.

~ Self-Test Exercise

~ Indicate the number and color of the photons emitted for each of the following electron
transitions in hydrogen atoms.

~ (a) 1electron dropping from energy level 3 to 2

b) 10 electrons dropping from energy level 3 to 2

(¢) 100 electrons dropping from energy level 4 to 2

~ (d) 500 electrons dropping from energy level 5 to 2

1e-green, and vi-
e lowest energy.
opping from en- i
d line and corre-
The violet line is
drops from ener-

’s electron ener-
- Answers: (a) 1 red photon; (b) 10 red photons; (c) 100 blue-green photons; (d) 500 vio-

o alower level, it - et photons

‘hange levels. For
[rogen atoms, ten
same energy, and
ion spectrum. Ex="
snergy levels and

“Atomic Fingerprints”

Further study of emission spectra revealed that each element produced a unique set

of spectral lines. This observation indicated that the energy levels must be unique

for atoms of each element. Therefore, a line spectrum is sometimes referred to as an

‘atomic fingerprint.”

- Atomic fingerprints are useful in the identification of elements. For instance,

in 1868 the atomic fingerprint of a new element was observed in the spectrum

the Sun. This element was named helium, after helios, the Greek word for

.“In 1895 an element was discovered in uranium ore with an atomic finger-

t identical to that observed for helium in the Sun’s spectrum. Thus, helium A Experiment #6, Prentice Hall
s discovered on Earth 27 years after it had first been observed in the solar spec- Laboratory Manual
m. Figure 5.17 compares a continuous spectrum to the emission line spectra of

r elements.

Red
)

400 500 600 700 nm

bulb. The emission line spectra
are produced by excited atoms of
elements In the gaseous state.

S
\
Spectrum versus Line Spectra
A continuous spectrum is pro-
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What element in the “neon” sign is emitting the pur le light?
i b4 g purple hig

At the beginning of the twentieth century, J. J. Thomson dis-
covered the electron using a cathode-ray tube. Thomson con-
structed his cathode-ray tube out of thin glass and placed a
metal electrode in each end. After evacuating air from the glass
tube, he introduced a small amount of gas. When the metal
cathode and anode electrodes were electrically excited, he no-
ticed that the tube glowed. He identified the glowing rays from
the cathode as a stream of small negative particles. These par-
ticles were named electrons, and Thomson is given credit for
their discovery. The glass tubes used by Thomson were fore-
runners of cathode-ray tubes, which are used today in television
sets and computer monitor screens.

In 1913 Niels Bohr “explained” that exciting gases with elec-
tricity caused electrons to be temporarily promoted to higher
energy states within the atom. The excited electrons, however,
quickly lose energy by emitting light and returning to their orig-
inal state. The light emitted by different gases varies because
the energy levels within atoms vary for each element. For ex-
ample, a gas discharge tube containing mercury vapor gives

off a blue glow, whereas nitrogen gas gives off a yellowish-or-
ange glow.

In 1898 the Scottish chemist William Ramsay discovered the
noble gas neon. Unlike argon, which comprises about 1% of air,
neon is much more rare. It is about a thousand times less con-
centrated in the atmosphere. When neon gas is placed in a nat-
row glass tube and electrically excited, it produces a
reddish-orange light that is very arresting to the eye. The fact
that gas discharge tubes produce an attractive array of colors led

naturally to their use as advertising lights. Light from excited

neon gas is very intense, and the term “neon light” has become
a generic term for all lighted advertising displays.

Obviously, not all lights used in advertising are the same

color. That is, “neon lights” can be red, green, blue, and so on.
To produce a given color, a gas discharge tube must be filled
with a specific gas. For a purple light, argon gas can be used,
and for a pink light, helium gas is used. Only when we wish to

produce a reddish-orange light is an advertising sign actually -

filled with neon gas.

« Neon Light The reddish-orange glow
from neon gas is illuminating the word
NEON.

The purple light in a neon sign suggests argon gas.

5.9 Energy Levels and Sublevels

Objectives - To state the energy sublevels within a given energy level.

- To state the maximum number of electrons that can occupy a given ef:

ergy level and sublevel.

As we learned in the previous section, in 1913 Niels Bohr proposed a model for the

atom that pictured electrons circling around the nucleus in fixed-energy levels. H

proposal was supported experimentally by the lines in the emission spectrum of

hydrogen. The emissic
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e e ‘« SNl L 4 Figure 5.18 A Cross Section
. i 0 \ i N AL of an Atom The first energy
o i . AR, PRt level has only one sublevel (1s).
\ W L T The second energy level has two
\ o sublevels (2s and 2p). The third
il o/t energy level has three sublevels
/ AN (3s, 3p, and 3d). Although the di-
/ i =ty b agram suggests that electrons
n Ramsay discovered thg N > ’ / AR travel in circular orbits, this is a

omprises about 1% of air, . S o G B Sl iyt A simplification and is not actually
thousand times less con | ‘ the case.
son gas is placed in a nar- “hydrogen. The emission spectra of other elements, however, had far too many lines

excited, it produces tointerpret. Although Bohr could not explain the spectra of other elements, he did C Cross-Section of an Atom
sting to the eye. The f suggest the idea of sublevels within a main energy level. The model that eventual-
tractive array of colors emerged had electrons occupying an energy sublevel within a main energy level.
lights. Light from exci se energy sublevels were designated s, p, d, and f—in reference to the sharp,
1 “neon light” has beco incipal, diffuse, and fine lines, respectively, in the emission spectra of the elements.
sing displays. o ~ The number of sublevels in each level corresponds to the number of the main
advertising are S energy level. That is, the first energy level (1) has one sublevel and is designated 1s.
«d, green, bluc SN, ‘ level (2) h blevels d d 25 and 2p. The third
harge tube must be fi e second energy level (2) has two sublevels designated 2s and 2p. The en-
1t, argon gas can be level (3) has three sublevels designated 3s, 3‘;7, and 3d. The fourth energy level
ed. Only when we wish t composed of 4s, 4p, 4d, and 4f sublevels (Figure 5.18).
| advertising sign actu - The maximum number of electrons in each of the energy sublevels depends on
3 the type of sublevel. That is, an s sublevel can hold a maximum of 2 electrons. A p
evel can have a maximum of 6 electrons. A d sublevel can have 10 electrons, and
sublevel can hold a maximum of 14 electrons.
~ To find the maximum number of electrons in a main energy level, we add up
he electrons in each sublevel. The first energy level has one s sublevel; it can con-
iin only 2¢”. The second major energy level has two sublevels, 2s and 2p. The 2s can
2¢-, and the 2p can hold 6e”. Thus, the second energy level can hold a maxi-
wm of 8¢”. Example Exercise 5.8 further illustrates how energy levels, sublevels,

1d number of electrons are related.
2

gives off a yellowish—of- ! ,
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"Ifa e Exercise 5.8 * Energy Levels, Sublevels, and Electrons

many sublevels are in the third energy level. What is the maximum number of
s that can occupy the third energy level?

er of sublevels in an energy level corresponds to the number of the energy
third energy level is split into three sublevels: 3s, 3p, and 3d. The maximum

Eraa gloud r of electrons that can occupy a given sublevel is as follows.
he reddish-orange Vo

lluminating the word . s sublevel = 2e~
: ' p sublevel = 6¢~

d sublevel = 10e”

aximum number of electrons in the third energy level is found by adding the

3s + 3p + 3d = total electrons

2¢” + 6e + 10e = 18e”
ergy level can hold a maximum of 18 electrons. Of course, in elements
third energy level of an atom is not filled, there are fewer than 18 electrons.

Exercise
sublevels are in the fourth energy level? What is the maximum number of
at can occupy the fourth energy level?

St 45, dp, 4d, 4f; 32¢” (2¢” + 6e” + 10e” + 14e7)
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“ Electron Configurations
? Activity; Electron Configu-

3 rations Movie

c Filling Diagram for Energy
Sublevels

Energy Maximum e~ Maximum e~

‘;M 12 to ]'_*ncreasjng q

Level Sublevel in Sublevel in Energy Level sublevels?
1 1s 2e 2¢”
2 2s 265

2p 6e” 8¢
3 3s 26

3p 6e”

3d 10e” 18e~
4 4s 2e”

4p 6e”

4d 10e”

4f 14e” 32e”

In summary, electrons are arranged around the nucleus in sublevels that have
a specific fixed energy. Electrons farther from the nucleus occupy higher energy
levels than those closer to the nucleus. Table 5.4 summarizes how main energy lev-
els, sublevels, and number of electrons are related.

5.10 Electron Configuration

Objectives - To list the order of sublevels according to increasing energy.
- To write the predicted electron configurations for selected elements.

Electrons are arranged about the nucleus in a regular manner. The first electrons fill
the energy sublevel closest to the nucleus. Additional electrons fill energy sublevels
further and further from the nucleus. In other words, each energy level is fill d
sublevel by sublevel. The s sublevel is filled before a p sublevel, a p sublevel is ..ﬁ
before a d sublevel, and a d sublevel is filled before an f sublevel. 'i

In general, sublevels are higher in energy as the energy level increases. There-
fore, we would expect the order of sublevel filling to be 1s, 2s, 2p, 3s, 3p, 34,
and so on. This is not quite accurate because there are exceptions. For instance,
the 4s sublevel is lower in energy than the 3d sublevel, and the 5s is lower
the 4d sublevel. A partial list of sublevels in order of increasing energy is
1s <25 <2p <35 <3p<4s<3d <4p <55 <4d<5p<6s.

In Chapter 6 we will learn how to predict the order in which sublevels are fi
from the position of the element in the periodic table. In fact, the unusual shape of
the periodic table reflects the order of sublevels according to increasing energy. For
now, you should memorize the order of sublevel filling or refer to Figure 5.19.

P Figure 5.19 Filling Dia-
gram for Energy Sublevels
The order of sublevel filling
is arranged according to
increasing energy. Elec-
trons first fill the 1s sublev-
el followed by the 2s, 2p,
3s, 3p, 4s, 3d, 4p, Ss, 4d,
5p, and 6s sublevels.

ng energy. Each
€ superscripts eq
n example, let’s

Energy




5.10 Electron Configuration

‘Ei
- Example Exercise 5.9 * Order of Sublevels

Maximum e~ - According to increasing energy, what is the next energy sublevel after each of the fol-
in Energy Level lowing sublevels?
2 @3 (b) 4d
¥ ~ Solution
8¢ If you have not memorized the order of sublevels, refer to the filling diagram in
e15:19.
186 Although the third energy level has 3s, 3p, and 3d sublevels, the 3d sublevel does
i - notimmediately follow the 3p. Instead, the 4s sublevel follows the 3p and precedes
the 3d. Thus,
3s,3p, 4s
82es . ;

o (b) Although the fourth energy level has 4s, 4p, 4d, and 4f sublevels, the 4f sublevel
in sublevels that ha: does not immediately follow the 4d. Instead, the 5p sublevel begins accepting elec-
»ccupy higher ene  trons after the 44 is filled. Thus,
how main energy lev- b 19, 54, 44, 5

If-Test Exercise
ch sublevel gains electrons after each of the following sublevels is filled.
| ] ®) 5
ing energy. s (o) 27; () 65

-selected elements.

.. The first electrons il ‘
ns fill energy sublevel ‘i": ron Configuration
1 energy level is fillec
el, a p sublevel is
level.
level increases. Th
s, 2s,2p, 3s, 3¢ 3d, 4
-eptions. For instance
\d the 5s is lower th
increasing energy

ie electron configuration of an atom is a shorthand statement describing the lo-
.!_ tion of electrons by sublevel. First, the sublevel is written, followed by a super-
indicating the number of electrons. For example, if the 2p sublevel contains
0 electrons, the standard notation is 2p* Thus,

number of electrons

s

) < 68. 2p2
hich sublevels are
't, the unusual shape
> increasing energy- energy level energy sublevel
refer to Figure 5.19.
; ting the electron configuration for an atom is a straightforward procedure.
d the atomic number of the element in the periodic table; this corresponds
mber of electrons in a neutral atom. Then write the sublevels according to
g energy. Each sublevel is filled with electrons in sequence until the total
\ 5p e superscripts equals the atomic number of the element.
an example, let’s write the electron configuration for iron. If we refer to the
\ p e table, we find that the atomic number of iron is 26. Given the atomic num-
2 ow that an iron nucleus must have 26 protons and is surrounded by 26
\ 3 T The order in which the electron sublevels are arranged according to in-
\\ g energy is as follows.
et 2 Sroak .
\P\ :ﬂ 1s2s2p 3s3p4s3d...

ergy sublevels in iron are filled beginning with the 1s sublevel and ending
a total of 26 electrons. The electron configuration for iron is as follows.

Fe: 1s* 25% 2p° 352 3p° 45> 3d°
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A Albert Einstein and Niels
Bohr The two famous scientists
provided important insights to
further our understanding of the
atom.

Notice that the sum of the superscripts equals the atomic number of iron (26).
Example Exercise 5.10 illustrates the electron configuration for other elements.

Example Exercise 5.10 * Electron Configuration
Write the electron configuration for each of the following elements given the atomic
number.

(a) Ne (b) Sr

Solution
We refer to the periodic table to find the atomic number of an element.

(a) The atomic number of neon is 10; therefore, the number of electrons is 10. We can
fill sublevels until 10 electrons are present as follows.

Ne: 1s?2s* 2p°

(b) From the periodic table, we find that the atomic number for strontium is 38. The
number of electrons in a neutral atom of strontium is 38. Thus,

Sr: 15?25 2p° 35 3p° 4s? 3d'° 4p° 55

To check your answer, find the total number of electrons by adding up the super-
scripts. The total is 38e; this agrees with the atomic number for Sr.

Self-Test Exercise

Write the electron configuration for each of the following elements. Use standard nota-
tion, grouping electrons together according to sublevel.
(a) argon (b) cadmium

Answers: (a) 15 25% 2p° 35 3p°; (b) 1s? 257 2p° 352 3p° 4s” 3d"° 4p° 557 4d"°

5.11 Quantum Mechanical Model of the Atom

Objectives - To describe the quantum mechanical model of the atom.
- To describe the relative sizes and shapes of s and p orbitals.

In the mid-1920s, a new model of the atom began to emerge. A more powerful the-

ory evolved because the behavior of electrons could not be fully explained by the -

Bohr model of the atom. The German physicist Werner Heisenberg concluded that
it was not possible to accurately determine both the position and energy of an elec-
tron. In his uncertainty principle, Heisenberg stated that it is impossible to pre-
cisely measure both the location and energy of a small particle simultaneously. In

fact, the more accurately the position of an electron in an atom is known, the less

precisely its energy can be determined.
In 1932 Heisenberg won the Nobel prize in physics for his uncertainty princi-

ple. Not everyone, however, subscribed to the principle of uncertainty. Some physi- -
cists found it unsettling to consider that they might live in a universe ruled by
chance. Albert Einstein was sufficiently troubled by the uncertainty principle that -

he offered the famous quote: “It seems hard to look into God'’s cards but I cannot

for a moment believe He plays dice as the current quantum theory alleges He does.”

Although the uncertainty principle was initially controversial, it was an essential

contribution to the new view of the atom.
Gradually, the deeper nature of the atom came into focus. The new model re-

tained the idea of quantized energy levels but incorporated the concept of uncer-
tainty. The new model that emerged became known as the quantum mechanical

atom. Recall that in the Bohr model the energy of an electron is defined in terms of

a fixed-energy orbit about the nucleus. In the quantum mechanical model the en-
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ergy of an electron can be described in terms of the probability of it being within a
tial volume surrounding the nucleus. This region of high probability (~95%)
ding an electron of given energy is called an orbital.

omic number of iron (26).
ion for other elements.
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ments given the atomic

izes and Shapes of s and p Orbitals

1 the quantum mechanical atom, orbitals are arranged about the nucleus accord-
to their size and shape. In general, electrons having higher energy are found in
orbitals. Similar to the energy levels in the Bohr atom, the energy of orbitals
tized and assigned a whole-number valuesuchas 1,2, 3,4,.... Asthe num-
n element. , creases, the energy and size of an orbital also increases.
of electrons is 10. We can ‘We can describe the shapes of orbitals by the letters s, p, d, and f. For example,
R e shape of an s orbital is that of a sphere, and the shape of a p orbital is that of a
bell. The shapes of d and f orbitals are too complex for our discussion. We can
ate the size and shape of an orbital by combining the number that indicates
gy, and the letter that indicates its shape. For example, the designations 1s,
nd 3d indicate three orbitals that differ in size, energy, and shape. All s orbitals
erical, but they are not all the same size. A 3s orbital is a larger sphere than

- for strontium is 38. The
. Thus,

s’ a 2s orbital is larger than a 1s. That is, the size and energy of the orbital in-
s by adding up the super-- as the energy level increases. Figure 5.20 illustrates the relationship between
mber for Sr. G about the nucleus.

p orbitals have the shape of a dumbbell, but they are not all equal in size or
. A 3p orbital is larger than a 2p orbital and is at a higher energy level. A p or-
said to resemble a dumbbell because it has two lobes. Electrons in a p orbital
py either of the lobes.

ere are three different 2p orbitals. Although these three orbitals are identical

lements. Use standard nota:

’ 4p° 5s” 4d'° ize and shape, they differ in their orientation to each other. That is, the three 2p

als intersect at the nucleus, but they are oriented at right angles to each other.
i 21 illustrates the relationships between the 2p,, 2p,, and 2p, orbitals. The
| of the atom.
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<« Figure 5.20 Relative Sizes of
s Orbitals The relative sizes of
1s, 2s, and 3s orbitals are shown.
As the main energy level increas-
es, the size and energy of the or-

10t be fully explalned b 5 4 X bital increases. The nucleus of
r Heisenberg concluded th the atom is located in the center
sition and energy of an ;) where the three axes intersect.
that it is impossible to pr 3s 1s+2s+3s The sketch on the far right illus-
1l particle simultaneously. trates the relationship of the 1s,
h an atom is known, the les 2s, and 3s orbitals.
- z z z
cs for his uncertainty p in A T T
k Y Y y Y

e of uncertainty. Some phy A
t live in a universe ruled
he uncertainty principle th
nto God's cards but I cann >y > X >y >y
\tum theory alleges He doe
troversial, it was an essent § 1

% I
nto focus. The new model . 2p, 2;12 2p,,, Orbital set

>orated the concept of
 as the quantum mech
electron is defined in te
1m mechanical model the €

Orientation of 2p Orbitals

orbital has the same probability of occupying the 2p, or 2p, orbital.

v The size and shape of the three 2p orbitals are identical.
als do not have a fixed orientation, but rather are perpendicular to each other. An elec-




136 Chapter 5 Models of the Atom

|
p, orbital is oriented along the x-axis of a three-dimensional axes system, and the
p, and p, orbitals are oriented along the y-axis and z-axis, respectively.

Example Exercise 5.11 provides further practice in describing the relative sizes y
and shapes of orbitals. \ i \
Example Exercise 5.11 + Atomic Orbitals \
Describe the relative size, energy, and shape for each of the following orbitals. 3 e
(a) 4s versus 3s and 5s (b) 4p versus 3p and 5p
Solution

The size and energy of an orbital is indicated by the number; the shape of the orbitalis

designated by the letter. A

(a) Size and energy are greater for a 4s orbital than for a 3s orbital, but less than fora5sor- 3
bital. The shape of a 4s orbital—and all s orbitals—is similar to the shape ofasphere. =

(b) glze ?)nil errl;'a;gy }?re gr(;atir for ba_ 4p irbltal than for a 31 orbital but less than for 2 Summary @

p orbital. The shape of a 4p orbital—and all p orbitals—is similar to the shape of
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Select the orbital in each of the following pairs that fits the description.

(a) the higher energy orbital: 3p or 4p
(b) the larger-size orbital: 4d or 5d

Answers: (a) 4p; (b) 5d
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As an analogy, try to visualize a flying insect trapped inside two bottles with:
the open ends held together. The insect is free to fly about the entire inner vol
of the two bottles. In this analogy, the insect represents an electron, and the two
bottles represent the two lobes of a p orbital. Thus, there is a high probability of
finding the electron anywhere within the volume of the entire p orbital. Figure 5.22
illustrates this analogy. :

5.4 Chemists use a s
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Sizes and Shapes of d Orbitals

So far we have shown the shapes of only s and p orbitals. However, there are m
other orbitals; for example, in the third energy level there are different orbitals in
the 3s, 3p, and 3d sublevels (Figure 5.19).

The 3s sublevel contains a single spherical 3s orbital. The 3p sublevel conta ins
three dumbbell-shaped orbitals: 3p,, 3p,, and 3p.. The 3p orbitals are similar in
shape, but 3p orbitals are larger than 2p orbitals. The 3d sublevel contains five 3d o

bitals. Although it is not necessary to know the shapes of d orbitals, the five differ-
ent 34 orbitals are shown in Figure 5.23.

A Figure 5.22 Analogy for a p Orbital (a) Notice the two insects trapped within the
bottles held end to end. The two insects can both be in the left bottle, the right bottle, or
one insect can be in each bottle. (b) Similarly, two electrons have a probability of being 5.8 In 1913 Niels Boh:
found anywhere within the two lobes of the p orbital. The electron possesses :
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ion 5.1 In 1803 John Dalton proposed that matter consisted of atoms and supported
atomic theory with experiments on the behavior of gases and the laws of definite com-
sition and conservation of mass.

-

e e

i on.
o on 5.2 Toward the end of the 1800s, there was evidence that the atom was divisible.
en electricity was applied to a sealed glass tube containing a gas at low pressure, nega-
and positive rays were observed. Scientists discovered that a cathode ray was composed
y negatively charged particles they called electrons. When the tube was filled with hy-
en gas, they found that a positive canal ray was composed of the smallest positively

1 inside two bottles wil ged particles. These particles were named protons.
msiae

t the entire inner volume ion 5.3 In 1911 Rutherford performed a classic experiment in which alpha particles
an electron, and the twe fired at a thin sheet of gold foil. Much to his astonishment, some of the alpha particles
e is a high probability ounced backward. He interpreted the results as evidence for a tiny, dense atomic nucleus

tire p orbital. Figure 5. the center of the atom. The nucleus contains positively charged protons surrounded by neg-
e y charged electrons. Twenty years later, the nucleus was also found to contain a neu-
particle called a neutron.

ction 5.4 Chemists use a symbolic shorthand called atomic notation to designate the
mposition of a nucleus. Atoms of an element always contain the same number of protons,
the number of neutrons in the nucleus can vary. The number of protons is called the
number (Z), and the sum of the protons and neutrons is called the mass number (A).
with the same atomic number but a different mass number are called isotopes.

However, there are ma
-e are different orbitals ir it

‘The 3p sublevel conta n 5.5 Although the mass of an atom is much too small to measure directly, we can
3p orbitals are similar ermine its relative mass. Carbon-12 is used as the reference isotope and is assigned a
iblevel contains five 3d o1 f exactly 12 atomic mass units (amu). The masses of all other atoms are related to the
: 4 orbitals, the five differ: s of carbon-12. To find a representative value for the atomic mass of an element, we av-

i the mass of each isotope. The weighted average mass of all isotopes is termed the
' mass of the element.

ion 5.6 Light travels through space as a wave of radiant energy. The crest-to-crest dis-
e between waves is the wavelength, and the number of cycles completed in a second is
ency. As the wavelength decreases, the frequency and energy of light increase. The
spectrum extends from 400-700 nm, but the entire radiant energy spectrum also in-
gamma rays, X rays, and microwaves. Thus, radiant energy is a continuous spec-
visible and invisible light.

i3 on 5.7 In 1900 Max Planck introduced the quantum concept. Planck stated that the
3 radiated by a object is not continuous, but rather that the radiation is emitted in small

ithin the : . S : :
isects trapped with When an object radiates light, it releases a unit of radiant energy called a photon.

bottle, the right bottle, or
ve a probability of being 5.8 In 1913 Niels Bohr suggested that electrons travel in circular orbits about the
™ The electron possesses a specific energy and is said to occupy an energy level. If an
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electron changes orbits in the Bohr atom, there is a quantum energy change. Bohr argued that

an emission line spectrum results from electrons dropping from higher energy levels to
lower levels. Each time an electron drops, a photon of light is released whose energy corre-

sponds to the difference in energy between the two levels.

Section 5.9 A closer examination of emission line spectra from gases revealed energy sub-
levels within main levels. The number of sublevels corresponds to the number of the ener-

gy level. For example, the fourth energy level has four sublevels (s, p, d, f). Anssublevel can

hold 2 electrons, a p sublevel 6 electrons, a d sublevel 10 electrons, and an f sublevel a max-
imum of 14 electrons.

Section 5.10 Electrons fill sublevels in order of increasing energy as follows:

1s <25 <2p <35 <3p <4s <3d <4p <55 <4d<5p<6s. Notice that the 4s sublev-
el fills before the 3d and the 5s sublevel before the 4d. A description of sublevel filling foran -
element is given by the electron configuration. A superscript following each sublevel indi-
cates the number of electrons in a sublevel; for instance, 1s> 25 2p° 3s' is the electron config- -
uration for sodium (atomic number 11). |

Section 5.11 In the 1920s our understanding of electrons in atoms became very sophisti-
cated. In 1925 Werner Heisenberg suggested the uncertainty principle; that is, it is impos- -
sible to simultaneously know both the precise location and the energy of an electron. Instead,
the energy of an electron can be known only in terms of its probability of being located some- :
where within the atom. This description gave rise to the quantum mechanical atom. Alo-
cation within the atom where there is a high probability of finding an electron having a
certain energy is called an orbital. An orbital is a region about the nucleus having a given
energy, size, and shape. The shape of an s orbital is spherical, and a p orbital resembles the
shape of a dumbbell.

Key Concepts *

1. If an atom is magnified to the size of a golf ball, and a
golf ball is equally magnified, what is the approximate
size of the enlarged golf ball? (tennis ball, basketball,
the Earth, the universe)

2. An atomic nucleus has been described by the analogy:
“like a marble in the Astrodome.” If a marble represents
the atomic nucleus, what does the Astrodome
represent?

3. The scattering of alpha particles by a thin gold foil has
been described by the analogy: “like missiles shot
through the solar system.” If a missile represents an
alpha particle, what do the planets represent?

4. Can atoms of different elements have the same atomic
number? Can atoms of different elements have the same
mass number?

5. Complete the following analogy. An ocean wave is to a
drop of water as a light wave is to a

|
« Astrodome Imag-
ine how small a marble
(nucleus) is compared:
to the Astrodome
(atom).

* Answers to Key Concepts are in Appendix H.
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- 6. Which of the following statements is false according to
the Bohr model of the atom?
(a) Electrons are attracted to protons in the nucleus.
~ (b) Electrons circle the nucleus in the same way that
4 planets circle the Sun.
(c) Electrons lose energy as they circle the nucleus. 8
(d) Electrons lose energy as they drop to an orbit closer
{ to the nucleus.
7. Which of the following statements is false according to
. the quantum mechanical model of the atom?

orgy change. Bohr argued that -
from higher energy levels to
released whose energy corre-

m gases revealed energy sub-
ds to the number of the ener-
Is (s, p, d, f). An s sublevel can |
ons, and an f sublevel a max-

model of the atom.

»nergy as follows: :
< 6s. Notice that the 4s sublev&é{
ption of sublevel filling for an
-following each sublevel indi-
2 2p° 35 is the electron config=

the key term below that corresponds to each of the following definitions.

Key Terms '

b

a stream of negative particles produced in a cathode-ray tube
. anegatively charged subatomic particle having a negligible mass

1 atoms became very sophis -
- principle; that is, it is imp.
 energy of an electron. Insteac
bability of being located son
intum mechanical atom. A
‘ finding an electron havin,
yut the nucleus having a given
|, and a p orbital resembles the

. a positively charged subatomic particle having an approximate mass of 1 amu

. aneutral subatomic particle having an approximate mass of 1 amu

. aregion in the center of an atom containing protons and neutrons

. a value indicating the number of protons in the nucleus of an atom

. avalue indicating the number of protons and neutrons in the nucleus of an atom

. a symbolic method for expressing the composition of an atomic nucleus

I
O© 00 N S U e W N

. atoms of the same element that have a different number of neutrons

. a unit of mass exactly equal to 1/12 the mass of a carbon-12 atom

. the average mass of all the naturally occurring isotopes of an element

. the distance a light wave travels to complete one cycle

. the number of times a light wave completes a cycle in 1 second

. a general term that can refer to either visible or invisible radiant energy

. arange of light energy from violet through red, that is, 400-700 nm

. arange of light energy extending from gamma rays through microwaves
. aband of light energy that is uninterrupted

. a particle of radiant energy

a model of the atom that describes electrons circling the nucleus in orbits
a fixed-energy orbit that electrons occupy as they circle the nucleus

a collection of narrow bands of light produced by atoms of a given element re-
leasing energy

an electron energy level resulting from splitting a main energy level

a shorthand description of the arrangement of electrons by sublevels according
to increasing energy

« Astrodome Imag-
ine how small a marbl
(nucleus) is compal
to the Astrodome
(atom).

the statement that it is impossible to precisely measure the location and energy
of a particle at the same time

. asophisticated model of the atom that describes the energy of an electron in
~ terms of its probability of being found in a particular location about the nucleus

- aregion about the nucleus in which there is a high probability of finding an
electron with a given energy

ijey Terms are in Appendix L.

(a)
(b)

(c)
(d)
(e)
(f)
(g)
(h)

(i)
G)

(k)

(1))

(m
(n)
(o)
(p)
(q)
(r)

(s)
t)

(u)
(v)

~

(w)
(x)

(y)
(z)
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(a) Orbitals represent quantum energy levels.
(b) Orbitals represent probability boundaries.
(c) Orbitals can contain from 1 to 14 electrons.
(d) Orbitals can have different shapes.

. Briefly describe the characteristics of (a) the 1803 Dal-
ton model of the atom, (b) the 1903 Thomson model,
(c) the 1911 Rutherford model, (d) the 1913 Bohr model,
(e) the 1926 Heisenberg model, and (f) the current

atomic mass (Sec. 5.5)

atomic mass unit (amu)
(Sec. 5.5)

atomic notation (Sec. 5.4)
atomic nucleus (Sec. 5.3)
atomic number (Z) (Sec. 5.4)
Bohr atom (Sec. 5.8)

cathode ray (Sec. 5.2)

continuous spectrum
(Sec. 5.6)

electron (e”) (Sec. 5.2)

electron configuration
(Sec. 5.10)

emission line spectrum
(Sec. 5.8)

energy level (Sec. 5.8)
energy sublevel (Sec. 5.9)
frequency (Sec. 5.6)
isotopes (Sec. 5.4)

light (Sec. 5.6)

mass number (A) (Sec. 5.4)
neutron (n°) (Sec. 5.3)
orbital (Sec. 5.11)

photon (Sec. 5.7)

proton (p*) (Sec. 5.2)

quantum mechanical atom
(Sec. 5.11)

radiant energy spectrum
(Sec. 5.6)

uncertainty principle
(Sec. 5.11)

visible spectrum (Sec. 5.6) .
wavelength (Sec. 5.6)
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- erage score of a stude
homework, 95; quizze

Exercises¥ e

Dalton Model of the Atom (Sec. 5.1) 21. Complete the following table and provide the missing - and final exam, 68?
1. State Dalton’s five proposals regarding the atomic theory. iniiogetine: “ gt:ﬁ::isfétoﬁi 4
2. State the two experimental laws Dalton used to support 3 e
Vhis 2ttt thad Number Number Number -
i Atomic Atomic  Mass of of of | a
3. Which two of Dalton’s proposals were later shown to Notation Number Number Protons Neutrons Electrons , °Li: 6.(
be invalid? r= d “ | Li: 7.
4. Are atoms indestructible? Explain. 27€ | )
foNe |
Thomson Model of the Atom (Sec. 5.2) 50Ty { ‘ 7‘ Bilate the atomic r
5. What was the simplest particle observed in cathode rays? AU lowing data for its nat

T

6. What was the simplest particle observed in canal rays?

7. What are the relative charges of the electron and the 22. Complete the following table and provide the missing 2Mg: 23
proton? information. BMg: 24
8. What are the relative masses of the electron and the proton? 3 26Mg: 25
9. What do the raisins represent in the plum-pudding Number Number Number |
analogy of the atom? Atomic Atomic ~ Mass of of of
10. Where is the mass of an atom found according to the Notation Number Number Protons Neutrons Electrons§ ate the atomic n
plum-pudding model? 4Se 78 a for its natural iso
Rutherford Model of the Atom (Sec. 5.3) %X 38 50
11. What did Rutherford conclude about the atom when alpha iSn W A *Fe: B3.
particles recoiled backward after striking a thin gold foil? zX 54 77 *Fe: 55.
12. Describe an atom according to the Rutherford model. 57Fe: 56.
13. State the location of electrons, protons, and neutrons in 23. Draw a diagram of the arrangement of protons, neutrons, S8Fe: 57.
the Rutherford model of the atom. and electrons in an atom of each of the following isotopes. T TeaEE
14. State the approximate size of an atom and its nucleus in (a) jLi (b) 3C |
centimeters. (0 %0 (d) %Ne culate the atomic 1
15. State the relative charges of the electron, proton, and 24. Draw a diagram of the arrangement of protons, neutrons, for its natural isot
neutron. and electrons in an atom of each of the following isotopes.
16. State the relative masses of the electron, proton, and (a) 3P b) 3Cl Sz 63.
neutron. (0 *Ar ® P % Zn: 65.
Atomic Notation (Sec. 5.4) Atomic Mass (Sec. 5.5) s 66."
17. State t}‘1e nmber of neutrons in an atom of each of the 25. What is the reference isotope for the atomic mass scale? ::Zn: 67.!
st i i 26. What is the assigned mass for the reference isotope? | _ ok -
(a) 3He (b) 3 27. Wh ] d ati A5
A . / y are atomic masses expressed on a relative atomic -
© B @ >Ca mass scale? '

18. State the number of neutrons in an atom of each of the
following isotopes.
(@ N (b) 5°Cr
(©) *Mg (d) **Ni

19. State the number of neutrons in an atom of each of the
following isotopes.
(@) lithium-7 (b) potassium-40
(c) strontium-88 (d) platinum-195

20. State the number of neutrons in an atom of each of the
following isotopes.

(a) hydrogen-3
(0) silicon-28

(b) cobalt-60
(d) iodine-131

* Answers to odd-numbered Exercises are in Appendix J.

28. Distinguish between isotopic mass and atomic mass.
29. Given that the only naturally occurring isotope of alu- |
minum is ¥Al, determine its mass from the periodic table
30. Given that the only naturally occurring isotope of p 0
phorus is *'P, determine its mass from the periodic table

31. A marble collection has 100 large marbles with a mass
of 5.0 g each and 200 small marbles with a mass of 2.0 ¢
each. Calculate (a) the simple average mass, and (b) the
weighted average mass of the marble collection.

32. The final grade in a chemistry class is based on home-
work (10%), quizzes (10%), tests (40%), experiments
(20%), and a final exam (20%). What is the weighted

amu?

lorine has two natw
Which isotope is 1
ne is 35.45 amt

the other isotog

Nature of Lig
 of the following
ge light?



erage score of a student with the following grades:
- homework, 95; quizzes, 83; tests, 75; experiments, 92;
- and final exam, 68?
. Calculate the atomic mass for lithium given the follow-
' ing data for its natural isotopes.

e the missing

nber Number
of of ¥l

trons Elect:

OL4; 6.015 amu 7.42%
"Li: 7.016 amu 92.58%

4, Calculate the atomic mass for magnesium given the fol-
lowing data for its natural isotopes.

le the Tl ¥Mg:  23.985amu 78.70%
®Mg:  24.986 amu 10.13%
*Mg: 25983 amu 11.17%

mber Numi

of

utrons Elect alculate the atomic mass for iron given the following

for its natural isotopes.

50
S4Fe: 53.940 amu 5.82%

77 %Fe: 55.935 amu 91.66%
*Fe: 56.935 amu 2.19%

rotons, neu *Fe: 57.933 amu 0.33%

llowing isotope
ate the atomic mass for zinc given the following

A ) lata for its natural isotopes.
rotons, neut!

rllowing iso
& 7n: 63.929 amu 48.89%
$Zn: 65.926 amu 27.81%
& 7n: 66.927 amu 4.11%
3 ; g Zn: 67.925 amu 18.57%
>mic mass scale - [ ™Zn:  69.925amu 0.62%
ence isotope? ki

relative aton

ine has two naturally occurring isotopes: **Cl and
Which isotope is more abundant if the atomic mass
hlorine is 35.45 amu?

| atomic m
isotope of a
ine has two natural isotopes that occur in approxi-
ly equal abundance. If 7Br is one of the isotopes,

is the other isotope if the atomic mass of bromine
90 amu?

Nave Nature of Light (Sec. 5.6)

of the following is most energetic: violet, green,
e light?

h of the following is least energetic: blue, yellow,

light?

hich of the following has the longest wavelength: vio-

{, green, or orange light?

X'

mass, and
collection.
based on homy
), experiments
s the weigh
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42. Which of the following has the shortest wavelength:
blue, yellow, or red light?

43. Which of the following wavelengths of light is most en-
ergetic: 650 nm, 550 nm, or 450 nm?

44. Which of the following wavelengths of light is least en-
ergetic: 425 nm, 525 nm, or 625 nm?

45. Which of the following wavelengths of light has the
highest frequency: 650 nm, 550 nm, or 450 nm?

46. Which of the following wavelengths of light has the
lowest frequency: 425 nm, 525 nm, or 625 nm?

The Quantum Concept (Sec. 5.7)

47. What is the quantum particle in light energy?
48. What is the quantum particle in electrical energy?
49. State whether each of the following is continuous or
quantized.
(a) arainbow (b) aline spectrum
50. State whether each of the following is continuous or
quantized.
(a) aspiral staircase (b) an elevated ramp

51. State whether each of the following instruments gives a
continuous or a quantized measurement of length.
(a) ametric ruler (b) a digital laser

52. State whether each of the following instruments gives a
continuous or a quantized measurement of volume.
(@) 10-mL volumetric pipet
(b) 10-mL graduated cylinder

Bohr Model of the Atom (Sec. 5.8)

53. Draw the Bohr model of the atom.

54. What is the experimental evidence for electron energy
levels in an atom?

55. Which of the following energy level changes for an elec-
tron is most energetic:5 — 2,4 — 2,0r3 — 2?

56. Which of the following energy level changes for an elec-
tron is least energetic:4 — 1,3 — 1, or — 1?

A Mercury Light The blue glow from mercury vapor il-
luminates the gas discharge tube.
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57,

58

59

60

61

62

63

64

65

66

. In a hydrogen atom, what color is the emission line ob-
served when the electron drops from the fourth to the
second level?

. In a hydrogen atom, what color is the emission line ob-
served when the electron drops from the fifth to the
second level?

. An electron in a hydrogen atom drops from the fifth
energy level to which lower level to emit an ultravio-
let photon?

. An electron in a hydrogen atom drops from the fifth ener-
gy level to which lower level to emit an infrared photon?

. Which of the following lines in the emission spectrum
of hydrogen is most energetic: red, blue-green, or violet?

. Which of the following lines in the emission spectrum
of hydrogen has the longest wavelength: red, blue-
green, or violet?

. How many photons of light are emitted for each of
the following?

(a) le” drops from energy level 3 to 1
(b) 1le” drops from energy level 3 to 2

. How many photons of light are emitted for each of
the following?

(a) 100e” drop from energy level 3 to 2
(b) 100e™ drop from energy level 4 to 2

. What is the color of the spectral line emitted for each
of the following electron energy changes in excited hy-
drogen gas?

(@) Electrons drop from energy level 2 to 1.
(b) Electrons drop from energy level 3 to 2.
(c) Electrons drop from energy level 4 to 3.

. What is the color of the spectral line emitted for each
of the following electron energy changes in excited hy-
drogen gas?

(a) Electrons drop from energy level 5 to 1.
(b) Electrons drop from energy level 5 to 2.
(c) Electrons drop from energy level 5 to 3.

A Nitrogen Light The yellowish-orange glow from ni-
trogen gas illuminates the gas discharge tube.

Energy Levels and Sublevels (Sec. 5.9)
67.

68.

69.

70.

7.

72

73%

74.

Electron Configuration (Sec. 5.10)
75¢

76.

77

78.

79:

80.

tum Mechanical Moc
1. What is the distinction be

2. What are two significant ¢
- model of the atom and the

. Sketch a three-dimension:
the following orbitals. Lat

(@) 1s

What experimental evidence suggests the concept of
electrons in energy levels?

What experimental evidence suggests main energy lev-
els split into sublevels?
Designate all the sublevels within each of the following
energy levels.

(a) 1st (b) 2nd © 3p

: Y
(c) 3rd (d) .4th - tch a three-dimensiona
State the number of sublevels in each of the following e following orbital sets.

energy levels. 15,25, 2p,

(@) 1st (b) 3rd ch orbital in each of th

(c) 5th (d) 6th - higher energy?

What is the maximum number of electrons in each of ) 25 or 3s |

the following sublevels? 2p, or 2p 1

x Y

() 2s (b) 4p ich orbital in each of th

(c) 3d (d) 5f ger size?

What is the maximum number of electrons in each of 25 or 3s (

the following? 2p, or2

(a) an s sublevel (b) ap sublevel igp:mate t’;lye orbital th (

(c) ad sublevel (d) an f sublevel iptions -

What is the maximum number of electrons in the sec- a spherical orbital in th
?

ond energy level? a dumbbell-shaped orb

What is the maximum number of electrons in the fourth

energy level? signate the orbital that |

ptions.
) a spherical orbital in th.

PSAG Sl a0 e i3 dmgj ) a dumbbell-shaped orb
ist the order of sublevels from 1s through 5p according fate th :
to increasing energy. (Hint: Draw a filling diagram.) of ;??&Tﬁ;gﬁ?

Draw a filling diagram and predict the sublevel that
follows 5p.

Write the predicted electron configuration for each of
the following elements.

(a) He (b) Be
(c) Co (d) Cd

Write the predicted electron configuration for the fol-
lowing elements.

(a) boron (b) argon
(c) manganese (d) nickel

Which element corresponds to each of the following
electron configurations?

(a) 15725

(b) 1s*2s* 2p° 3¢* 3p?

(0) 1s%2s” 2p° 3s? 3p° 4s” 3d°

(d) 1s?2s% 2p® 35 3p° 4s? 3d"° 4p° 557

Which element corresponds to each of the following
electron configurations?

(@) 15°2¢*2p°

(b) 15?25 2p°® 3s? 3p°

(c) 1s?2s? 2p° 3s? 3p° 4s* 3d"° 4p° 55> 4d°

(d) 1s* 2% 2p° 3s? 3p° 4s? 3d"° 4p° 5s* 44" 5p°

1s (t
34 (c
ate the maximum numbe
each of the following st

1s (t
3d (

8



(Sec. 5.9)
2 suggests the concept of

~ Quantum Mechanical Model of the Atom (Sec. 5.11)

'~ 81. What is the distinction between an orbit and an orbital?

- 82. What are two significant differences between the Bohr
model of the atom and the quantum mechanical model?

83, Sketch a three-dimensional representation for each of
the following orbitals. Label the x-, y-, and z-axes.

(a) 1s (b) 2p,
. © 3, @ 4p.
84, Sketch a three-dimensional representation for each of
~the following orbital sets. Label the x-, y-, and z-axes.
" (@) 1s,2s,2p, () 3p.,3p,, 3p.
5. Which orbital in each of the following pairs has the
~ higher energy?
(@ 2s0r3s (b) 2p, or 3p,
- (@) 2p,0r2p, (d) 4p, or 4p,
6. Which orbital in each of the following pairs has the
- larger size?
(@ 2so0r3s (b) 2p, or 3p,
(0 2p,0r2p, (d) 4p, or 4p.
. Designate the orbital that fits each of the following
criptions.
a spherical orbital in the fifth energy level
) a dumbbell-shaped orbital in the fourth energy level

esignate the orbital that fits each of the following
iptions.

2 suggests main energy lev-

vithin each of the following

") 2nd
) 4th
s in each of the following

) 3rd
) 6th
ser of electrons in each of

) 4p
) Sf

ser of electrons in each of

) ap sublevel
) an f sublevel
yer of electrons in the sec-

ver of electrons in the fourth

a spherical orbital in the sixth energy level

5.10) a dumbbell-shaped orbital in the third energy level
om 1s through 5p accordi e the maximum number of electrons that can occupy
Draw a filling diagram.) of the following orbitals.
predict the sublevel that 1s (b) 2p

' 3d (d) 4f

configuration for each of te the maximum number of electrons that can occu-

each of the following sublevels.

& 1s ® 2p
4 3d ) 4f
configuration for the fol-

) argon

) nickel

to each of the following

4p° 55* .
to each of the following

4p® 5% 4d°
4p® 5> 4d"° 5p°
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General Exercises ‘

U i

02

93,

94,

95b.

96.

97.

98.

99

100.

If the electron charge-to-mass ratio is 1.76 X 10°
coulomb/g and the absolute charge is 1.60 X 107"
coulomb, what is the mass of an electron in grams?

If the electron charge-to-mass ratio is 9.57 X 10*
coulomb/g and the absolute charge is 1.60 X 107
coulomb, what is the mass of a proton in grams?
Gallium occurs naturally as “Ga and "’Ga. Given the
mass and abundance of ®Ga (68.926 amu and 60.10%),
what is the mass of 'Ga?

Boron (atomic mass 10.811 amu) occurs naturally as 1B
and "'B. Given the mass of the two isotopes (10.013
amu and 11.009 amu), what is the percentage abun-
dance of each isotope?

Element 61 was named for the mythological Prome-
theus who stole fire from heaven. Refer to the periodic
table and state whether Pm has any stable isotopes.
Element 84 was discovered by Marie Curie and named
polonium for her native Poland. Refer to the periodic
table and state whether Po is stable or radioactive.
Indicate the region of the spectrum (infrared, visible, or
ultraviolet) for each of the following wavelengths of
light.

(@) 200 nm
(c) 1200 nm
Which of the following light frequencies has the higher
energy, 5 X 10" cycles/s or 5 x 10" cycles/s?

Explain why the electron configuration for copper is
1s* 25* 2p° 3s” 3p® 4s 34" rather than the predicted 1s
25° 2p° 35% 3p° 45% 3.

Explain why the electron configuration for silver is

1s? 25% 2p° 3s? 3p® 45 3d"° 4p® 5s' 44" rather than the
predicted 15 2s* 2p° 3s? 3p° 4s® 3d" 4p° 55 4d°.

(b) 500 nm

% Explorer Quiz 1
" Explorer Quiz 2
Explorer Quiz 3
Master Quiz




