
Key	terms Electromagnetic	radiation
Section 7.1
electromagnetic radiation
wavelength
frequency

Section 7.2
Planck’s constant
quantization
photon
photoelectric effect
E 5 mc2

dual nature of light
diffraction
diffraction pattern

Section 7.3
continuous spectrum
line spectrum

Section 7.4
quantum model
ground state

Section 7.5
standing wave
wave function
orbital
quantum (wave) mechanical 

model
Heisenberg uncertainty 

principle
probability distribution
radial probability distribution

Section 7.6
quantum numbers
principal quantum number (n)
angular momentum quantum 

number (,)
magnetic quantum number (m,)
subshell

Section 7.7
nodal surface
node
degenerate orbital

Section 7.8
electron spin
electron spin quantum number 

(ms)
Pauli exclusion principle

Section 7.9
polyelectronic atoms

❯ Characterized by its wavelength (l), frequency (n), and speed (c 5 2.9979 3 108 m/s)

ln 5 c

❯ Can be viewed as a stream of “particles” called photons, each with energy hn, where h is 
Planck’s constant (6.626 3 10234 J ? s)

Photoelectric	effect
❯ When light strikes a metal surface, electrons are emitted

❯ Analysis of the kinetic energy and numbers of the emitted electrons led Einstein to suggest 
that electromagnetic radiation can be viewed as a stream of photons

Hydrogen	spectrum
❯ The emission spectrum of hydrogen shows discrete wavelengths

❯ Indicates that hydrogen has discrete energy levels

Bohr	model	of	the	hydrogen	atom
❯ Using the data from the hydrogen spectrum and assuming angular momentum to be quan-

tized, Bohr devised a model in which the electron traveled in circular orbits

❯ Although an important pioneering effort, this model proved to be entirely incorrect

Wave	(quantum)	mechanical	model
❯ An electron is described as a standing wave

❯ The square of the wave function (often called an orbital) gives a probability distribution for 
the electron position

❯ The exact position of the electron is never known, which is consistent with the Heisenberg 
uncertainty principle: It is impossible to know accurately both the position and the momen-
tum of a particle simultaneously

❯ Probability maps are used to define orbital shapes

❯ Orbitals are characterized by the quantum numbers n, ,, and m,

Electron	spin

❯ Described by the spin quantum number ms, which can have values of 61
2

❯ Pauli exclusion principle: No two electrons in a given atom can have the same set of quantum 
numbers n, ,, m,, and ms

❯ Only two electrons with opposite spins can occupy a given orbital

Periodic	table
❯ By populating the orbitals from the wave mechanical model (the aufbau principle), the form 

of the periodic table can be explained

❯ According to the wave mechanical model, atoms in a given group have the same  valence 
(outer) electron configuration

❯ The trends in properties such as ionization energies and atomic radii can be explained in 
terms of the concepts of nuclear attraction, electron repulsions, shielding, and  penetration
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aufbau principle
Hund’s rule
valence electrons
core electrons
transition metals
lanthanide series
actinide series
main-group elements 

(representative elements)

Section 7.12
first ionization energy
second ionization energy
electron affinity
atomic radii

Section 7.13
metalloids (semimetals)

Review	questions	 Answers to the Review Questions can be found on the Student website (accessible from www.cengagebrain.com).
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 1. Four types of electromagnetic radiation (EMR) are 
ultraviolet, microwaves, gamma rays, and visible. All of 
these types of EMR can be characterized by wave-
length, frequency, photon energy, and speed of travel. 
Define these terms, and rank the four types of electro-
magnetic radiation in order of increasing wavelength, 
frequency, photon energy, and speed.

 2. Characterize the Bohr model of the atom. In the Bohr 
model, what do we mean when we say something is 
quantized? How does the Bohr model of the hydrogen 
atom explain the hydrogen emission spectrum? Why is 
the Bohr model fundamentally incorrect?

 3. What experimental evidence supports the quantum 
theory of light? Explain the wave-particle duality of all 
matter. For what size particles must one consider both 
the wave and the particle properties?

 4. List the most important ideas of the quantum mechani-
cal model of the atom. Include in your discussion the 
terms or names wave function, orbital, Heisenberg 
uncertainty principle, de Broglie, Schrödinger, and 
probability distribution.

 5. What are quantum numbers? What information do we 
get from the quantum numbers n, ,, and m,? We define 
a spin quantum number (ms), but do we know that an 
electron literally spins?

 6. How do 2p orbitals differ from each other? How do 2p 
and 3p orbitals differ from each other? What is a nodal 
surface in an atomic orbital? What is wrong with 1p, 1d, 
2d, 1f, 2f, and 3f orbitals? Explain what we mean when 

we say that a 4s electron is more penetrating than a 3d 
electron.

 7. Four blocks of elements in a periodic table refer to 
various atomic orbitals being filled. What are the four 
blocks and the corresponding orbitals? How do you get 
the energy ordering of the atomic orbitals from the 
periodic table? What is the  aufbau principle? Hund’s 
rule? The Pauli exclusion principle? There are two 
common exceptions to the ground-state electron 
configuration for elements 1–36 as predicted by the 
periodic table. What are they?

 8. What is the difference between core electrons and 
valence electrons? Why do we emphasize the valence 
electrons in an atom when discussing atomic proper-
ties? What is the relationship between valence electrons 
and elements in the same group of the periodic table?

 9. Using the element phosphorus as an example, write the 
equation for a process in which the energy change will 
correspond to the ionization energy and to the electron 
affinity.
 Explain why the first ionization energy tends to 
increase as one proceeds from left to right across a 
period. Why is the first ionization energy of aluminum 
lower than that of magnesium, and the first ionization 
energy of sulfur lower than that of phosphorus?
 Why do the successive ionization energies of an 
atom always increase? Note the successive ionization 
energies for silicon given in Table 7.5. Would you 
expect to see any large jumps between successive 
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Active	Learning	Questions
These questions are designed to be used by groups of students in 
class.

 1. What does it mean for something to have wavelike properties? 
Particulate properties? Electromagnetic radiation can be dis-
cussed in terms of both particles and waves. Explain the ex-
perimental verification for each of these views.

 2. Defend and criticize Bohr’s model. Why was it reasonable that 
such a model was proposed, and what evidence was there that 
it “works”? Why do we no longer “believe” in it?

 3. The first four ionization energies for the elements X and Y are 
shown below. The units are not kJ/mol.

X Y

First  170  200
Second  350  400
Third 1800 3500
Fourth 2500 5000

  Identify the elements X and Y. There may be more than one 
correct answer, so explain completely.

 4. Compare the first ionization energy of helium to its second 
ionization energy, remembering that both electrons come from 
the 1s orbital. Explain the difference without using actual 
numbers from the text.

 5. Which has the larger second ionization energy, lithium or be-
ryllium? Why?

 6. Explain why a graph of ionization energy versus atomic num-
ber (across a row) is not linear. Where are the exceptions? 
Why are there exceptions?

 7. Without referring to your text, predict the trend of second 
 ionization energies for the elements sodium through argon. 
Compare your answer with Table 7.5. Explain any differences.

 8. Account for the fact that the line that separates the metals from 
the nonmetals on the periodic table is diagonal downward to 
the right instead of horizontal or vertical.

 9. Explain electron from a quantum mechanical perspective, in-
cluding a discussion of atomic radii, probabilities, and orbitals.

 10. Choose the best response for the following. The ionization en-
ergy for the chlorine atom is equal in magnitude to the elec-
tron affinity for

a. the Cl atom. d. the F atom.

b. the Cl2 ion. e. none of these.

c. the Cl1 ion.

Explain each choice. Justify your choice, and for the choices 
you did not select, explain what is incorrect about them.

 11. Consider the following statement: “The ionization energy for the 
potassium atom is negative, because when K loses an electron to 
become K1, it achieves a noble gas electron configuration.” Indi-
cate everything that is correct in this statement. Indicate every-
thing that is incorrect. Correct the incorrect information, and 
explain.

 12. In going across a row of the periodic table, electrons are added 
and ionization energy generally increases. In going down a 
column of the periodic table, electrons are also being added 
but ionization energy decreases. Explain.

 13. How does probability fit into the description of the atom?

 14. What is meant by an orbital?

 15. Explain the difference between the probability density distri-
bution for an orbital and its radial probability.

 16. Is the following statement true or false? The hydrogen atom 
has a 3s orbital. Explain.

 17. Which is higher in energy: the 2s or 2p orbital in hydrogen? Is 
this also true for helium? Explain.

 18. Prove mathematically that it is more energetically favorable 
for a fluorine atom to take an electron from a sodium atom 
than for a fluorine atom to take an electron from another fluo-
rine atom.

A blue question or exercise number indicates that the answer to 
that question or exercise appears at the back of the book and a 
solution appears in the Solutions Guide, as found on PowerLecture.

Questions
 19. What type of relationship (direct or inverse) exists between 

wavelength, frequency, and photon energy? What does a pho-
ton  energy unit of a joule equal?

 20. What do we mean by the frequency of electromagnetic radia-
tion? Is the frequency the same as the speed of the electromag-
netic radiation?

 21. Explain the photoelectric effect.

 22. Describe briefly why the study of electromagnetic radiation 
has been important to our understanding of the arrangement of 
electrons in atoms.

 23. How does the wavelength of a fast-pitched baseball compare 
to the wavelength of an electron traveling at 1/10 the speed 
of light? What is the significance of this comparison? See 
 Example 7.3.
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Review	questions	 Answers to the Review Questions can be found on the Student website (accessible from www.cengagebrain.com).

A	discussion	of	the	Active	Learning		Questions	can	be	found	online	in	the		Instructor’s	Resource	Guide	and	on	PowerLecture.	The	questions	
allow	students	to	explore	their	understanding	of	concepts	through	discussion	and	peer	teaching.	The	real	value	of	these	questions	is	the	
learning	that	occurs	while	students	talk	to	each	other	about	chemical	concepts.
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ionization energies of silicon as you  removed all the 
electrons, one by one, beyond those shown in the table?

 10. The radius trend and the ionization energy trend are 
exact opposites. Does this make sense? Define electron 

affinity. Electron affinity values are both exothermic 
(negative) and endothermic (positive). However, 
ionization energy values are  always endothermic 
(positive). Explain.
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 24. The following is an energy-level diagram for electronic transi-
tions in the Bohr hydrogen atom.

E
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3
2

1

n

a. Explain why the energy levels get closer together as they 
increase. Provide mathematical support for this.

b. Verify that the colors given in the diagram are correct. 
Provide mathematical support.

 25. The Bohr model only works for one electron species. Why do 
we discuss it in this text (what’s good about it)?

 26. We can represent both probability and radial probability ver-
sus distance from the nucleus for a hydrogen 1s orbital as de-
picted below.
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  What does each graph tell us about the electron in a hydrogen 
1s orbital? Describe the significance of the radial probability 
distribution.

 27. Consider the representations of the p and d atomic orbitals in 
Figs. 7.15 and 7.17. What do the 1 and 2 signs indicate?

 28. The periodic table consists of four blocks of elements that cor-
respond to s, p, d, and f orbitals being filled. After f orbitals 
come g and h orbitals. In theory, if a g block and an h block of 
elements existed, how long would the rows of g and h ele-
ments be in this theoretical periodic table?

 29. Many times the claim is made that subshells half-filled with 
 electrons are particularly stable. Can you suggest a possible 
physical basis for this claim?

 30. Diagonal relationships in the periodic table exist as well as the 
vertical relationships. For example, Be and Al are similar in 
some of their properties, as are B and Si. Rationalize why 
these diagonal relationships hold for properties such as size, 
ionization  energy, and electron affinity.

 31. Elements with very large ionization energies also tend to have 
highly exothermic electron affinities. Explain. Which group 
of elements would you expect to be an exception to this 
statement?

 32. The changes in electron affinity as one goes down a group in 
the periodic table are not nearly as large as the variations in 
ionization energies. Why?

 33. Why is it much harder to explain the line spectra of polyelec-
tronic atoms and ions than it is to explain the line spectra of 
 hydrogen and hydrogen-like ions?

 34. Scientists use emission spectra to confirm the presence of an 
 element in materials of unknown composition. Why is this 
 possible?

 35. Does the minimization of electron–electron repulsions corre-
late with Hund’s rule?

 36. In the hydrogen atom, what is the physical significance of the 
state for which n 5 ` and E 5 0?

 37. The work function is the energy required to remove an elec-
tron from an atom on the surface of a metal. How does this 
definition differ from that for ionization energy?

 38. Many more anhydrous lithium salts are hygroscopic (readily ab-
sorb water) than are those of the other alkali metals. Explain.

Exercises
In this section similar exercises are paired.

Light and Matter

 39. The laser in an audio CD player uses light with a wavelength 
of 7.80 3 102 nm. Calculate the frequency of this light.

 40. An FM radio station broadcasts at 99.5 MHz. Calculate the 
wavelength of the corresponding radio waves.

 41. Microwave radiation has a wavelength on the order of 1.0 cm. 
Calculate the frequency and the energy of a single photon of 
this radiation. Calculate the energy of an Avogadro’s number 
of photons (called an einstein) of this radiation.

 42. A photon of ultraviolet (UV) light possesses enough energy to 
mutate a strand of human DNA. What is the energy of a single 
UV photon and a mole of UV photons having a wavelength of 
25 nm?

 43. Octyl methoxycinnamate and oxybenzone are common ingre-
dients in sunscreen applications. These compounds work by 
absorbing ultraviolet (UV) B light (wavelength 280–320 nm), 
the UV light most associated with sunburn symptoms. What 
frequency range of light do these compounds absorb?

 44. Human color vision is “produced” by the nervous system 
based on how three different cone receptors interact with pho-
tons of light in the eye. These three different types of cones 
interact with photons of different frequency light, as indicated 
in the following chart:

Cone	Type
Range	of	Light	

Frequency	Detected

S 6.00–7.49 3 1014 s21

M 4.76–6.62 3 1014 s21

L 4.28–6.00 3 1014 s21

  What wavelength ranges (and corresponding colors) do the 
three types of cones detect?
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 45. Consider the following waves representing electromagnetic 
radiation:

1.6 × 10−3 m

Wave a

Wave b

  Which wave has the longer wavelength? Calculate the wave-
length. Which wave has the higher frequency and larger photon 
energy? Calculate these values. Which wave has the greater 
velocity? What type of electromagnetic radiation does each 
wave represent?

 46. One type of electromagnetic radiation has a frequency of 
107.1 MHz, another type has a wavelength of 2.12 3 10210 m, 
and another type of electromagnetic radiation has photons 
with energy equal to 3.97 3 10219 J/photon. Identify each type 
of electromagnetic radiation and place them in order of in-
creasing photon energy and increasing frequency.

 47. Carbon absorbs energy at a wavelength of 150. nm. The total 
amount of energy emitted by a carbon sample is 1.98 3 105 J. 
Calculate the number of carbon atoms present in the sample, 
assuming that each atom emits one photon.

 48. X rays have wavelengths on the order of 1 3 10210 m. Calcu-
late the energy of 1.0 3 10210 m X rays in units of kilojoules 
per mole of X rays. AM radio waves have wavelengths on the 
order of 1 3 104 m. Calculate the energy of 1.0 3 104 m radio 
waves in units of kilojoules per mole of radio waves. Consider 
that the bond  energy of a carbon–carbon single bond found in 
organic compounds is 347 kJ/mol. Would X rays and/or radio 
waves be able to   disrupt organic compounds by breaking  
carbon–carbon single bonds?

 49. The work function of an element is the energy required to re-
move an electron from the surface of the solid element. The 
work function for lithium is 279.7 kJ/mol (that is, it takes 
279.7 kJ of energy to remove one mole of electrons from one 
mole of Li atoms on the surface of Li metal). What is the max-
imum wavelength of light that can remove an electron from an 
atom on the surface of lithium metal?

 50. It takes 208.4 kJ of energy to remove 1 mole of electrons from 
an atom on the surface of rubidium metal. How much energy 
does it take to remove a single electron from an atom on the 
surface of solid rubidium? What is the maximum wavelength 
of light capable of doing this?

 51. It takes 7.21 3 10219 J of energy to remove an electron from 
an iron atom. What is the maximum wavelength of light that 
can do this?

 52. Ionization energy is the energy required to remove an electron 
from an atom in the gas phase. The ionization energy of gold is 
890.1 kJ/mol. Is light with a wavelength of 225 nm capable of 
ionizing a gold atom (removing an electron) in the gas phase?

 53. Calculate the de Broglie wavelength for each of the following.

a. an electron with a velocity 10.% of the speed of light

b. a tennis ball (55 g) served at 35 m/s (,80 mi/h)

 54. Neutron diffraction is used in determining the structures of 
 molecules.

a. Calculate the de Broglie wavelength of a neutron moving 
at 1.00% of the speed of light.

b. Calculate the velocity of a neutron with a wavelength of 
75 pm (1 pm 5 10212 m).

 55. A particle has a velocity that is 90.% of the speed of light. If 
the wavelength of the particle is 1.5 3 10215 m, calculate the 
mass of the particle.

 56. Calculate the velocities of electrons with de Broglie wave-
lengths of 1.0 3 102 nm and 1.0 nm, respectively.

Hydrogen Atom: The Bohr Model

 57. Calculate the wavelength of light emitted when each of the 
following transitions occur in the hydrogen atom. What type 
of electromagnetic radiation is emitted in each transition?

a. n 5 3 S n 5 2

b. n 5 4 S n 5 2

c. n 5 2 S n 5 1

 58. Calculate the wavelength of light emitted when each of the 
following transitions occur in the hydrogen atom. What type 
of electromagnetic radiation is emitted in each transition?

a. n 5 4 S n 5 3

b. n 5 5 S n 5 4

c. n 5 5 S n 5 3

 59. Using vertical lines, indicate the transitions from Exercise 
57 on an energy-level diagram for the hydrogen atom (see  
Fig. 7.9).

 60. Using vertical lines, indicate the transitions from Exercise 
58 on an energy-level diagram for the hydrogen atom (see 
Fig. 7.9).

 61. Calculate the longest and shortest wavelengths of light emitted 
by electrons in the hydrogen atom that begin in the n 5 6 state 
and then fall to states with smaller values of n.

 62. Assume that a hydrogen atom’s electron has been excited to 
the n 5 5 level. How many different wavelengths of light can 
be emitted as this excited atom loses energy?

 63. Does a photon of visible light (l < 400 to 700 nm) have suf-
ficient energy to excite an electron in a hydrogen atom from 
the n 5 1 to the n 5 5 energy state? from the n 5 2 to the 
n 5 6 energy state?

 64. An electron is excited from the n 5 1 ground state to the n 5 3 
state in a hydrogen atom. Which of the following statements 
are true? Correct the false statements to make them true.

a. It takes more energy to ionize (completely remove) the 
electron from n 5 3 than from the ground state.

b. The electron is farther from the nucleus on average in the 
n 5 3 state than in the n 5 1 state.

c. The wavelength of light emitted if the electron drops from 
n 5 3 to n 5 2 will be shorter than the wavelength of 
light emitted if the electron falls from n 5 3 to n 5 1.

d. The wavelength of light emitted when the electron returns 
to the ground state from n 5 3 will be the same as the 
wavelength of light absorbed to go from n 5 1 to n 5 3.

e. For n 5 3, the electron is in the first excited state.
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 65. Calculate the maximum wavelength of light capable of remov-
ing an electron for a hydrogen atom from the energy state 
characterized by n 5 1, by n 5 2.

 66. Consider an electron for a hydrogen atom in an excited 
state. The maximum wavelength of electromagnetic radia-
tion that can completely remove (ionize) the electron from 
the H atom is 1460 nm. What is the initial excited state for 
the electron (n 5 ?)?

 67. An excited hydrogen atom with an electron in the n 5 5 state 
emits light having a frequency of 6.90 3 1014 s21. Determine 
the principal quantum level for the final state in this electronic 
transition.

 68. An excited hydrogen atom emits light with a wavelength of 
397.2 nm to reach the energy level for which n 5 2. In which 
principal quantum level did the electron begin?

Quantum Mechanics, Quantum Numbers, and Orbitals

 69. Using the Heisenberg uncertainty principle, calculate Dx for 
each of the following.

a. an electron with Dy 5 0.100 m/s

b. a baseball (mass 5 145 g) with Dy 5 0.100 m/s

c. How does the answer in part a compare with the size of a 
 hydrogen atom?

d. How does the answer in part b correspond to the size of a 
baseball?

 70. The Heisenberg uncertainty principle can be expressed in the 
form

DE # Dt $
h

4p

   where E represents energy and t represents time. Show that the 
units for this form are the same as the units for the form used 
in this chapter:

Dx # D 1my2 $
h

4p

 71. What are the possible values for the quantum numbers n, ,, and 
m,?

 72. Identify each of the following orbitals and determine the n and 
l quantum numbers. Explain your answers.

a. 

b. Node

   

c. 

y

z

x

–

+

+

 73. Which of the following sets of quantum numbers are not al-
lowed in the hydrogen atom? For the sets of quantum numbers 
that are incorrect, state what is wrong in each set.

a. n 5 3, , 5 2, m, 5 2

b. n 5 4, , 5 3, m, 5 4

c. n 5 0, , 5 0, m, 5 0

d. n 5 2, , 5 21, m, 5 1

 74. Which of the following sets of quantum numbers are not 
allowed? For each incorrect set, state why it is incorrect.

a. n 5 3, , 5 3, m, 5 0, ms 5 21
2

b. n 5 4, , 5 3, m, 5 2, ms 5 21
2

c. n 5 4, , 5 1, m, 5 1, ms 5 11
2

d. n 5 2, , 5 1, m, 5 21, ms 5 21

e. n 5 5, , 5 24, m, 5 2, ms 5 11
2

f. n 5 3, , 5 1, m, 5 2, ms 5 21
2

 75. What is the physical significance of the value of c2 at a par-
ticular point in an atomic orbital?

 76. In defining the sizes of orbitals, why must we use an arbitrary 
value, such as 90% of the probability of finding an electron in 
that region?

Polyelectronic Atoms

 77. Total radial probability distributions for the helium, neon, and 
argon atoms are shown in the following graph. How can one 
interpret the shapes of these curves in terms of electron con-
figurations, quantum numbers, and nuclear charges?
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 78. The relative orbital levels for the hydrogen atom can be repre-
sented as

E

3s

2s

1s

3p

2p

3d

  Draw the relative orbital energy levels for atoms with more than 
one electron, and explain your answer. Also explain how the 
following radial probability distributions support your answer.
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 79. How many orbitals in an atom can have the designation 5p, 
3dz2, 4d, n 5 5, n 5 4?

 80. How many electrons in an atom can have the designation 1p, 
6dx22y2, 4f, 7py, 2s, n 5 3?

 81. Give the maximum number of electrons in an atom that can 
have these quantum numbers:

a. n 5 4

b. n 5 5, m, 5 11

c. n 5 5, ms 5 11
2

d. n 5 3, , 5 2

e. n 5 2, , 5 1

 82. Give the maximum number of electrons in an atom that can 
have these quantum numbers:

a. n 5 0, , 5 0, m, 5 0

b. n 5 2, , 5 1, m, 5 21, ms 5 21
2

c. n 5 3, ms 5 11
2

d. n 5 2, , 5 2

e. n 5 1, , 5 0, m, 5 0

 83. Draw atomic orbital diagrams representing the ground-state 
electron configuration for each of the following elements.

a. Na

b. Co

c. Kr

  How many unpaired electrons are present in each element?

 84. For elements 1–36, there are two exceptions to the filling order 
as predicted from the periodic table. Draw the atomic orbital 
diagrams for the two exceptions and indicate how many un-
paired electrons are present.

 85. The elements Si, Ga, As, Ge, Al, Cd, S, and Se are all used in 
the manufacture of various semiconductor devices. Write the 
expected electron configuration for these atoms.

 86. The elements Cu, O, La, Y, Ba, Tl, and Bi are all found in 
high-temperature ceramic superconductors. Write the ex-
pected electron configuration for these atoms.

 87. Write the expected electron configurations for each of the 
 following atoms: Sc, Fe, P, Cs, Eu, Pt, Xe, Br.

 88. Write the expected electron configurations for each of the 
 following atoms: Cl, Sb, Sr, W, Pb, Cf.

 89. Write the expected ground-state electron configuration for the 
following:

a. the element with one unpaired 5p electron that forms a 
covalent with compound fluorine

b. the (as yet undiscovered) alkaline earth metal after radium

c. the noble gas with electrons occupying 4f orbitals

d. the first-row transition metal with the most unpaired 
 electrons

 90. Using only the periodic table inside the front cover of the text, 
write the expected ground-state electron configurations for

a. the third element in Group 5A.

b. element number 116.

c. an element with three unpaired 5d electrons.

d. the halogen with electrons in the 6p atomic orbitals.

 91. Given the valence electron orbital level diagram and the de-
scription, identify the element or ion.

a. a ground-state atom

3s 3p

b. an atom in an excited state (assume two electrons occupy 
the 1s orbital)

2s 2p

c. a ground-state ion with a charge of 21

4s 4p

 92. Identify the following elements.

a. An excited state of this element has the electron configu-
ration 1s22s22p53s1.

b. The ground-state electron configuration is [Ne]3s23p4.

c. An excited state of this element has the electron configu-
ration [Kr]5s24d65p26s1.

d. The ground-state electron configuration contains three 
unpaired 6p electrons.

 93. In the ground state of mercury, Hg,

a. how many electrons occupy atomic orbitals with n 5 3?

b. how many electrons occupy d atomic orbitals?

c. how many electrons occupy pz atomic orbitals?

d. how many electrons have spin “up” (ms 5 11
2)?

 94. In the ground state of element 115, Uup,

a. how many electrons have n 5 5 as one of their quantum 
 numbers?

b. how many electrons have , 5 3 as one of their quantum 
 numbers?

c. how many electrons have m, 5 1 as one of their quantum 
numbers?

d. how many electrons have ms 5 21
2 as one of their quan-

tum numbers?

 95. Give a possible set of values of the four quantum numbers for 
all the electrons in a boron atom and a nitrogen atom if each is 
in the ground state.

 96. Give a possible set of values of the four quantum numbers for 
the 4s and 3d electrons in titanium.
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 97. Valence electrons are those electrons in the outermost princi-
pal quantum level (highest n level) of an atom in its ground 
state. Groups 1A to 8A have from 1 to 8 valence electrons. For 
each group of the representative elements (1A–8A), give the 
number of valence electrons, the general valence electron con-
figuration, a sample element in that group, and the specific 
valence electron configuration for that element.

 98. How many valence electrons do each of the following ele-
ments have, and what are the specific valence electrons for 
each  element?

a. Ca d. In

b. O e. Ar

c. element 117 f. Bi

 99. A certain oxygen atom has the electron configuration 
1s22s22px

22py
2. How many unpaired electrons are present? Is 

this an excited state of oxygen? In going from this state to the 
ground state, would energy be released or absorbed?

 100. Which of the following electron configurations correspond to 
an excited state? Identify the atoms and write the ground-state 
electron configuration where appropriate.

a. 1s22s23p1 c. 1s22s22p43s1

b. 1s22s22p6 d. [Ar]4s23d54p1

  How many unpaired electrons are present in each of these 
species?

 101. Which of elements 1–36 have two unpaired electrons in the 
ground state?

 102. Which of elements 1–36 have one unpaired electron in the 
ground state?

 103. One bit of evidence that the quantum mechanical model is 
“correct” lies in the magnetic properties of matter. Atoms with 
unpaired electrons are attracted by magnetic fields and thus are 
said to exhibit paramagnetism. The degree to which this effect 
is observed is directly related to the number of unpaired elec-
trons present in the atom. Consider the ground-state  electron 
configurations for Li, N, Ni, Te, Ba, and Hg. Which of these 
atoms would be expected to be paramagnetic, and how many 
unpaired electrons are present in each paramagnetic atom?

 104. How many unpaired electrons are present in each of the fol-
lowing in the ground state: O, O1, O2, Os, Zr, S, F, Ar?

The Periodic Table and Periodic Properties

 105. Arrange the following groups of atoms in order of increasing 
size.

a. Te, S, Se

b. K, Br, Ni

c. Ba, Si, F

 106. Arrange the following groups of atoms in order of increasing 
size.

a. Rb, Na, Be

b. Sr, Se, Ne

c. Fe, P, O

 107. Arrange the atoms in Exercise 105 in order of increasing first 
ionization energy.

 108. Arrange the atoms in Exercise 106 in order of increasing first 
ionization energy.

 109. In each of the following sets, which atom or ion has the small-
est radius?

a. H, He

b. Cl, In, Se

c. element 120, element 119, element 116

d. Nb, Zn, Si

e. Na2, Na, Na1

 110. In each of the following sets, which atom or ion has the small-
est ionization energy?

a. Ca, Sr, Ba d. S22, S, S21

b. K, Mn, Ga e. Cs, Ge, Ar

c. N, O, F

 111. Element 106 has been named seaborgium, Sg, in honor of 
Glenn Seaborg, discoverer of the first transuranium element.

a. Write the expected electron configuration for element 106.

b. What other element would be most like element 106 in its 
properties?

c. Predict the formula for a possible oxide and a possible 
oxyanion of element 106.

 112. Predict some of the properties of element 117 (the symbol is 
Uus, following conventions proposed by the International 
Union of Pure and Applied Chemistry, or IUPAC).

a. What will be its electron configuration?

b. What element will it most resemble chemically?

c. What will be the formula of the neutral binary compounds 
it forms with sodium, magnesium, carbon, and oxygen?

d. What oxyanions would you expect Uus to form?

 113. The first ionization energies of As and Se are 0.947 and 0.941 
MJ/mol, respectively. Rationalize these values in terms of 
electron configurations.

 114. Rank the elements Be, B, C, N, and O in order of increasing 
first ionization energy. Explain your reasoning.

 115. Consider the following ionization energies for aluminum:

 Al 1g2 h Al1 1g2 1 e2    I1 5 580 kJ/mol

 Al1 1g2 h Al21 1g2 1 e2   I2 5 1815 kJ/mol

 Al21 1g2 h Al31 1g2 1 e2   I3 5 2740 kJ/mol

 Al31 1g2 h Al41 1g2 1 e2   I4 5 11,600 kJ/mol

a. Account for the trend in the values of the ionization energies.

b. Explain the large increase between I3 and I4.

 116. The following graph plots the first, second, and third ioniza-
tion energies for Mg, Al, and Si.
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Without referencing the text, which plot corresponds to which 
element? In one of the plots, there is a huge jump in energy 
 between I2 and I3, unlike in the other two plots. Explain this 
 phenomenon.

 117. For each of the following pairs of elements

1C and N2     1Ar and Br2
  pick the atom with

a. more favorable (exothermic) electron affinity.

b. higher ionization energy.

c. larger size.

 118. For each of the following pairs of elements

1Mg and K2     1F and Cl2
  pick the atom with

a. more favorable (exothermic) electron affinity.

b. higher ionization energy.

c. larger size.

 119. The electron affinities of the elements from aluminum to chlo-
rine are 244, 2120, 274, 2200.4, and 2384.7 kJ/mol, re-
spectively. Rationalize the trend in these values.

 120. In the second row of the periodic table, Be, N, and Ne all have 
endothermic (unfavorable) electron affinities, whereas the 
other second-row elements have exothermic (favorable) elec-
tron affinities. Rationalize why Be, N, and Ne have unfavor-
able electron affinities.

 121. Order the atoms in each of the following sets from the least 
exothermic electron affinity to the most.

a. S, Se b. F, Cl, Br, I

 122. Order the atoms in each of the following sets from the least 
exothermic electron affinity to the most.

a. N, O, F b. Al, Si, P

 123. The electron affinity for sulfur is more exothermic than that 
for oxygen. How do you account for this?

 124. Which has the more negative electron affinity, the oxygen 
atom or the O2 ion? Explain your answer.

 125. Write equations corresponding to the following.

a. the fourth ionization energy of Se

b. the electron affinity of S2

c. the electron affinity of Fe31

d. the ionization energy of Mg

 126. Using data from the text, determine the following values (jus-
tify your answer):

a. the electron affinity of Mg21

b. the ionization energy of Cl2

c. the electron affinity of Cl1

d. the ionization energy of Mg2 (Electron affinity of Mg 5 
230 kJ/mol)

Alkali Metals

 127. An ionic compound of potassium and oxygen has the empiri-
cal formula KO. Would you expect this compound to be 
potassium(II) oxide or potassium peroxide? Explain.

 128. Give the name and formula of each of the binary compounds 
formed from the following elements.

a. Li and N

b. Na and Br

c. K and S

 129. Cesium was discovered in natural mineral waters in 1860 by 
R. W. Bunsen and G. R. Kirchhoff using the spectroscope they 
invented in 1859. The name came from the Latin caesius (“sky 
blue”) because of the prominent blue line observed for this 
element at 455.5 nm. Calculate the frequency and energy of a 
photon of this light.

 130. The bright yellow light emitted by a sodium vapor lamp con-
sists of two emission lines at 589.0 and 589.6 nm. What are 
the frequency and the energy of a photon of light at each of 
these wavelengths? What are the energies in kJ/mol?

 131. Does the information on alkali metals in Table 7.8 of the text 
confirm the general periodic trends in ionization energy and 
atomic radius? Explain.

 132. Predict the atomic number of the next alkali metal after fran-
cium and give its ground-state electron configuration.

 133. Complete and balance the equations for the following reactions.

a. Li 1s2 1 N2 1g2 S

b. Rb 1s2 1 S 1s2 S

 134. Complete and balance the equations for the following reactions.

a. Cs 1s2 1 H2O 1l2 S

b. Na 1s2 1 Cl2 1g2 S

Additional	Exercises
 135. “Lithium” is often prescribed as a mood-stabilizing drug. Do 

you think the “lithium” prescribed is in the elemental form? 
What is the more likely form of lithium to be prescribed as a 
drug?

 136. A carbon–oxygen double bond in a certain organic molecule 
 absorbs radiation that has a frequency of 6.0 3 1013 s21.

a. What is the wavelength of this radiation?

b. To what region of the spectrum does this radiation 
belong?

c. What is the energy of this radiation per photon? per mole 
of photons?

d. A carbon–oxygen bond in a different molecule absorbs 
radiation with frequency equal to 5.4 3 1013 s21. Is this 
radiation more or less energetic?

 137. Photogray lenses incorporate small amounts of silver chloride 
in the glass of the lens. When light hits the AgCl particles, the 
following reaction occurs:

AgCl hhv
Ag 1 Cl

  The silver metal that is formed causes the lenses to darken. 
The enthalpy change for this reaction is 3.10 3 102 kJ/mol. 
Assuming all this energy must be supplied by light, what is the 
maximum wavelength of light that can cause this reaction?

 138. A certain microwave oven delivers 750. watts (J/s) of power to a 
coffee cup containing 50.0 g water at 25.08C. If the wavelength 
of microwaves in the oven is 9.75 cm, how long does it take, and 
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how many photons must be absorbed, to make the water boil? 
The specific heat capacity of water is 4.18 J/8C ? g, and assume 
only the water absorbs the energy of the microwaves.

 139. Mars is roughly 60 million km from Earth. How long does it 
take for a radio signal originating from Earth to reach Mars?

 140. Consider the following approximate visible light spectrum:

Infrared Red Orange Yellow Green Blue Violet Ultraviolet

7 × 10−5 6 × 10−5 5 × 10−5 4 × 10−5 cmWavelength

Barium emits light in the visible region of the spectrum. If 
each photon of light emitted from barium has an energy of 
3.59 3 10219 J, what color of visible light is emitted?

 141. One of the visible lines in the hydrogen emission spectrum 
corresponds to the n 5 6 to n 5 2 electronic transition. What 
color light is this transition? See Exercise 140.

 142. Using Fig. 7.29, list the elements (ignore the lanthanides and 
actinides) that have ground-state electron configurations that 
differ from those we would expect from their positions in the 
periodic table.

 143. Are the following statements true for the hydrogen atom only, 
true for all atoms, or not true for any atoms?

a. The principal quantum number completely determines the 
 energy of a given electron.

b. The angular momentum quantum number, ,, determines 
the shapes of the atomic orbitals.

c. The magnetic quantum number, m,, determines the direc-
tion that the atomic orbitals point in space.

 144. Although no currently known elements contain electrons in g 
orbitals in the ground state, it is possible that these elements 
will be found or that electrons in excited states of known ele-
ments could be in g orbitals. For g orbitals, the value of , is 4. 
What is the lowest value of n for which g orbitals could exist? 
What are the possible values of m,? How many electrons 
could a set of g orbitals hold?

 145. Which of the following orbital designations are incorrect: 1s, 
1p, 7d, 9s, 3f, 4f, 2d?

 146. The four most abundant elements by mass in the human body are 
oxygen, carbon, hydrogen, and nitrogen. These four elements 
make up about 96% of the human body. The next four most 
abundant  elements are calcium, phosphorus, magnesium, and 
potassium. Write the expected ground-state electron configura-
tions for these eight most abundant elements in the human body.

 147. Consider the eight most abundant elements in the human body, 
as outlined in Exercise 146. Excluding hydrogen, which of 
these elements would have the smallest size? largest size? 
smallest first ionization energy? largest first ionization energy?

 148. An ion having a 41 charge and a mass of 49.9 amu has 
2 electrons with principal quantum number n 5 1, 8 electrons 
with n 5 2, and 10 electrons with n 5 3. Supply as many of 
the properties for the ion as possible from the information 
given. (Hint: In forming ions for this species, the 4s electrons 
are lost before the 3d electrons.)

a. the atomic number

b. total number of s electrons

c. total number of p electrons

d. total number of d electrons

e. the number of neutrons in the nucleus

f. the ground-state electron configuration of the neutral atom

 149. The successive ionization energies for an unknown element are

  I1 5 896 kJ/mol

  I2 5 1752 kJ/mol

  I3 5 14,807 kJ/mol

  I4 5 17,948 kJ/mol

  To which family in the periodic table does the unknown ele-
ment most likely belong?

 150. An unknown element is a nonmetal and has a valence electron 
configuration of ns2np4.

a. How many valence electrons does this element have?

b. What are some possible identities for this element?

c. What is the formula of the compound this element would 
form with potassium?

d. Would this element have a larger or smaller radius than 
barium?

e. Would this element have a greater or smaller ionization 
energy than fluorine?

 151. Using data from this chapter, calculate the change in energy 
expected for each of the following processes.

a. Na 1g2 1 Cl 1g2 S Na1 1g2 1 Cl2 1g2
b. Mg 1g2 1 F 1g2 S Mg1 1g2 1 F2 1g2
c. Mg1 1g2 1 F 1g2 S Mg21 1g2 1 F2 1g2
d. Mg 1g2 1 2F 1g2 S Mg21 1g2 1 2F2 1g2

 152. How many unpaired electrons are present in each of the first-
row transition metals in the ground state?

ChemWork	Problems
These multiconcept problems (and additional ones) are found inter-
actively online with the same type of assistance a student would get 
from an instructor.

 153. It takes 476 kJ to remove 1 mole of electrons from the atoms 
at the surface of a solid metal. How much energy (in kJ) does 
it take to remove a single electron from an atom at the surface 
of this solid metal?

 154. Calculate, to four significant figures, the longest and shortest 
wavelengths of light emitted by electrons in the hydrogen 
atom that begin in the n 5 5 state and then fall to states with 
smaller values of n.

 155. Assume that a hydrogen atom’s electron has been excited to 
the n 5 6 level. How many different wavelengths of light can 
be emitted as this excited atom loses energy?

 156. Determine the maximum number of electrons that can have 
each of the following designations: 2f, 2dxy, 3p, 5dyz, and 4p.

 157. Consider the ground state of arsenic, As. How many electrons 
have , 5 1 as one of their quantum numbers? How many elec-
trons have m, 5 0? How many electrons have m, 5 11?

 158. Which of the following statements is(are) true?

a. The 2s orbital in the hydrogen atom is larger than the 3s 
orbital also in the hydrogen atom.
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b. The Bohr model of the hydrogen atom has been found to 
be incorrect.

c. The hydrogen atom has quantized energy levels.

d. An orbital is the same as a Bohr orbit.

e. The third energy level has three sublevels, the s, p, and d 
sublevels.

 159. Identify the following three elements.

a. The ground-state electron configuration is [Kr]5s24d105p4.

b. The ground-state electron configuration is [Ar]4s23d104p2.

c. An excited state of this element has the electron configu-
ration 1s22s22p43s1.

 160. For each of the following pairs of elements, choose the one 
that correctly completes the following table.

K	and	Cs Te	and	Br Ge	and	Se

The more favorable 
(exothermic) electron 
affinity

 
 

________

 
 

________

 
 

________

The higher ionization 
energy

 
________

 
________

 
________

The larger size 
(atomic radius)

 
________

 
________

 
________

 161. Which of the following statements is(are) true?

a. F has a larger first ionization energy than does Li.

b. Cations are larger than their parent atoms.

c. The removal of the first electron from a lithium atom 
(electron configuration is 1s22s1) is exothermic—that is, 
removing this electron gives off energy.

d. The He atom is larger than the H1 ion.

e. The Al atom is smaller than the Li atom.

 162. Three elements have the electron configurations 1s22s22p63s2, 
1s22s22p63s23p4, and 1s22s22p63s23p64s2. The first ionization en-
ergies of these elements (not in the same order) are 0.590, 0.999, 
and 0.738 MJ/mol. The atomic radii are 104, 160, and 197 pm. 
Identify the three elements, and match the appropriate values of 
ionization energy and atomic radius to each configuration. Com-
plete the following table with the correct information.

Electron	
Configuration

Element	
Symbol

First	Ionization	
Energy	(MJ/mol)

Atomic	
Radius	(pm)

1s22s22p63s2 ________ ________ ________

1s22s22p63s23p4 ________ ________ ________

1s22s22p63s23p64s2 ________ ________ ________

Challenge	Problems
 163. An atom moving at its root mean square velocity at 100.8C has 

a wavelength of 2.31 3 10211 m. Which atom is it?

 164. One of the emission spectral lines for Be31 has a wavelength 
of 253.4 nm for an electronic transition that begins in the state 
with n 5 5. What is the principal quantum number of the 
lower-energy state corresponding to this emission? (Hint: The 
Bohr model can be applied to one-electron ions. Don’t forget 
the Z factor: Z 5 nuclear charge 5 atomic number.)

 165. The figure below represents part of the emission spectrum for 
a one-electron ion in the gas phase. All the lines result from 
 electronic transitions from excited states to the n 5 3 state. 
(See Exercise 164.)

Wavelength

A B

a. What electronic transitions correspond to lines A and B?

b. If the wavelength of line B is 142.5 nm, calculate the 
wavelength of line A.

 166. When the excited electron in a hydrogen atom falls from 
n 5 5 to n 5 2, a photon of blue light is emitted. If an excited 
electron in He1 falls from n 5 4, to which energy level must it 
fall so that a similar blue light (as with the hydrogen) is emit-
ted? Prove it. (See Exercise 164.)

 167. The ground state ionization energy for the one electron ion Xm1 
is 4.72 3 104 kJ/mol. Identify X and m. (See Exercise 164.)

 168. For hydrogen atoms, the wave function for the state n 5 3, , 
5 0, m, 5 0 is

c300 5
1

81"3p
 a 1

a0
b

3/2
127 2 18s 1 2s22e2s/3

   where s 5 rya0 and a0 is the Bohr radius (5.29 3 10211 m). 
Calculate the position of the nodes for this wave function.

 169. The wave function for the 2pz orbital in the hydrogen atom is

c2pz
5

1

4"2p
 a Z

a0
b

3/2

se2s/2 cos u

   where a0 is the value for the radius of the first Bohr orbit in 
meters (5.29 3 10211), s is Z(rya0), r is the value for the dis-
tance from the nucleus in meters, and u is an angle. Calculate 
the value of c2pz

2 at r 5 a0 for u 5 08 (z axis) and for u 5 908 
(xy plane).

 170. Answer the following questions assuming that ms could have 
three values rather than two and that the rules for n, ,, and m, 
are the normal ones.

a. How many electrons would an orbital be able to hold?

b. How many elements would the first and second periods in 
the periodic table contain?

c. How many elements would be contained in the first tran-
sition metal series?

d. How many electrons would the set of 4f orbitals be able to 
hold?

 171. Assume that we are in another universe with different physical 
laws. Electrons in this universe are described by four quantum 
numbers with meanings similar to those we use. We will call 
these quantum numbers p, q, r, and s. The rules for these quan-
tum numbers are as follows:

  p 5 1, 2, 3, 4, 5, . . . .
  q takes on positive odd integers and q # p.
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  r takes on all even integer values from 2q to 1q. (Zero is 
 considered an even number.)

  s 5 11
2  or 21

2

a. Sketch what the first four periods of the periodic table 
will look like in this universe.

b. What are the atomic numbers of the first four elements 
you would expect to be least reactive?

c. Give an example, using elements in the first four rows, of 
ionic compounds with the formulas XY, XY2, X2Y, XY3, 
and X2Y3.

d. How many electrons can have p 5 4, q 5 3?

e. How many electrons can have p 5 3, q 5 0, r 5 0?

f. How many electrons can have p 5 6?

 172. Without looking at data in the text, sketch a qualitative graph 
of the third ionization energy versus atomic number for the 
elements Na through Ar, and explain your graph.

 173. The following numbers are the ratios of second ionization en-
ergy to first ionization energy:

  Na: 9.2 P: 1.8
  Mg: 2.0 S: 2.3
  Al: 3.1 Cl: 1.8
  Si: 2.0 Ar: 1.8

  Explain these relative numbers.

 174. We expect the atomic radius to increase going down a group in 
the periodic table. Can you suggest why the atomic radius of 
hafnium breaks this rule? (See data below.)

Atomic	Radii	(in	pm)

Sc 157 Ti 147.7
Y 169.3 Zr 159.3
La 191.5 Hf 147.6

 175. The ionization energy for a 1s electron in a silver atom is 
2.462 3 106 kJ/mol.

a. Determine an approximate value for Zeff for the Ag 1s elec-
tron. Assume the Bohr model applies to the 1s electron. 
Zeff is the apparent nuclear charge experienced by the 
electrons.

b. How does Zeff from part a compare to Z for Ag? Rational-
ize the relative numbers.

 176. While Mendeleev predicted the existence of several undis-
covered elements, he did not predict the existence of the  

noble gases, the lanthanides, or the actinides. Propose rea-
sons why Mendeleev was not able to predict the existence of 
the noble gases.

 177. An atom of a particular element is traveling at 1.00% of the 
speed of light. The de Broglie wavelength is found to be  
3.31 3 1023 pm. Which element is this? Prove it.

Integrative	Problems
These problems require the integration of multiple concepts to find 
the solutions.

 178. As the weapons officer aboard the Starship Chemistry, it is 
your duty to configure a photon torpedo to remove an electron 
from the outer hull of an enemy vessel. You know that the 
work function (the binding energy of the electron) of the 
hull of the  enemy ship is 7.52 3 10219 J.

a. What wavelength does your photon torpedo need to be to 
eject an electron?

b. You find an extra photon torpedo with a wavelength of 
259 nm and fire it at the enemy vessel. Does this photon tor-
pedo do any damage to the ship (does it eject an electron)?

c. If the hull of the enemy vessel is made of the element 
with an electron configuration of [Ar]4s13d 10, what metal 
is this?

 179. Francium, Fr, is a radioactive element found in some uranium 
minerals and is formed as a result of the decay of actinium.

a. What are the electron configurations of francium and its 
predicted most common ion?

b. It has been estimated that at any one time, there is only 
one (1.0) ounce of francium on earth. Assuming this is 
true, what number of francium atoms exist on earth?

c. The longest-lived isotope of francium is 223Fr. What is 
the total mass in grams of the neutrons in one atom of 
this  isotope?

 180. Answer the following questions based on the given electron 
configurations, and identify the elements.

a. Arrange these atoms in order of increasing size: 
[Kr]5s24d105p6; [Kr]5s24d105p1; [Kr]5s24d105p3.

b. Arrange these atoms in order of decreasing first ionization 
energy: [Ne]3s23p5; [Ar]4s23d104p3; [Ar]4s23d104p5.
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