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Foreword 
You have in your hand the third Official Guide designed lo help students prepare for examinations 

produced under (he auspiccs of the Division of Chcmical Education (DivCHED) of the American Chcmical 
Society (ACS). The first guide, published in 1998 for general chemistry students, proved to be very popular 
as did the second guide, published in 2002 for organic chemistry students. 

As is common for materials produced by the Exams Institute, we called on colleagues in the chemistry 
education community to help us put the guide together. A distinguished group of active, and respected, 
physical chemistry faculty members from all over the country accepted the challenge, rolled up their 
sleeves, and went to work. (A complete list of who did what appears on the Acknowledgements page.) This 
Official Guide, more than three years in the making, is the culmination of their wonderful volunteer efforts. 

As a discipline, chemistry is surely unique in the extent to which its practitioners provide beneficial 
volunteer service to the teaching community. ACS exams have been produced by volunteer teacher-experts 
for more than seventy years. Other projects of the Examinations Institute benefit from the abundance of 
donated lime, effort, and talent. The result is that invariably high quality chemistry assessment materials arc 
made available to the leaching (and learning) community at a fraction of their real value. 

The three Official Guides that have been released so far are intended to be ancillary student materials, 
particularly in courses that use ACS exams. As we noted in the Foreword to the general chemistry study 
guide, the care that goes into producing ACS exams may be lost on students who view the exams as foreign 
and unfamiliar. The purpose of this series of guides is to remove any barriers (hat might stand in the way of 
students demonstrating their knowledge of chemistry. The extent to which this goal is achieved in the 
physical chemistry study guide will become known only as future generations of chemistry students sit for 
an ACS exam in physical chemistry. 

We wish them the best. 

Thomas Holme 
Krislen Murphy 

Ames. Iowa 
July. 2009 
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How to Use This Book 
Students often express concerns about the nature of standardized, multiple-choice exams. In some 

cases they contend that questions arc "tricky" or perhaps that they feel constrained by time and do poorly 
relative to their knowledge of the subject. This book is designed to help students overcome these reactions 
to the ACS Physical Chemistry exams (we use "exams" because there arc several forms for this particular 
sub-field of chemistry.) 

The major divisions of this book correspond to the common groupings of topics covered by ACS 
exams for physical chemistry. The chapters themselves arc collected into sections corresponding to the 
coverage of the three subject area exams. Thermodynamics, Dynamics (Kinetics) and Quantum Mechanics. 
Your instructor may be giving you an exam (hat is entirely from one of these sections. Alternatively, there 
are (wo Physical Chemistry exams that include questions from multiple sections. The Comprehensive 
exam is a single exam with questions from all three sections. There is also a "combined semester" exam 
that allows sections to be chosen (o match (he specific content covered in any given physical chemistry 
course. Be sure to chcck with your instructor about which exam is being used in your course. 

Each topic group is introduced with a short discussion of the important ideas, concepts, and knowledge 
that are most frequently stressed in physical chemistry courses. These discussions are noI a substitute for 
studying your textbook, working the problems there, and discussing the challenging ideas with your 
teachers and fellow students. Rather, they are reminders of what you have studied and how that fits into a 
larger understanding of thai part of the natural world that we call chemistry. 

Next, questions are presented that address those ideas. These questions have been drawn from past 
ACS exams or from items that were developed for exams but not used, and they should give you a good 
idea of the depth and range of understanding that is expected. Each question is dissected, and you will see 
how chemists think Ihrough each of the questions to reach the intended response. You will also see how 
choosing various wrong responses reveal misconceptions, careless computation, misapplication of 
principles, or misunderstandings of the material. Knowing how each incorrect answer is generated will 
assist you in diagnosing problems with your grasp of the principle being examined. 

For physical chemistry, there are two types of questions, those that require calculators and those that 
do not. The set of exams that were released in 2006 were designed specifically to be completed without the 
need for a calculator. Older exams include items that use a calculator. Because this book is designed to be 
useful for any active physical chemistry exam, it includes both type of items. Again, you should check 
with your instructor to find out if you will be taking an exam that allows the use of a calculator or not. 

This book is not designed to be a manual on test taking strategies. With a multiple choice format, there 
are multiple usable strategies, including to work the problem and find the correct choice, or to look at 
responses and eliminate incorrect responses. This book essentially works from the premise that the strategy 
with the highest probability for success is to know the correct answer and find that response. 

The most effective way to use this book therefore, is to answer each Study Question before looking at 
the discussion of the item. Jot down a note of how you arrived at the answer you chose. Next, look at the 
analysis of the question. Compare your approach with that of the experts. If you missed the item, do you 
understand why? If you chose the correct response, was it based on understanding or chance? After you 
have spent time with the Study Questions, treat the Practice Questions as if they were an actual exam. 
Allow yourself 50 minutes, and write down your response to each question. Finally, score yourself. Go 
over the practicc questions again. Write down what you needed to know before you could answer the 
question; and write down how you should think the problem ihrough to reach the intended answer. 

This book is designed to help you demonstrate your real knowledge of chemistry. When you lake a 
physical chemistry examination prepared by the American Chcmical Society Examinations Institute, you 
should be permitted lo concentrate on demonstrating your knowledge of chemistry, and not on the structure 
of the examination. We sincerely hope that Vie Official Guide will enrich your study of chemistry, and 
minimize the trauma of effectively demonstrating what you have learned. 



Sample Instructions 
You will find thai ihc from covcr of an ACS Exam will have a scl of instructions very similar to this. 

This initial set of instructions is meant for both the faculty member who administers the exam and the 
student taking the exam. You will be well advised to read the entire set of instructions while waiting for the 
exam to begin. This sample is from Ihc physical chemistry exam released in 2006. Note that there arc 
many forms of this exam, so the number of items and the time allowed can vary from the information here. 

TO THE EXAMINER: This test is designed to be taken with a special answer sheet on which the 
student records his or her responses. All answers arc to be marked on this answer sheet, not on the (est 
booklet. Each student should be provided with a test booklet, one answer sheet, and scratch paper, all 
of which must be turned in at the end of the examination period. The test is to be available to the 
students only during the examination period. For complete instructions, refer to the Directions for 
Administering Examinations. Calculators and Personal Digital Assistants are not permitted. Norms 
are based on: 

Score = number of right answers 
SO items — 100 minutes 

TO THE STUDENT: DO NOT WRITE ANYTHING IN THIS BOOKLET! Do not turn the page 
until your instructor gives you the signal to begin. 

Note the restriction on the time for administering the exam. This restriction applies to allow your 
results to be compared to national norms, ensuring that all students have had the same tools and lime to 
display their knowledge. Your instructor may choose not to follow the time restriction, particularly if they 
do not plan to submit your data as part of the national process for calculating norms. 

Be sure to notice that scoring is based only on the number of right answers. There is no penalty, 
therefore, for making a reasonable guess even if you are not completely sure of the correct answer. Often 
you will be able to narrow the choice to two possibilities, improving your odds at success. You will need to 
keep moving throughout the examination period, for it is to your advantage to attempt every question. Do 
not assume that the questions become harder as you progress through an ACS Exam. Questions are not 
grouped by difficulty, but by topic. 

Next, here is a sample of the directions you will find at the beginning of an ACS exam. 

DIRECTIONS 
• When you have selected your answer, blacken the corresponding space on the answer sheet with a soft, 

black #2 pencil. Make a heavy, full mark, but no stray marks. If you decide to change an answer, erase 
the unwanted mark very carefully. 

• Make no marks in the test booklet. Do all calculations on scratch paper provided by your instructor. 
• There is only one correct answer to cach question. Any questions for which more than one response has 

been blackened will not be counted. 
• Your score is based solely on the number of questions you answer correctly. It is to your advantage to 

answer every question. 
• The best strategy is to arrive at your own answer to a question before looking at the choiccs. Otherwise. 

you may be misled by plausible, but incorrect, responses. 

Pay close attention to the mechanical aspects of these directions. Marking your answers without 
erasures helps to create a very clean answer sheet that can be read without error. As you look at your 
Scantron® sheet before the end of the exam period, be sure that you check that every question has been 
attempted, and that only one choicc has been made per question. As was the case with the covcr 
instructions, note that your attention is again directed to the fact that the score is based on the total number 
of questions that you answer correctly. You also can cxpect a reasonable distribution of A. B. C. and D 
responses, something that is not necessarily true for Ihc distribution of questions in The Official Guide. 
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Sign Convenlion 
Work (w) is defined as having a positive (+) sign when work is done on Ihc system by Ihc surroundings 

Quantity Symbol Value 
internal energy U 

I enthalpy H 
I entropy S 
| Gibbs energy C 

Hclmholtz energy A 
speed of light, vacuum c 2.9979 * 108 m s"1 

Planck constani h 6.6261 x 1 0 - M J s 
elementary charge e 1.6022 x 10-'»C 
electron mass mt 9.1094 x 10"31 kg 
proton mass mp 1.6726 x 10"27 kg 
atomic mass unit u 1.6606 x 10~27 kg 
Rydberg constant R„ 1.09737 x 10* cm"' 
Avogadro constani NA 6.02221 x 1023 mol"1 

Faraday constant F 96485.3 C m o H 
ideal gas constant R 8.3145 J K- ' mol"1 1.987 cal-K-'mol"1 

0.083145 L bar-K-' mol-' 0.082058 L-atm-K-'-mol"1 

Bollzmann constant kB 1.3807 x 10"23 J K"1 

1 
H 

1 008 

P E R I O D I C T A B L E O F T H E E L E M E N T S 2 
He 

4003 

3 
Li 

6941 

4 
Be 

9 0 1 2 

5 
B 

10 81 

6 
C 

1101 

7 
N 

14.01 

8 
O 

1600 

9 
F 

19.00 

10 
Ne 

20.18 

II 
Na 

2299 

12 
Mg 
24 31 

13 
Al 

26.98 

14 
SI 

28.09 

15 p 
30.97 

16 
S 

3207 

17 
CI 

33.45 

18 
Ar 

39.95 

19 
K 

19 10 

20 
Ca 

40 08 

21 
Sc 

44 96 

22 
Ti 

47 88 

23 
V 

3094 

24 
Cr 

52.00 

25 
Mn 
54.94 

26 
Fe 

55.85 

27 
Co 

58.93 

28 
Ni 

58.69 

29 
Cu 

63.55 

30 
Zn 

65.39 

31 
Ga 

69.72 

32 
Ge 

7161 

33 
As 

7492 

34 
Se 

7196 

35 
Br 

79.90 

36 
Kr 

83.80 

37 
Rb 

85.47 

38 
Sr 

87 62 

39 
Y 

88 91 

40 
Zr 

91 22 

41 
Nb 

9191 

42 
Mo 
95.94 

43 
Tc 
(98) 

44 
Ru 
101.1 

45 
Rh 
1019 

46 
Pd 
106.4 

47 
Ag 
107.9 

48 
Cd 
1114 

49 
In 

114.8 

50 
Sn 
118 7 

51 
Sb 
121.8 

52 
Te 

127.6 

53 
I 

1269 

54 
Xe 

131.3 

55 
Cs 

132 9 

56 
Ba 

137 3 

57 
La 
138 9 

72 
Hf 

178.5 

73 
Ta 
1(0.9 

74 
w 

183.8 

75 
Re 

1862 

76 
Os 
190.2 

77 
Ir 

• 9 1 2 

78 
PI 

195.1 

79 
Au 
197.0 

80 
Hg 

200 6 

81 
TI 

204.4 

82 
Pb 

207.2 

83 
Bl 

2090 

84 
Po 

(209) 

85 
At 

(210) 

86 
Rn 

(222) 

87 
Fr 

(223) 

88 
Ra 

(226) 

89 
Ac 

(227) 

104 
Rf 

1261) 

105 
Db 
(262) 

106 
Sg 

(263) 

107 
Bh 

(262) 

108 
Hs 

(265) 

109 
Mt 

(266) 

110 
Ds 

(269) 

111 
Rg 

(272) 

112 
Uub 
(277) 

114 
Uuq 
(27?) 

116 
Uuh 
(2??) 

118 
Duo 
<2T>> 

58 
Ce 

59 
Pr 

60 
Nd 
144 2 

61 
Pm 
(145) 

62 
Sm 
130 4 

63 
Eu 
1520 

64 
Gd 
157 3 

65 
Tb 
158 9 

66 
Dy 
1615 

67 
Ho 
164.9 

68 
Er 

167 3 

69 
Tin 
168 9 

70 
Yb 
1730 

71 
Lu 
1730 

90 
Th 
232 0 

91 
Pa 

231 0 

92 
U 

238 0 

93 
Np 
(237) 

94 
Pu 

(244) 

95 
Am 
(243) 

96 
Cm 
(247) 

97 
Bk 

(247) 

98 
Cf 

(251) 

99 
Es 

(232) 

100 
Fm 
(237) 

101 
Md 
(238) 

102 
No 

(239) 

103 
Lr 

(262) 
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Equations of State 
Chemistry is an experimental science, and the ability to describe chcmical phenomena in terms of 

experimentally measurable variables is a key component or the field. For many systems, the relationship between 
physical variables provides a vital ability to infer information without measuring every possible physical variable 
A mathematical relationship that characterizes the system (and state of the system) is refened to as an equation of 
state. 

The equation of state relates the pressure, temperature and volume of a system. Observable effects of these 
variables arc particularly relevant for gas phase systems because of the extent to which the stale o fa gas may 
change with changes in these variables. 

The equation ofstate of an ideal gas is given by one of the more recognizable equations in all ofscience, 
PV=nRT. 

There are a number of simpler, qualitative relationships summarized by this equation, including the historical gas 
laws relating variables in pair-wise fashion. Thus, for example, Boyle's Law, which states that pressure and 
volume arc inversely proportional for a gas is contained within this equation (by holding the temperature and 
amount of material constant.) 

In many applications, however, the power of the equation of state arises not from the qualitative statements it 
makes but rather the calculations that can be performed using it. For gases, the ideal gas equation ofstate finds 
common usage in chemistry problems, but it is important to recognize that there are circumstances where gases do 
not behave ideally. In this chapter, equations ofstate for both, ideal and real gases, are examined with special 
attention to drawbacks of the ideal gas equation and the manner these drawbacks are corrected by empirical 
expressions. 

Study Questions 
ES-l. For an ideal gas, is unity. Which is true in general for a real gas? 

(A) Z = 1 for all pressures (B) Z < I at low pressures and Z < I at high 
pressures 

(C) Z > I at low pressures and Z < I at high (D) Z < I at low pressures and Z > 1 at high 
pressures pressures 

Knowledge Required:. Distance dependence of intermolecular forces 

Thinking it Through: Z = 1 for all pressures only for an ideal gas and therefore response (A) is incorrect. 
Intermolecular forces existing between real gas molecules depend on intermolecular distances and forces. At low 
pressures (he interparticlc distances are large and attractive forces reduce the molar volumes relative to that o fa 
perfect gas. Therefore at low pressures Z < 1 meaning that response (C) is incorrect. At high pressures the 
distances are short and the repulsive forces increase the molar volume and decrease the space available to each 
molecule causing Z > 1 eliminating response (B) and leaving response (D) as the correct choice. 



Equations of State 

ES-2. Gases are in corresponding slates when ihey have the same 
reduced temperatures and pressures. Under what conditions is Hj 
in the slate corresponding to Nj at 126 K and I atm? 

Gas TJ K /»«/atin 

Hj 3 3 1 3 

N 2 1 2 6 3 9 

(A) 

(C) 
126 K, 1 atm 

33 K, 3 atm 

(B) 

(D) 

126 K, 39 atm 

33 K, 0.33 atm 

Knowledge Requlred:7bcfiml\an of reduced parameters in terms of critical parameters. Definition of the 
corresponding states. 

T 
Thinking II Through: According to the definition, the reduced temperature T, = — and the reduced pressure 

c 

p = — According to the information provided in this question, the reduced parameters for N2 are 
' P. 

^ 126 K . A p Tt = — — = I and P, 
I atm = 0.026. In order for H2 to be in the state corresponding to N ; at 126 K and I 

126 K ' 39 atm 
atm it must have the same reduced temperature and pressure, that is T, = I and P, = 0.02S6. These values of 
reduced parameters allow you to determine that Hj should be al T= T, * 7"c = I * 33 K = 33 K and P = P, * Pc = 
0.026 « 13 atm = 0.33 atm. Response (D) is therefore correct. If you define corresponding states as states at Ihe 
same temperature and pressure you will choose incorrect response (A). Response (C) can be obtained under 
inconect assumption that actual pressures of two gases at corresponding slates should be at the same ratio as 
critical pressures. 

ES-3. The valve between Ihe 2.00-L bulb, in which the gas pressure is 
1.00 atm, and the 3.00-L bulb, in which the gas pressure is I.SO 
atm, is opened. What is the final pressure in the two bulbs, the 
temperature being constant and the same in both bulbs? 

(A) 0.90 atm (B) 1.25 atm (C) 1.30 atm 2.50 atm 

Knowledge Required: The ideal gas law. 

Thinking It Through: According to the ideal gas equation of slate, PV = nRT, it is important to notice thai at 
constant temperature the number of moles is directly proportional to the product of pressure and volume, PV. 
After the valve is opened, the total volume is (2.00 + 3.00) L = 5.00 L and the total number of moles is the sum of 
moles initially in separate bulbs. Since both, volumes and number of moles add, we can say that 

1.00 atm * 2.00 L + 1.50 atm * 3.00 L = /> < 5.00 L 

and therefore P = 1.30 atm, response (C) is correct. Assumption thai the final pressure is an average of two 
separate pressures gives inconect response (B). Response (D) is just Ihe sum of two pressures, nol a correct 
approach. You will obtain response (A) if you incorrectly assume that at constant temperature PV is always 
constant. 

2 



Equations of State 

ES-4. Which of these isolhenns is experimentally observed near the critical temperature of a real gas?" 

(A) 

(C) 

(B) 

(D) 

Knowledge Required: Graphical representation of gas law relationships, particularly for real gases. 

Thinking it Through: Response (A) represents a hyperbolic graph. Our mathematics knowledge tells us this 
curve is PV = constant, a constant temperature and mass graph for an ideal gas which does not exhibit a critical 
point. Response (B) gives PV = 0 + constant / V, which is not an applicable gas law. Similarly response (C) gives 
PV = constant - another constani / V which is also not an applicable gas law. Response (D) shows the correct P-V 

behavior of a real gas near the critical point. The critical point itself occurs when ( — 1 = 0 and ( — C I = 0 

ES-5. The van der Waals ( contains a term representing a "molecular size". The 
equation of state I + K ^ - " ' 1 ) - " R T approximate magnitude of this term is 

(A) 

<C) 

10"* cm5 mol"1. 

1 cm*-mol"1. 

(B) 

(D) 
10"J cm'-mol"1. 

10' cm'-mol"1. 

Knowledge Required: Terms in real gas equations of state and their approximate magnitude. 

Thinking It Through: Two routes are possible. The first involves recognition of the magnitude from using the 
van der Waals equation numerically. The second involves recognizing that V = ^ nr' with 

r * 10 ' cm • molecule'1 or V a (4 * 10" )(6x 10") • 24 x 10"' » I cm' • mol"1; thus response (C) is correct. 

ES-6. At 0.0°C and 200 lonr, a pure gas sample has a density of 1.774 g-L"1. The sample could consist of 
which of the following gases? 

(A) N 20 (B) SF6 <C) CO (D) CjF4 



Equations of State 

Knowledge Required: Relations within ideal gas equation ofstate. 

Thinking it Through: The ideal gas equation of state is written as PV = nRT. We can substitute in that n = ^ 

where M is the molar mass of the gas. We can rearrange the resulting equation to determine the molar mass from 

m S u b s | j | u ( j o n 0 f the values in Ihe problem gives 
V P 

(0.0821 Lalm-mol"1 K"')(273 K) 

The molar masses of the four gases are 44. 146.28. and 100 respeclively. Thus response (B) is correct. 
ES-7. As pressure and temperature are increased to the critical point, 

(A) all of the following are true. 

(B) A w « .b»r tgoes toO. 

(C) the density of the gas approaches Ihe same value as that of Ihe liquid. 

(D) the index of refraction of the gas approaches the same value as thai of the liquid. 

Knowledge Required: Critical point properties. 

Thinking ll Through: The critical point is the point al the highest temperature end of the liquid-vapor equilibrium, 
line in a one-component phase diagram. As pressure and temperature are increased along this line the properties 
of the vapor and the liquid move closer together until at pressures and temperatures above the critical point the 
material becomes a fluid (i.e., vapor and liquid are indistinguishable). Thus responses (B), (C) and (D) are all 
correct, making response (A) the correct response. 

ES-8. The valve between a 7.00 L tank containing Ne gas at 6.00 atm and a 5.00 L lank containing 0 2 gas at 
9.00 atm is opened. Calculate the final pressure in the tanks assuming ideal gas behavior and constant 
temperature. 

(A) 5.80 atm (B) 7.25 atm (C) 7.50 atm (D) 7.75 atm 

Knowledge Required: Calculations of final pressure for mixtures. 

Thinking U Through: The final pressure is given by /> = 6.00 atm [ 1 + 9.00 aim f - ^ 2 . ) = 7.25 i 
U 2 . 0 0 j U2.00J 

response (B) is correct. 

ES-9. An equation ofstate for a non-ideal gas is P(V - 11b) = nRT . The coefficient of thermal expansion, a, 

or any gas is defined as a = J _1_ j Therefore a for this gas is 

<A> VT- <B) % + br. (C) NRT+NB (D) [RT/^ b)' 

4 



Equations of State 

Knowledge Required: Calculation of thermodynamic properties from a gas equation' 

Thinking it Through: We need to perform the calculation of a from Ihc equation of state as follows 

8T 
nR _ 

= — . Thus a = 
P " R T / p + nb 

Cancelling the factors of n shows that 

response (D) is the correct response. 

ES-10. Which is zero for an ideal gas? 

(A) (B) f a / q (C) 

I 3T Jv V dT J, (sa a>) 

Knowledge Required: Thermodynamic properties of an ideal gas. 

Thinking il Through: The ideal gas has a number of unusual values of thermodynamic functions. Among these 
are that these properties depend only on temperature making responses (A) and (B) non-zero. Response (D) is 

nRT 
also incorrect as this derivative equals • R e s P ° n s e (C) is the correct response as the derivative is equal to 

The van der Waals equation of state for a gas is 

Which statement is true? 

(A) The term nb makes allowance for 
attractive forces between molecules. 

n2a (B) The term — - makes allowance for the 
V1 

volume of the molecules. 

(C) The constants a and b have the same 
values for all gases. 

(D) If P and V are expressed in atm and liters, 
respectively, the units of a and b are 
liters2-atm-mol"J and liter mol"1, 
respectively. 

The constant 6 in the van der Waal's equation 
is linearly proportional to 

(A) the radius of one molecule. 

(B) the force of attraction between two 
molecules. 

(C) the excluded volume per mole. 

(D) the temperature. 

i s a a a i i f i i p : ^ , 
3. A He gas thermometer at constant volume is 

designed so that the pressure was 642.7 torr at 
32.38°C. What is the temperature of a system 
for which P = 784.9 torT? 

(A) 250.18 K 

(C) 340.75 K 

(B) 312.69 K 

(D) 373.13 K 

A 10-L drum of ether at 18°C is open to the 
atmosphere {P = 760 torr) and contains 6 L of 
liquid. The top is sealed and the drum dented 
so that it now has an 8-L capacity. If the vapor 
pressure of ether at 18°C is 400 torT, what is the 
pressure inside the dented, sealed drum? 

(A) 950 ton-

(C) 1520 torT 

(B) 1120 torT 

(D) 2320 torr 

m m m m 



Equations of State 

S. Given the relationship 

( f H f ) . - ' 
• (dU) select the expression that is equal to J 

for a gas that obeys the van der Waals equation 
of state, 

nRT n'a 
= V-nb' V 

(A) nRT 
V-nb 

(B) n a 
T 7 " 

(C) nRT 
V-nb 

fl>) „RT n'a 
V-nb V 

6. In ihe van der Waals equation ofstate 

P nRT n ' f l 

= V-nb~ V1 

Ihe term, nb, will increase as Ihe 

(A) molecular diameter increases. 

(B) intermolecular forces increases. 

(C) temperature increases. 

(D) pressure increases. 

7. The isothermal compressibility 

"-mi 
for the hard sphere equation of state 

P(V-nb) = nRT 
is given by 

(A) -RT + b 

( Q I 
T 

(B) - R T 
P> 

(D) 

( ! ) 

8. The derivative of ihe enthalpy with respect to P 

at constant T, j , f o r an ideal gas is 

(A) 0 (B) CP <Q « (D) M r 
K 

9. The Joule-Thompson coefficient will predict 
whether 

(A) an ideal gas cools or heats on expansion. 

(B) how much energy is required lo raise Ihe 
temperature of a gas l°C. 

( O Ihe entropy change for a gas on isothermal 
expansion. 

(D) a real gas heals or cools on pressure 
change. 

10. The sign of the Joule-Thompson coefficient can 
be predicted from 

(A) the magnitude of the van der Waals a 
constant only. 

(B) the magnitude of the van der Waals b 
constant only. 

(C) the equation of state of the real gas. 

(D) the critical pressure, temperature and 
molar volume. 



Equations of State 

1. D 
2. D 
3. C 
4. D 

5. C 
6. B 
7. A 
8. B 

9. D 
10. C 



Laws of Thermodynamics and State 
Functions 

In the study of thermodynamics, it is often convenient to draw an imaginary box around the part of the 
universe where the phenomenon that you want to study is occurring. What is inside the box is called the system, 
what is outside the box is callcd the surroundings. The system and the surroundings together arc taken to 
constitute the universe. 

The first and second laws of thermodynamics are statements of experience. They summarize centuries of 
observations distilled from experiments concerning energy in the forms of heal and work, and the allowed 
conversions of one form of energy into the other. The first law can be staled in terms of an absolute energy: "The 
Energy of the Universe is Constant", or symbolically in terms of changes in energy: "&U = q + if" where AU is the 
change in energy for a process; q is the heat transferred and w is the work performed during the process. Chemists 
use the convention assigning w < 0, if the system does work, and w > 0, if work is done on the system by the 
surroundings; and q < 0 if heat flows out of the system into the surroundings while q > 0 when heat flows into the 
system from the surroundings. 

The second law has its roots in the limitations on the conversion of heal energy into work energy. It can be 
stated as "The entropy of the universe never decreases" or &S > 0, where the equal sign is true for reversible 
processes and the > sign applies to irreversible processes. An operational definition of entropy is given by dS = 
dq^/T where difayis the differential element (infinitely small quantity) of heat transferred during a reversible 
process at temperature T. 

The third law is best expressed in terms of Boltzmann's definition of entropy: S = k In I f . For an infinitely 
large perfect crystal at 0 K, there is only one arrangement of energy, so W = I and S(0K, perfect crystal) = 0. It 
establishes a basis for the calculation of an absolute entropy. 

State functions are properties that depend on the state of the system. Internal energy U, enthalpy H, entropy S, 
Gibbs (free) energy G and Helmholtz (free) energy A are the most commonly encountered state functions. Changes 
in state functions do not depend on the path taken lo go from the initial state to the final state. Heat and work are 
not state functions. They, and quantities like the genertized heal capacity, C, that are derived from them, are not 
state functions; though CP and Cv are state functions because then the path is defined. Their magnitudes change 
with the details of the process taken lo get from one state to another. 

Study Questions 
LT-l. One mole of an ideal gas undergoes an isothermal expansion from 10.0 bar to 1.0 bar either 

(1) rcvcrsibly, 

(2) against a non-zero constant external pressure or 

(3) freely against a vacuum. 

The respective values of the work's magnitude obtained from these processes are 

< IV, < H'j 

> IV, > H | 

(A) IV, = If, = IV) 

(C) IV, > IV, > IV, 
(B) 

(D) 

8 



Laws of Thermodynamics and State Functions 

Knowledge Required: Expansion work is negative. The magnitude is the absolute value, the positive value of a ~ 
negative quantity. /T-work is defined as -//>,„dr where />„, is the external pressure opposing the expansion. 

Thinking It Through: The magnitude is related to the area under the P„, - V curve. The optimal (maximum 
amount of) work is obtained when the external pressure and Ihc gas pressure arc nearly balanced, as in a reversible 
proccss. When the external pressure is zero, as is the case when expansion takes placc into a vacuum, then no 
work is done in the proccss. Therefore situation (2) corresponds to an intermediate in terms of the work produced 
The ranking of the magnitudes is that given by response (D). Response (A) would imply that work is a state 
function, because the three processes go between the same stales. Work is not a state function so response (A) 
cannot be true. Response (B) would be true if Ihc question did not ask for the magnitude. Remember that a 
negative number with a larger magnitude is smaller than one with a smaller magnitude, e.g., -2000 J is less than 
-1000 J. It is also helpful lo think of a number line. A number lo the left of another on the line is the smaller one. 
Response (C) fails lo have ihc correct ordering and paths 1, 2, 3. 

LT-2. In an adiabatic expansion of an ideal gas, which ofthe following is always true? 

(A) The work done by the gas on the surroundings is equal to the increase in the internal energy 
ofthe gas. 

(B) The temperature of the gas will rise. 

(C) No work is done on the gas by the surroundings. 

(D) The work done by the gas on the surroundings is equal to the decrease in the internal energy 
of the gas. 

knowledge Required: Definition ofthe term adiabatic. The first law of thermodynamics. The special property of 
ideal gases that internal energy depends only on temperature, not on volume or pressure. 

Thinking it Through: In an adiabatic process, q = 0. Therefore AU = w. In an expansion, the system does work 
on the surroundings, so w < 0 and U will decrease. Therefore response (D) is correct. Response (A) is the 
opposite of response (D), so it cannot be correct. Because AU = |CV d7" for any process for an ideal gas, and 
because AU will be negative, the temperature of the system must go down. Therefore response (B) is incorrect. If 
(he expansion has occurred into a vacuum, then no work would have been done (P„, = 0) and response (C) would 
have been correct. The problem asks for a statement that is always true, and response (C) is only true for a special 
case. 

LT-3. If each CO molecule in a carbon monoxide crystal has equal probability of being situated on a lattice 
site with one of two orientations CO or OC, the value of at 0 K will be nearest 

(A) O J K ' m o l " 1 (B) 4.18 J K ' mol"' 

(C) 5.76 J K ' mol"1 (D) 8.31 J K ' mor ' 

knowledge Required: The third law of thermodynamics. The Bohzmann definition of entropy, S = R In (for a 
mole of material). 

Thinking It Through: This description suggests that the carbon monoxide crystal is disordered, therefore it is not 
a perfect crystal and S° will not be 0 J K"' mol"' at 0 K so response (A) can be eliminated. The Boltzmann 
formula tells us that the contribution at 0 K will be determined by the number of orientations that each molecule of 
CO can assume in the crystal. We are told that there are two orientations, so 5° at 0 K should be approximately R 
ln(2) where R is the ideal gas constant, 8.31 J K"' mol~'. Because In 2 is about 0.69, response (B) which is about 
half R is too small. The correct answer is response (C). 



Laws of Thermodynamics and State Functions 

LT-4. The enthalpy changes for combustion of 
monoclinic and rhombic sulfur arc shown in Ihe 
figure. From these values calculate AW for the 
process 

S(rhombic) -» S(monoclinic) 

SO,(g) 

(A) 

(C) 

0.33 kJ 

-296.83 kJ 

S(rhombic) + Q,(g) S(moncliiiic) + OM) 

(B) -0.33 kJ 

(D) -593.99 kJ 

Knowledge Required: Enthalpy is a State Function. Hess Cycles. 

Thinking U Through-. The two combustion steps can be combined to yield the desired reaction. In step II, the 
combustion step is reversed, and so (he sign of the enthalpy change is reversed. 

I. S(rhombic) + 02(g) -» S02(g) 
II. S02(g) -» S(monoclinic) + 02(g) 

Net: S(rhombic) -> S(monoclinic) 

AW(1) = -296.83 kJ 
AW°(II) =+297.16 kJ 

AW(Net) = AW(I) + AW(II) 
Art"(Net) = +0.33 kJ 

The correct response is (A). If the direction of the process were reversed: monoclinic transforming to rhombic, 
the sign of AH° would be reversed, giving response (B). Response ( Q is just the combustion enthalpy of rhombic 
sulfur. Response (D) is the sum of the two enthalpies, if you forgot to change the sign of the enthalpy for Step II, 
this is the answer you would get. 

LT-5. For Ihe adiabatic process illustrated in the figure, 
which is tnie? 

(A) 

(C) 

q = 0 and Al/> 0 

<7>0and A l / = 0 
(B) 

(D) 

</ = 0 and At/ < 0 

<7 < 0 and A l / = 0 

Knowledge Required: The First Law of Thermodynamics, definition ofadiabatic process. 

Thinking li Through: For an adiabatic process, q = 0 by definition. The figure shows the system decreasing in 
volume, thus w is positive by definition. Since AU = q + w = 0 + (positive) > 0. Thus response (A) is the coned 
response. Response (B) has an inconect sign of A U. Responses (C) and (D) have q t 0 and are thus incorrect. 



Laws of Thermodynamics and State Functions 

LT-6. when a transformation occurs spontaneously at constant T and P, the signs of AG for the system and 
AS for the universe must be 

AGivUfm 

(A) positive positive 

(B) positive negative 

(C) negative positive 

(D) negative negative 

Knowledge Required: Thermodynamic functions for spontaneous reactions. 

Thinking It Through-. At constant 7" and P, AG of the system indicates the direction ofa reaction with 
AG = negative, indicating the spontaneous direction. Thus responses (A) and (B) are incorrect. The second law 
of thermodynamics slates that ASm y m c must be positive for a spontaneous process, indicating that response (C) is 
correct. 

LT-7. The molar heat capacity of diamond is adequately given by the equation 
C ^ J K^ mol"1) = 3.02* 10"' 7°. How much heat does it take to raise the temperature of one mole of 
diamond from 100 K to 300 K? 

(A) '/:(3.02*10" ,X3002-100J) (B) '/«(3.02*10"') [300' -100 ' ] 

(C) (3.02*10"') (1/(300)-1/(100)] (D) '/, (3.02x I0"T)[300' -100 ' ) 

Knowledge Required: Calculation of heat from heat capacity data. 

Thinking It Through: The heat and heat capacity are related by q = Cpd7°. For this particular problem, 

q = | 1 " K ( 3 . 0 2 * l 0 " , ) r , d r = ( 3 . 0 2 x l 0 " ' ) ( ^ ) ( 3 0 0 ' - 1 0 0 4 ) . Thus response (B) is the correct response. The 

alternatives do not perform the integral coitectly. 

LT-8. Given the heal capacity information above, what is the absolute entropy of diamond al 
300 K? 

(A) 0 (B) '/. (3.02* 10"') (300)' 

(C) (3.02*10"')/(300) (D) '/. (3.02* 10"') (300)' 

knowledge Required: Calculation of third law entropy from heat capacity data. 

Thinking it Through: The third law entropy assuming the same heat capacity data from Ihe previous problem is 
given by 

+ j f ° K ^ d r = 2.38 J mol"' K-' +(3.02x10"') = 2.38 J mol"' K"' + (3.02x 10 T ^ 

= 2.38 J mol"1 • K"1 + ( ^ ) ( 3 . 0 2 * 10"')300'. Thus response (D) is the correct response. 



Laws of Thermodynamics and Stale Functions 

jTjTjj The equation relating the pressure-volume relationship for the reversible adiabatic expansion of an 
ideal gas is P, V] = PT V J The equation relating the temperature-volume relationships for the same 
process is 

T V 
(A, fa (B) UK 

(C) 
H t r - H S f 

Knowledge Required: P, V, T relationships for processes. 

Thinking II Through: The reversible process has P,V\ = PtV\. Substituting the ideal gas equation of slate 

p = nRT/v gives y»= O^L.y»which simplifies to LHl = IlLi. 0r T,V *"'= T2 V J"' and response (B) is 
K 

the correct response. 

LT-IO. As the temperature approaches absolute zero, AG for any chemical reaction approaches 

(A) AS. (B) AW. ( Q T (D) zero. 

Knowledge Required: Definition of AG, limiting behavior with temperature. 

Thinking ll Through: The definition of AG = AH - TAS. As T goes to 0, the second term goes to 0, thus AG 
goes to Ihe value ofthe first term, namely AH. Thus response (B) is the correct response. 

ALP for the reaction 

A(s) + 2B(g) —• 2 C(s) + D(g) 
was measured at temperature T in a constant 
volume calorimeter. AH° for the reaction is 
approximately 

(A) ALP - RT 

(B) ALP 

(C) ALP + RT 

(D) ALT + 2RT 

2. An ideal gas undergoes irreversible isothermal 
expansion. Which is correct? 

(A) AS=-AG/T 

(C) AS = q/T 
(B) AS = AH I T 

(D) AS - AU / T 

3. The efficiency of a process with q, occurring at 
7"m and qt occurring at Tc < T» can be 
calculated from 

(A) J»] 

9, 

(B) H_ 

k-l 

<•» i, 

4. A measure ofthe maximum non-yKwork that 
can be performed by a process occurring at 
constant T and P is given by 

(A) AH. 

(C) AG. 

(B) AS. 

(D) AA. 

12 



5. A sample or water was placed in a refrigeration 
device and the temperature gradually lowered. 
Because there were no particles in the water to 
nucleate crystallization, the sample became 
supercooled and did not freeze until a 
temperature of-20°C was reached. When the 
water froze at -20°C, ASn 0 , A S ^ ^ , , and 

AS,,,, were 

AS„,0 AS,.™*.,, 

(A) -

(B) + + + 

(C) 0 0 0 

(D) - + + 

6. The entropy change for a liquid healed from 7", 
to T2 can be calculated from the area under the 
curve obtained by plotting 

(A) AH as the ordinate and l / f a s the abscissa. 

(B) CP as the ordinate and In T as the abscissa. 

(C) Cp as the ordinate and 1/7* as the abscissa. 

(D) Cp/7"as the ordinate and 1/7" as the 
abscissa. 

7. In a cyclic process involving two steps, the first 
law of thermodynamics requires that 

(A) | , 1 + < 7 j | = K I 

<B> k + < 7 1 | = k + M ' i l 

<c> k + « ? 2 | > h + w i l 

<D> k + < f c l < h + M'il 

8. From the information 

N H , ( g ) - » N ( g ) + 3H(g) AH' = 1172.8 kJ 

H , ( g ) - » 211(g) AH' = 435.930 U 

N , ( g ) - » 2 N ( g ) AH' = 945.408 Id 

the enthalpy of formation ofNHj(g) is 
calculated to be 

(A) +2554.138 kJ-mol"1 

(B) +208.538 kJ-mor' 

(C) -46.2 kJ-moP1 

(D) -1172.8 kJ-mol"1 

Laws of Thermodynamics and State Functions 

9. The third law of thermodynamics can be 
combined with experimental data to provide an 
absolute value for 

(A) enthalpy. (B) work. 

(C) entropy. (D) Gibbs energy. 

10. Which is a graph of the enthalpy of 
vaporization from the triple point (TF) to the 
critical point (7;)? 

(A) AW I 

T T-



Laws of Thermodynamics and State Functions 

1. D 
2. D 
3. C 
4. A 

5. A 
6. C 
7. B 
8. D 

9. B 
10. B 

1. A 5. D 9. C 
2. A 6. B 10. C 
3. A 7. B 
4. C 8. C 



Mathematical Relationships in 
Thermodynamics 

While chemistry is an experimental science, il is generally nol practical to make observations under all 
possible conditions. Thus, there arc compelling reasons to build up an ability to manipulate the mathematical 
relationships that exist between the measurable variables. Even if a particular quantity is difficult or impossible to 
measure, as long as it can be related to more readily observed quaniitics. we can determine its value. 

Thermodynamics is particularly suited to these types of mathematical formulation. Thermodynamic 
experiments arc ccrtainly carricd out widely in scientific laboratories even today, but the fundamental tenets of this 
field and the mathematical machinery to describe them (at least for systems near equilibrium) are essentially set. 
This fact allows us to use the development of the mathematical relationships within thermodynamics as a template 
for understanding how mathematics can be applied to the physical sciences. From the more pragmatic perspective 
of the student, knowing the mathematical machinery and how it is derived means that even if a particular 
relationship is momentarily forgotten, we can always figure out what to do by falling back to the most fundamental 
conccpts and equations and the mathematical rules for manipulating them. 

From the perspective of the mathematics itself, the majority of the manipulations that need to be canied out in 
this type of test question involve the use of multi-variable differential calculus, particularly the manipulation of 
partial differentials and exact differentials. A review of this level of math is beyond the scope of this text, but there 
is a good chance that an appendix in the physical chemistry textbook you used in the course has reviews of this 
material. 

Study Questions ..--.v • • < 
MRT-I. For a pure substance the partial derivative of G with respect to P, (dC'l is equal to, 

(A) H (B) - 5 (C) T. (D) V. 

Knowledge Required: Expression for exact differential of Gibbs energy. Definition of partial derivative. The 
method for calculating partial derivatives. 

Thinking il Through: For a closed one-component system in the absence of non-expansion work a change in G is 
proportional to a changes in P and Tthrough: 

dG = I'dP - SiT 

When T is constant the change in G is proportional only to a change in P\ 

d G = V&P 

which ihrough differentiation with respect to P leads to ( ^ ] -V . Thus response (D) is correct. 

M RT-2. Which combination is not dependent on the path over which a thermodynamic process proceeds? 

(A) AU, AS, AG. A/1 (B) A(7. q. AS 

(C) AU, AW, AG", w (D) q, 



Mathematical Relationships in Thermodynamics 

Knowledge Required: The meaning of state function. 
Thinking It Through: Heat, q, and work, w, are not state functions and therefore arc path dependent. Responses 
(B) (C), and (D) contain q, w, and q and w, respectively, and therefore contain path dependent functions so that 
they are incorrect. All functions listed in response (A) are state functions that do not depend on the path and 
therefore response (A) is correct. 

MRT-3. The total differential for H is 

(A) d U (B) d l /+ VAP 

(C) d f + VAP + PAV (D) AU- ViP - PAV 

Knowledge Required: Definition of enthalpy, H. The meaning ofthe term total differential. 

Thinking It Through: By definition H = U + PV meaning that //depends on U and PV where both, P and Care 
independent variables. The expression for the total differential AH gives the total change in H arising from changes 
in both U and PV. The change in U is represented by differential AU and the change in PV is represented by the 
differential A(PV). Since both P and Care independent variables A(PV) is equivalent to VAP + PiV. Response (C) 
contains all Ihe required terms and therefore is correct. If you mistakenly define H as being equal lo U - PV you 
will obtain incorrect response (D). Response (A) is a differential of U only and therefore is incorrect. In response 
(B) the term related to the volume change is missing and therefore this response is also incorrect. 

MRT-4 nRT Using the approximate equation of state for a gas, V = —— + nl> AG associated with an isothermal 

change in pressure from P, to Pi is 

(A) n f l r i n ^ j + n i t e - / ! ) (B) - n / f H n j ^ j 

(C) - n X r i n ^ j + fltta-/)) (D) n / f r i n ^ 

Knowledge Required: Calculation of thermodynamic functions associated with T and P changes, ~ v f o r 

all gases 

Thinking It Through: A Gr = £ VAP = £ ^ + = nRTln^ + „/>(/> - /{) Thus response (A) is the 

correct response. 

MRT-S. If the effect of pressure on a reaction involving only pure solids is taken into account, then 
AG(7) = AG°(T) + AV(P - P°). which statement is not relevant in deriving this equation? 

(A) AG =-SAT + VAP (B) ( ^ j =AC 

d'G _ d:G 
SPffT ~ ST8P (D) AC is independent of pressure 

16 



Mathematical Relationships In Thermodynamics 

Knowledge Required: Approximations made in calculating thermodynamic function changes on changes in 7and" 

Thinking it Through: = A V for all substances. This expression is then integrated from the standard 

state to arrive at the desired result assuming that AK is constant (independent of pressure). Thus responses (B) and 

(D) are relevant in deriving the equation. Response (A) is relevant in the derivation of = &y Thus 

response ( Q is not relevant in the derivation and is the correct response. 

MRT-6. The differential for the Helmholtz function, A, at constant composition is dA = -SiT- PdV. 
The corTcct pair of equations that can be derived from this equation are 

« ( S I - - ( S I - <•> ( S ) - - ( S ) , -

« ( S I - - ( S I - - ( S I - - ( S I -
Knowledge Required: Derivation of Maxwell equations from the definitions of thermodynamic functions. 

Thinking it Through: [ — 1 = -S and [ — | = -P after we lake the derivative of A with respect to either T 
\oT Jv {oY 

or V. For example, [ — 1 - 1 ^d? j +( PdV j _ + Thus response (B) is Ihe conect response. 
\STJv \ dT Jv \ dT Jv 

MRT-7. Select the partial derivative that is equal to the chemical potential of component i, C, 

(a> ^ t e L (B> - ( s i 

Knowledge Required: Definition of chemical potential as partial molar Gibbs energy at constant temperature and 
pressure. 

Thinking II Through: All four responses have the differential part with the correct C and n„ All four responses 
differ in what is held constant. The correct pair of functions is T,P (response (D) is correct) because 
dG = -SdT + VdP + £ n , d " , . 

MRT-8. The total differential for Gibbs free energy, G, is 

(A) iH - SiT (B) iH-TiS 

(C) 4H - TiS - SiT (D) dH+TdS + SdT 

Knowledge Required: Definition of G in terms of H, T, and 5. 

Thinking II Through: By definition G = H-TS. Taking ihe derivative gives dG = dH - d(7S) = dH - TdS - SdT 
so that response (C) is the correct response. 



Mathematical Relationships in Thermodynamics 

M R T _ 9 A differential expression for the internal energy is dU= TdS-PiV The corresponding Maxwell 
relation is 

(A) 

(C) 

( a c l ' l w l 

( a p l ' f e l 

(B) 

(D) 

(ap)T ( s r ) s 

(iP"l = ~(as)v 

Knowledge Required: Derivative of Maxwell relations. 

Thinking It Through: The Maxwell relations are a recognition ofthe equality ofthe mixed second partials. Here 
the first partial derivatives are given by 

r = ( a s ) v
 and " / > = ( a i ' l 

The mixed second partials are then given by 

( f ! "(arias 1 ] , =(as(a»'l)v " ( a s ^ ^ 
Eliminating the middle two terms shows that response (D) is the correct response. 

MRT-IO. 
For a rubber band ( — | = - — f — | . The length ofthe rubber band 

U / J s c v I a/ JT 

(A) increases with an increase in T. 

(C) stays the same with an increase in T. 

(B) decreases with an increase in T. 

(D) can not be predicted with an increase in T. 

Knowledge Required: The relationships between 7", /, Cv , and S. Signs of A7", A/, T, I, Cv, and S. Microscopic 
changes in rubber organization with T. 

Thinking it Through: The temperature and heat capacity must be positive numbers. As the length ofthe rubber 
band increases (A/ is positive) the entropy decreases because the polymer is stretched and the number of possible 

configurations is reduced. Thus ^ ^ j is negative and the temperature ofthe rubber band decreases while 

stretchinR the rubber band, and response (B) is the correct response. 

PraeticeQuestions 
1. The Maxwell relation 

( £ H f l 
follows from 

(A) TdS-PdV (B) T4S+VAP 

(C) -S&T+VdP (D) -SdT-PAV 

2. Given the change in entropy, &S°, and heat 
capacity, ACP°, for a reaction at 298 K, an 
estimate for AS° for the reaction at 50°C is 

(A) A 5 ^ + AC;(323-298) 

(B) A5;„ + A C ; i n ^ j 

(C) Aif,;i + A C ; i n ^ j 

(D) A5,„ + AC 
I 298 J 
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Mathematical Relationships In Thermodynamics 

3. Assuming that AW is independent of 
. fain/Cp^ AH~ 

temperature, the expression I ^ I = 

can be integrated to yield the expression: 

(A) . n t M n h ' n f M T ; ) ] ^ ) ^ - ^ ) 

(B) h [ * p ( r ) ] - l n [ * r ( r . ) ] + ( ^ l | ± - J j ) 

(O h [ M n ] . h [ * , ( r . ) ] + ( * r ) ( i - i ) 

(D) " n [ * , ( r ) ] - h [ * » ( r . ) ] + ( ^ l ) ( J - - l ) 

4. The molar heat capacity of copper is 
adequately given by the equation 

C, = 4.73*I0" ,7"'(j -mol"' -K"') 

What is the absolute entropy of diamond at 
20 K? 

(A) 2.4*10"tJ-mor'-K"1 

(B) 0.019 Jmol'-K"1 

(C) 0.13 JmoP'-K"1 

(D) 1.9 J-mol"1K"1 

5. Which partial derivative is always equal to zero 
for an ideal gas? 

(A) 

(C) m, m m. 
6. The relationship between (he chemical 

potential of a substance and the partial pressure 
is 

(A) M, = M , + « r i n l % 

(B) M, = nRT/p 

(D) dH, =-S,dT-P,dV 

7. In deriving Cp - Cv, which equation is used 

(A) dU = dq + dtv (B) H =U + PV 

(C) (dU\ (D) PV = nRT 

involves which 8. The proof that 

argument? 

<« M S I 
(B) H = U + PV 

(C) H is a state function 

(D) U = U(T) only for an ideal gas 

9. Among the relationships derived from the fact 
that G is a state function is 

(dS"\ C, 
<A) ( d r j , = T 

(B) 0 = J]n,dM, 

« teKH) 
(D) G = tf-75 

10. Which expression shows the relationship 
between the chemical potentials of two 
components in one phase at equilibrium? 

(A) p. = H, 

(B) * - ( ) < > . 

(Q »,-{%)* 
(D) (i, is unrelated to fi, 



Mathematical Relationships in Thermodynamics 

Answers to Study Questions 

1. D 5. C 9. D 
2. A 6. B 10. B 
3. C 7. D 
4. A 8. C 

Answers to Practice Questions 

1. D 5. C 9. B 
2. D 6. A 10. C 
3 -D 7. B 
4. B 8. C 
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Chemical and Phase Equilibria 
For pure materials, (he chcmical potential |i is equivalent to a molar Gibbs energy Gm For materials in 

solutions, the chcmical potential of the rth substance M. is given by {DGI5N,)R R. It can be regarded as (he Gibbs 
energy contributed per mole of substance to Ihe solution. Jusl as balls roll downhill seeking a state with a lower 
graviialional potential and electrons move (o a slate of lower electrical potential, matter moves spontaneously (o a 
state of lower chcmical potential. The transformation of matter, both in phase changcs and chemical processes, can 
be understood in terms of a driving force to lower chcmical potential. 

When multiple phases arc in equilibrium, the chcmical potential of cach component is the same in every phase 
in which that component appears. Phase transformations occurring when the temperature is changed can be 
understood as the differing response of the chcmical potential in the two phases to the temperature: (dp, ldT)r = -5, 
due to entropy differences in the phases. Pressure effects on phase equilibria arise because of differences in the 
molar volumes of the phases: (<?Hj IdPh - V,. Phase diagrams for one component systems (P vs T) represent the 
phase which is stable at a given P and T. Multiple component phase diagrams arc usually represented as P vs 
composition at a fixed 7"or 7" vs composition at a fixed P. The Gibbs Phase Rule is given by F = 2 + C - P. where 
F is the number of variables that can be adjusted without requiring a phase change, 2 represents the variables T and 
P. C is the number of independent chemical components in the system and P is the number of phases present. The 
Phase Rule explains features observed in phase diagrams, such as the existence of triple points, but not quadruple 
points in one component systems, and horizontal lines in the phase diagrams representing three-phase equilibria. 

The chcmical potential for a substance under a general set of conditions of pressure and composition can be 
expressed in terms of the chcmical potential of a standard state and the activity of the substance referred to that 
standard state: |i, = + RT In o r For gases, the standard stale is taken as the ideal gas at I bar pressure, and 
o(gas) = PI 1 bar. For pure solids and liquids. Ihe standard state is taken to be the pure material under an external 
pressure of 1 bar. Unless the problem involves very high pressures, the activities of pure condensed phases are 
taken to be unity. For components in solutions, there are two choices of standard slates. One, called ihe Raoult's 
law or solvent standard state, is based on ihe behavior of (he pure liquid; Ihe other, called Ihe Henry's law standard 
stale is based on Ihe limiting behavior of a solute al infinite dilution, in which a solute molecule is completely 
surrounded by solvent molecules. 

The Gibbs free energy change AG for a chcmical process, a A + i>B — cC + dD. can be expressed as 

where A C is the free energy change with reactants and products in their standard states and the In term contains the 
activities of each substance under the current experimental conditions, relative to the standard stale of each term. 
The ratio of activities is sometimes referred to as the reaction quotient, and designated Q. For a spontaneous 
process AG < 0. Al equilibrium. AG = 0 and 

The ratio of activities al equilibrium is given a special name and symbol, the equilibrium constant, K. 

The activities of eleclrolylc solutions are treated in terms of mean ionic activity coefficients because individual 
ion effects cannot be separated out. The hypothetical 1 molal Henry's law solution is taken as the standard slate of 
an ionic solution. At low concentrations, the mean ionic activity coefficient of an ionic solute in an aqueous 
solution al 298.15 K can be estimated from the Debye-HUckel limiting law: 

logy, = - 0 . S 0 9 | 2 - j ' | / " : 



Chemical and Phase Equilibria 

where y, is the mean ionic activity coefficient of the solute with ionic charges z* and i" in a solution of ionic 
strength I. 

The electrical work performed during the operation of an electrochemical ccll can be related lo Ihc AG of the 
proccss taking placc within Ihc ccll: AC = - nFE where 11 is the number of moles of electrons transferred. F is the 
Faraday constant and E is the ccll potential. The Ncmst equation shows how the activities of reactanls and 
products affect the cell potential: 

E = E° 
nF 

where A and B are reactanls in the electrochemical process and C and D arc products. 

CPE-1. At the two points, A and B, on the solid-gas phase 
transition line on the phase diagram, 

(A) 

(C) 

the p's ofthe solids arc equal. (B) the n's ofthe gases are equal. 

the ofthe solid is equal lo the |i ofthe (D) 
gas at each point. 

all the ji's are equal everywhere the two 
phases coexist. 

Knowledge Required: Lines on a P - T phase diagram represent two-phase equilibria; chemical potentials are 
equal when phases are in equilibrium, Gibbs energy. 

Thinking U Through: Both points lie on the same two phase line. At each point on a two phase line, (he chemical 
potential of one phase is equal to that ofthe other: |i| = MM where 1 and II represent two different phases, therefore 
response ( Q is the correct one. Points A and B are at different temperatures and pressures, because chemical 
potentials change with both Tand P, (dm IdT), = -S, and (9ji, IdP), = V„ ii is unlikely that the chemical potentials 
of either the gases or the solids would slay the same for an arbitrary change in both T and P. so responses (A) and 
(B) would not be expected lo be true in general. Response (D) also ignores the temperature and pressure 
dependences of p. 

CPE-2. At 25°C and P° - I bar, A C , the Gibbs energy change for the transformation 

graphite ~ diamond 
IS positive. The volume change AC = - \ \ is negative. An approximate expression for the 
pressure at which diamond will be in equilibrium with graphite al 25" C is 

(A) 

(C) 
P° ~ (AC/A 10 

P° 
(B) 

(D) 

r ° + (AC/AIO 

AC/AT 
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Chemical and Phase Equilibria 

Knowledge Required: Conditions for equilibrium: chcmical potentials of two phases arc cquai and so AG 0. 
Change in chcmical potentials (and Gibbs energy change) with pressure: (cV dP), - V and (dAG/ dP), - Al' 

Thinking // Through: We can write a total differential for AG as a function of Tand P: 

dAG = AI'd/> - ASdT 

but since Ihe process is isothermal, we need only consider the dP lerm. If we integrate both sides of the equation 
for the pressure change between P° and the equilibrium pressure we obtain, 

.«;. r , 

f d A G = jAVdP 
vr f 

and remember that AG = 0 al the new pressure we get 

-AC , = A I / ( / , „ - 0 

Rearranging and solving for ihe equilibrium pressure gives us 

* \v 

The correct response is response (A). 

CPE-3. Benzene and ethanol form an azeotropic mixture that is 60 mol% benzene and has a boiling point of 
341 K al I atm. The normal boiling points of pure benzene and pure ethanol are 353 K and 352 K. 
respectively. Which statement best describes the behavior ofbenzene-ethanol solutions. 

(A) Solutions of any composition of the two materials can be completely separated into the two 
components by a sufficiently efficient distillation column. 

(B) The vapor phase in equilibrium with a benzenc-cthanol solution of any composition is richer 
in ethanol than is the liquid phase. 

(C) The solutions show positive deviations from Raoult's Law. 

(D) The solutions show negative deviations from Raoult's Law. 
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Knowledge Required: Vapor-liquid equilibria; meaning or azeotrope. Raoult's Law and deviations of Raoult's 
law. 

Thinking II Through: First, il is helpfiil to have in mind a qualitative picture of the temperature (T) - composition 
(x) phase diagram for this system. A rough sketch is given on the left below. The diagram shows that the lowest 
boiling point mixture in the T-x phase diagram will be the azeotrope. Whenever there is an azeotrope, complete 
separation of the two components is not possible, therefore response (A) cannot be correct. The two vertical lines 
in the figure show two possible liquid compositions, one on cither side of the azeotrope. The arrows show that the 
vapor composition formed by each liquid approaches that of the azeotrope - for the liquid on the ethanol-rich side, 
the vapor is richer in benzene, for the liquid on the benzene-rich side, the vapor is richer in ethanol. Therefore, 
response (B) cannot be correct. To consider responses (C) and (D), it is helpful to think of the pressure -
composition diagram that would complement this one. Again, a qualitative sketch is all that is needed. The P - x 
diagram can be constructed by remembering that a high temperature boiling liquid corresponds to one with a low 
vapor pressure while a liquid with a low boiling point has a high vapor pressure. Applying that rule to the 
benzene-ethanol system, which has a minimum-boiling azeotrope, shows that Ihe azeotrope will have a higher 
vapor pressure than either pure benzene or pure ethanol. The dashed line in Ihe P - x diagram represents the vapor 
pressures that would be found above ideal solutions. The arrows indicate that (he vapor pressures of the real 
solutions are above those of the ideal solutions (ones which follow Raoult's law). Because the vapor pressures arc 
greater than those predicled by Raoult's law, we have a positive deviation. Thus, response (C) is ihe correct one. 
An azeotrope with a minimum in the vapor pressure curve would deviate negatively from Raoult's law behavior 
which is response (P). 

CPE-4. Choose the statement that describes the relationship between the solubility of AgCI in 0.10 M KNOj 
and in pure water. 

(A) AgCI is more soluble in 0.10 M KNO, because the thermodynamic equilibrium constant is 
greater in 0.10 M KNO, than in pure water. 

(B) AgCI is more soluble in 0.10 M KNO, because Ihe activity coefficients of Ag' and CI" are 
smaller in 0.10 M KNO, than in pure water. 

(C) AgCI is more soluble in 0.10 M KNO, because Ihe activity coefficient of Ag' and CI" are 
greater in 0.10 M KNO, than in pure water. 

(D) AgCI is equally soluble in 0.10 M KNO, and in pure water because AgCI and KNO, have no 
ions in common. 
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Knowledge Required: Solubility Constants; Mean Ionic Activity Coefficients and Dcbyc-HUckcl Activity 
Coefficient Relationships. 

Thinking it Through: The reaction of interest is AgCI(s) = Ag'(aq) + CI (aq) with the equilibrium constani 
given by 

While ii is true that AgCI and KNO> have no ions in common, the mean ionic activity coefficients arc afTccted by 
the total ionic strength of the solution, /. / is a sum over all the ions in solution, so the presence of K' and NOj~ 
ions increases /. Both the limiting form ofthe Debye-HUckel relationship 

log y,m - A\z' z~ \ l>a 

and the extended Dcbyc-Hllckel equation 
, A \z z |/'" 
logY, = - 1 + 1" 

predict that the mean ionic activity coefficient will decrease with increasing ionic strength. (As / increases, the 
right hand side becomes more negative. A negative number implies an activity coefficient which is less than 
unity.) As yt decreases, the molalities of Ag' and CI" must increase to maintain the equality of the right hand side 
with the solubility product. Therefore the solubility will be increased. The correct response is (B). 

CPE-5. Given the potentials at 25"C for the following half cells: 
£»/V 

02(g) + 2 H20(l) + 4 e" 4 OH (aq) 0.401 
o,(g) + H20(l) + 2 e" -> 02(g) + 2 OH (aq) 1.240 

what is In KR at 25°C for the reaction 2 Oj(g) -> 3 02(g)? 

(A) 4 f (-2.079K) (B) 2F(-0.839C) 
RT RT 

(C) 4f(+0.839C) (D) 4F(+2.079tQ 

RT RT 

Knowledge Required-. Half cell reactions and cell potentials; relationship of AG and £ 

Thinking II Through: We can get In K, from -nFE0 = AG" = -/?7"ln K,. We get AG" for the reaction by 
combining the half-cell potentials appropriately. Because 0 2 gas is the product in our desired reaction, the first 
half-cell must be reversed. Then, in order to cancel the electrons, we must multiply the ozone half-cell by two but 
remember not to multiply the voltage. 

£° /V 

2[Oj(g) + HjCKO + 2 e" -> 02(g) + 2 OH (aq)] 1.240 
4 OH Iao) -> Q;fg) + 2 H;Ofl) + 4 t" - 0 401 

Net 2 0,(g) -> 3 02(g) AC® = - n F E ° = -4fl(0.839V) = -323 kJ 

Remember that half-cell potentials are intensive quantities independent ofthe number of electrons transferred, but 
AC" is extensive. The correct answer is response (C). Responses (A) and (D) come from multiplying the ozone 
half-cell potential by two. Response (B) has the wrong number of electrons for the half cell. 
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; The thermodynamic solubility product constant of silver acetate is 4.0M0"'. The solubility of silver 
acetate in a sodium nitrate solution is 0.094 mol l / 1 . The mean ionic activity coefficient of silver 
acetate in this solution is 

(A) 0.063 (B) 0.188 (C) 0.67 (D) 1.49 

Knowledge Required: Definition of thermodynamic solubility product constant. Relationship among solubility 
product constant, solubility, and ionic activity coefficient. 

Thinking ll Through: The definition of the thermodynamic solubility product constant in terms of the ionic 
activity coefficients and solubilities is 

On substituting the data in the problem and rearranging slightly 

v ,y . = 4 0 x 1 0 / . = 0 . 4 5 
* / (0.094) 

and the mean ionic activity coefficient is the square root of this number which is 0.67. Thus the correct response 
is then response (Q . 

CPE-7. A 6.0 mol sample of benzene is mixed adiabatically with 2.0 mol of toluene at 25°C. Assume this is 
an ideal solution. What is the entropy for the mixing process? 

(A) zero (B) -R [0.75 ln(0.75) + 0.25 ln(0.25)) 

(C) ~R [6.0 ln(0.75) + 2.0 ln(0.25)] (D) R [6.0 ln(0.75) + 2.0 ln(0.25)] 

Knowledge Required: Thermodynamic functions for mixing ideal solutions. 

Thinking ll Through: The expression for the entropy of mixing is AS = -R^n, In or, . For this mixture 

6.0 2.0 
nm = 8.0 mol, = — — — = 0.75 and X t d ^ = — — — = 0.25. Substituting in the values gives 

AS = -/f[6.0ln(0.75) + 2.0ln(0.25)], so that response (C) is the correct response. Response (A) gives no 
mixing, response (B) is similar but missing the n„ it uses x, of each component instead. Response (D) is missing 
the correct sign. 

CPE-8. Two phases are considered to be in mutual equilibrium when 

(A) both are at their critical temperatures. 

(B) Ihe mole fractions of all components arc the same in each phase. 

(C) the temperature, pressure, and chemical potential of each component are the same in each 
phase. 

(D) molecules are moving across the phase boundary. 

Knowledge Required: Conditions for equilibrium in multi-component systems. 

Thinking ll Through: Equilibrium is reached when the change in Gibbs energy, AG, is 0. AC depends on the 
temperature, pressure, and chemical potential of each species present. Response (A) illustrates a "special" case of 
equilibrium which doesn't occur except for a single point. Response (B) is one condition of several which must be 
met. Response (D) is the nature of dynamic equilibrium on the molecular level, response (C) is the correct 
response. 
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CPE-9. Which statement about the rcaclion H,(g) + D,(g) — 2IID(g) is correct? 

The driving forcc for the reaction is the enthalpy of rcaclion. 

The driving force for the reaction is Ihc entropy ofthe rcaclion. 

The driving forcc for Ihc rcaclion is Ihc diffcrcncc in bond energies between products and 
reactanls. 

The change in the standard Gibbs energy for the reaction is zero. 

Knowledge Required: Driving forces for equilibrium, isotopic exchange rcaclion. 

Thinking It Through: In order for a reaction to occur there must be a driving force corresponding to a change in 
AG for this proccss is given by AC = A// - TAS. An isotopic exchange rcaclion such as lhat in the problem will 
be approximately thcrmoncutral, i.e. AH = 0. Thus response (A) must be incorrcct. Response (C) is also an 
answer based on bond energies or enthalpy which has been shown lo be incorrcct. Response (B) is correct since 
the entropy ofthe reaction must increase with the increased arrangement disorder ofthe products. Response (D) 
would require that both AH and AS be zero, which has just been shown lo be incorrect. 

CPE-10. For the conversion of A to B at 25°C and I atm, Aff = 1.90 kJ mol"'. The density of B is greater than 
that of A at 25°C and I atm. The condition oftemperature and pressure which favor the formation of 
product B over reactant A are 

(A) high temperature, high pressure. (B) high temperature, low pressure. 

(C) low temperature, high pressure. (D) low temperature, low pressure. 

Knowledge Required: Dependence at equilibrium on temperature and pressure. 

Thinking It Through: The information given in the problem is that the reaction is endothermic, which implies 
that product B will be favored under high temperature conditions. In addition, the information is that the density 
of B is greater than the density of A. Thus the molar volume ofthe product is less than that ofthe reactanl. This 
implies that product will be favored at higher pressure. The corTecl response is the combination of high 
temperature and pressure; response (A) is the correct response. 

(A) 

(B) 

(C) 

(D) 

Practice Questions 
I. For many substances near the melting point of 

the solid 
density of liquid < density of solid 

and the Clapeyron equation (dPMT) = (AS/AV) 
can be used to estimate the effects of pressure 
on the melting point temperature. Increasing 
the pressure on such a system by a factor of 
two will cause the melting point temperature to 

(A) decrease. 

(B) increase. 

2. The vapor pressure of pure water at 25°C is 
23.76 torr. Which value represents the vapor 
pressure of an aqueous solution of a 
nonvolatile, weak monoprotic acid at a 
concentration ofxii* = 0.010. 

(A) 0.238 torr (B) 23.38 torr 

( Q 23.52 torr (D) 23.76 torT 

(C) remain the same. 

(D) always increase by a factor of 2. 
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3. The A(C° values for M-bulane and /-butane at 8. 
25"C are 

Afi" / kJ mor ' 

n-bulane -15.71 

«o-butane -17.97 

When an equimolar mixture of n-butane and g 
iio-butane is allowed to attain an equilibrium 
state between the two isomers 

(A) no uo-butane remains. 

(B) more uo-bulane than n-butane is present. 

(C) the pressure of n-butane is zero. 

(D) the exact amounts of the two isomers ) 0 
cannot be determined from this 
information. 

4. The standard Gibbs energy change, AG", for a 
certain chemical reaction is -10.0 kJmor1 . 
The equilibrium constant at 300 K is about 

(A) 0.0181 (B) 1.00 

(C) 4.20 (D) 55 

5. When a transformation occurs at a constant 
volume and temperature, the maximum work 
which can appear in the surroundings is equal 
to 

(A) -AA. (B) -AG. 

(C) -AW. (D) -AS. 

6. If a chemical system is at equilibrium at 
constant 7° and P, what thermodynamic 
function for the system must have a minimum 
value? 

(A) CP (B) W (C) G (D) S 

7. When a transformation occurs spontaneously at 
constant T and V, the signs of AA for the 
system and AS for the universe must be 

A4 ( m l m , 

(A) positive positive 
(B) positive negative 
(C) negative positive 
(D) negative negative 

Select Ihe thermodynamic criterion for a 
spontaneous process in a closed constant 
pressure system immersed in a constant 
temperature bath. 

(A) Al/< 0 (B) AG < 0 

(C) A 4 < 0 (D) AS > 0 

Select the thermodynamic criterion for a 
spontaneous process in a constant volume 
system immersed in a constant temperature 
bath. 

(A) AU<0 (B) AG < 0 

( Q AA <0 (D) AS>0 

When the reaction, A(g) ^ B(g), reaches 
equilibrium at a constant total pressure of I atm 
and a constant temperature, T, the pressure of A 
is twice that of B (/>A = 2P„). What is the value 

of AG* for this reaction? 

(A) -RT In 6 (B) / f H n 2 

(C) « r i n 3 (D) « r i n 6 
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1. C 5. C 9. B 
2. A 6. C 10. A 
3. C 7. C 
4. B 8. C 

1. B 
2. C 
3. B 
4. D 

5. A 
6. C 
7. C 
8. B 

9. C 
10. B 



Kinetic Molecular Theory 
Physical chemistry deals with many gaseous systems, in large part bccausc they can be described using a 

relatively uncomplicalcd model for bulk behavior in terms of the actions of atoms or molecules. Thus, while 
applications including solids and liquids arc important to think about in terms of molecular motions, the gas phase 
is normally Ihe starling poinl for developing models capable of building this bridge. The kinetic molecular theory 
of gases is used to describe Ihe bulk behavior of gases based on molecular motions. 

Bccausc kinetic molecular theory addresses the behavior of molecules, which are individually invisible, il must 
begin with postulates about ihe system. To develop the model, we assume Ihe postulates to be true, though they 
may address factors thai arc impossible to observe, and then infer what macroscopic samples of Ihe gases musl do 
based on these postulates. Thus, kinetic molecular theory begins by postulating that 

• Gases are composed of parliclcs in constant random motion. 
• The volume of space between particles in a gas is much larger than the volume of the panicles 

themselves, so their volumes can be ignored. 
• Panicles in a gas do not interact with each other or the walls of their container except when they 

collide and the collisions arc clastic when they occur. 
• The temperature of a gas is related to the average kinetic energy of the panicles in the gas. 

It may seem difficult to imagine the wealth of information that can be derived from these few postulates, but a 
great deal about gases can be inferred from just this much information. The actual derivation of the facts of kinetic 
molecular theory is beyond ihe scope of this review, but we can look at questions that can be asked about them. 
Thus, in this chapter, the kinetic molecular theory is examined to yield information about the distribution of 
molecular velocities, and the number of collisions of molecules with other species and with the walls of the 
container. 

Study Questions 
KMT-l. An instantaneous "snapshot" of a sample of gaseous 

helium (bp = 4.2 K) at 298 K might look like the 
sketch at right. 

Which snapshot best represents the sample after 
cooling helium to 250 K under constant volume 
conditions? 

30 



Kinetic Molecular Theory 

Knowledge Required: Conceptual picture of arrangement of gaseous spccics. 

Thinking It Through: The fundamental assumptions involved in the kinetic molccular theory of gases require 
the gas molcculcs be evenly distributed throughout the container. The only response which has the molecules 
evenly distributed in response (B), which must then be con-ect. 

KMT-2. The speed distribution 
function, F(s), of a 
given gas at four 
temperatures is shown. 
Which trace 
corresponds to the 
highest temperature? 

s 

(A) I (B) 2 (C) 3 (D) 4 

Knowledge Required: Effects on distribution functions as mass and temperature change. 

Thinking it Through: The speed distribution for a gas extends from 0 to + <o and looks like 

(constant) * s1 * e~"° ' " 1 , r . Responses (B) and (C) are intermediate temperatures and thus not reasonable 
answers. Trace I corresponds to a lower temperature than trace 4. In this problem, with constant mass, trace 4 
corresponds lo the higher temperature, and thus (D) is the correct response. 

KMT-3. For the hypothetical molecular speed 
distribution shown, the relationship 
between the most probable speed 
jmp, the average speed j1v and the 
root-mean-squarc speed s m is 

s 

(A) i T O < i . v < W (B) J™, < inn, < S.v (C) = *.v < W (D) = i „ = W 

Knowledge Required: Relationship of most probable, average, and root mean square speeds to shape of 
probability distribution. 

Thinking it Through: The highest point corresponds to the most probable speed. The symmetry ofthe function 
about the highest point makes the average speed and the most probable speed to both have the value at the highest 
point. The straight line behavior ofthe function causes the root mean square speed to also have the value at the 
maximum. Thus response (D) gives the con-ect response to the question. 
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KMT-4. The Maxwell distribution Tor molecular speeds can be written in the form: 

(V 1 

A — . 
in which s is the speed of the molecule. The other symbols have their standard meanings. For the 
total number of molecules. N, the average speed o f a molecule can be calculated from the expression: 
(A) 

(C) 

(\ 3 / 2 • 

w j J o 

\ 3 / 2 

4kN f 3c-(™'/2*,r )ds 

2 J 

(B) 

(D) 

J / i ® 

2 *k„T) J 

(0 / 2 » 

2 **BT) J 

Knowledge Required: Evaluation of averages from a probability distribution. 

Thinking ll Through: The average of a probability distribution is found by evaluating lF(s) S ds over the range of 
s. In this case, the speed the range extends from 0 to +» . Thus, the average speed is given by response (A). 
Response (B) is incoirect for two reasons, there is an additional factor N in front of the integral, and s is raised to 
Ihe second power rather than s •s' = s>. Response (C) is incorrect because of Ihe factor of N in front of Ihe 
integral. Response (D) is incorrect because of the factor of m in front of the integral and o f ; ' within the integrand. 

KMT-5. At whal temperature will the average velocity of He be equal to thai of N2 at 298K? 

(A) (298 K) (4/28) (B) (298 K) (28/4)"* 

(C) (298 K) (4/28)"* (D) (298 K) (28/4) 

Knowledge Required: Formula for the most probable, average, and root mean square velocities as function of 
mass and temperature. 

ftRT 
Thinking it Through: The average velocity for a molecule at a given temperature is given by v = 

V JLV J 
where R is the gas constant, 7" the temperature in K, and M the molar mass in kg-mol"'. Setting the two average (vl/2 ( 

= — ^ or on cancellation of terms * He ) { 

U l " 2 r 4 V'2 

He • rN, y 1 = 2 9 8 J or response (B) since the responses have the 4/28 raised to the - '/2 rather than n 

KMT-6. For 0 2 al 300 K, which quantity is the largest? 

(A) the average speed (B) the most probable speed 

(C) the root mean square speed (D) all of the above have the same value 
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Knowledge Required: Formula for most probable, average, and root mean square speeds as function of mass and 
temperature. 

Thinking it Through: The most probable, average, and root mean square speeds arc related by s = V" 

" { M ) ' 

. Because 3 > 8/n > 2, the root mean square speed has the largest value of 

the three. Response (C) is thus the correct response. 

KMT-7. For an ideal gas, the kinetic theory of gases predicts the number of collisions per unit time for any 
particular molecule to be directly proportional to 

(A) pressure. (B) temperature. 

(C) molar mass. (D) molecular diameter. 

Knowledge Required: Definition of collision rates in terms of quantities, conversion of number densities. 

Thinking it Through: The kinetic molecular theory of gases predicts that the number of collisions of one gaseous 
molecule is proportional to the number density ofthe other molecules in the gas phase. This proportionality to the 
number density makes the number of collisions proportional to the pressure of the gas phase molecules (response 
(A) is con-ect). The dependence on temperature is not a direct proportionality because it is inversely proportional 
to the temperature in the number density term and proportional lo the square root of the temperature in the velocity 
term. The molar mass proportionality is also not direct but rather through the square root in the velocity term. The 
number of collisions is also proportional to the molecular diameter squared. Thus responses (B), (C), and (D) are 
incorrect because of the lack ofdirect proportionality; they are proportional to these properties to some power other 
than one. 

KMT-8. At room temperature and pressure, what is the approximate collision frequency of nitrogen molecules 
with a I -cm surface? 

(A) 10" los"' (B) lO's"' ( Q 10a s"1 (D) 104' s"1 

Knowledge Required: Order of magnitude of various quantities related to collisions with other molecules and 
walls. 

Thinking it Through: The formula for the number of collisions of gas phase molecules per unit time per unit area 
is z_„ = (1 / 4XN / C)J where r ^ , is the number of collisions per unit time per unit area, (N/V) is the number 
density of gas phase molecules, and s is the average speed. Since (NIV) is about 10" molecule cm"5 for room 
temperature and pressure, and the average speed is about 10s cm s"1, is about I023 s"' (response (Q). 

KMT-9. In a I L bulb at 1 bar, which noble gas is expected to have the largest hard sphere collision cross 
section at 300 K? 

(A) Ne (B) Ar (C) Kr (D) Xe 

Knowledge Required: Relative size of molecules and how that affects collisional properties. 

Thinking It Through: In general, the molecular size (radius, and thus diameter) increase as you descend through 
the periodic table within a given group. Thus you would expect Xe to be the largest of this group of Group 18 
elements, and response (D) would be correct. 

I .and s— = \ »W J I 
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KMT-10. In the gas phase, a molecule of mass m has a mean kinetic energy proportional to 

(A) m ' (B) m (C) m v ' (D) m" 

Knowledge Required: Effects on distribution properties as mass and temperature are changed. 

Thinking ll Through: The mean kinetic energy is given by the average value of ('A)ms\ or ('/i)msml
2, where 

is the root mean squared speed. Because J™,, = (3*B77m)' , j™,1 = QkBT/m), and the average kinetic 
energy * ('/j)m(3AB77m) = ('/2)*BT, which is independent of the mass of the molecule. Response (D) is thus the 
correct result. 

KMT-11. The equipartition theorem tells us that, for each translational degree of freedom, there is a 
contribution to Ihe average kinetic energy of 

(A) kBT. (B) (3/2) kBT. (C) ('/,) kBT. (D) ('/2)*B7* 

Knowledge Required: Statistical treatment of energy levels and distribution of energy across types of energy. 

Thinking ll Through: In the last problem we showed that the average kinetic energy in 3 dimensions is Q/2)kBT. 
Thus for each dimension, ('/i)*Bris contributed, and the correct response would be response (C). Another way of 
remembering this fact is that each quadratic expression (translational energy, or the potential energy for a 
harmonic oscillator) contributes ('A)kBT Ihrough the equipartition of energy. 

I. A plot describing ihe distribution of speeds in a 

gas is shown below, where /•"($) = [ — ] [ — I 
W U A d i J 

is the Maxwell distribution function. 

m 

The fraction of molecules having speeds 
between j , and i2 is given by 

(C) j v w * 

(B) 

m 1 X 0 * 

2. On the plot, the 
most probable 
speed is 
indicated by a, 
and the J 
corresponding 
fraction of 
molecules is b. 
Increasing 
temperature , 
causes 

(A) both a and b to increase. 

(B) both a and b to decrease. 

(C) a to increase and b to decrease. 

(D) a to decrease and b to increase. 
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3. Consider the speed distribution shown. As the 
temperature increases 

(A) the maximum stays at the same speed. 

(B) the area under the curve increases. 

(C) the distribution narrows. 

(D) the maximum moves to the right. 

4. In the gas phase, a molecule of mass m has 
mean speed proportional to 

(A) in* 

(C) m" 

(B) 171 

(D) m° 

5. Which is true for the distribution of molecular 
speeds($)? 

(A) S m „m upurt > Jneaa > J„ M prcUbk 

(B) Jnim probable > mem iqure ** smem 

(C) SIM K M I4UIR PROBAMC
 sinem 

(D) ÎM mtu wm " ^mu mUlt ** ^nea 

6. If the temperature is doubled, then the average 
speed of the molecules in an ideal gas will 
change by a factor of 

(A) c/,r 

(C) (2)"' 

(B) 'A 

(D) 2 

7. The collision rate between molecules Kr and 
Ar in a 1 L bulb of gas filled with equal 
amounts of Kr and Ar 

(A) increases with increasing pressure. 

(B) decreases with increasing pressure. 

(C) is independent of pressure. 

(D) is the same as the collision frequency 
between Kr and Ar atoms. 

8. In collision theory for the gas-phase rcaclion, 
A + B -> products 

the reaction cross section, o„ is directly 
proportional lo the rate constani. The value of 
this parameter is determined by the 

(A) square of the diameter of A. 

(B) square of the diameter of B. 

(C) square of the sum of the radii for A and B. 

(D) sum of the van der Waals radii of A and 
B. 

9. The most probable energy of a molecule in a 
gas at temperature T is given by 

(A) (3/2) *Dr. 

(B) taking a statistical average of the energy 
distribution for the molecules. 

(C) finding the maximum in the energy 
distribution function for the molecules. 

(D) integrating the energy distribution 
function for the molecules. 

10. Which set of (I) 
relations is true 
concerning the T 
plot ofthe speed _ 
distributions in f 
one dimension for 
two gaseous 

samples I and 2 of mass M\ and M{! 

(A) M, > MI and T, < T, 

(B) M, < M2 and T, = 7"2 

(C) MI = MI and TT > TT 

(D) M,< MI and 7", > 7"2 

(2) 



Kindle Molecular Theory 

Answers to Study Questions 

1. B 5. B 9. D 
2. D 6. C 10. D 
3-D 7. A l l . c 
4. A 8. C 

Answers to Practice Questions 

1. A 5. A 9 c 
2. C 6. C 10. A 
3 D 7. A 
4. C 8. C 

36 



Transport Properties 
The transport properties arc those properties involving transfer of moleculcs across boundaries. The idea of 

transport of materials in the gas phase, for example, has some familiar examples. On every trip you've ever taken 
to the movie theatre you've experienced them because you smell the popcorn the moment you walk in. though the 
snack counter is across the room. Somehow the moleculcs that your nose and brain interpret as the smell of 
popcorn were transferred from one area to another. In order to study this phenomenon in detail, we have to add Ihe 
concept of a boundary, even an imaginary one (somewhere between you and Ihe snack stand - al least we can hope 
il's an imaginary boundary!) 

Recall from kinctic molecular theory, that gas molecules arc in constant random motion and undergoing 
collisions with other molecules in the gas. Our models of transport properties need to incorporate these concepts 
and account for them in gases. Thus, we need to gain a feel for the distance a molecule travels between collisions 
as this distance is surely related to the transport properties. Bccausc of the random nature of molecular motion, 
however, in most laboratory experiments the distance traveled between collisions is a variable and Ihe most 
efficient way lo describe ihe system is to consider the mean free path, or the average distance between collisions. 

While gas phase systems provide a good starting point for this type of study, il is also important that we 
consider transport processes in liquids. Ultimately, chcmical reactions are carried out more often in liquids and 
gases than in solids, so once we can understand transport in these phases we will have a good start in the study of 
kinetics. For liquid phases we consider Ihe conductance and the Debye-HUckel theory for ionic solutions as 
examples of transport properties, 
s 

Finally, because il is possible lo lake advantage of transport properties to separate components of a chemical 
system we include a few problems lhal examine rales of processes involving Ihe physical separation of materials. 

TP-1. Which property of a gas depends on ihe mean free path of the molecules? 

(A) the viscosity coefficient (B) the average molecular speed 

(C) Ihe average molecular kinetic energy (D) the average momentum in the jr-direclion 

Knowledge Required: Dependence of gas phase transport properties on molecular properties. 

Thinking it Through: Responses (B), (C), and (D) are all properties of the distribution of molecular speeds or 
velocities and can not be a con-ect response. The viscosity coefficient does depend on Ihe mean free path (X) of 
the moleculcs as q = (1/3) Mk S (A). Thus response (A) is correct. 

TP-2. For nitrogen gas at room temperature and pressure, the mean free path of the nitrogen molecules is 
approximately 
(A) I m (B) 10"'m ( O I0"'m (D) IO",0m 

Knowledge Required: Order of magnitude of gas phase collisional properties. 

Thinking il Through: The mean free path is given by X = (o(WK>)within factors of the square root of2. ForN] 
at room temperature and pressure (NIV) = 2.5 * 10" molecules cm"' and o = 10"'6 cm2, thus X = [(10 *) (10 °)J 
= 10"' cm or 10"' m. Response (C) is correct. 



Transport Properties 

T p 3 The mean free path Tor a gas molecule depends on temperature 7°, molecular radius r, and pressure P. 
The mean free path is proportional to 

(A) Tr'P (») £ <C> jrf
 (D) £ 

Knowledge Required: Gas phase collisional properties and their dependence on fundamental molecular and 
macroscopic properties. 
Thinking II Through: The mean free path is given by X = (o(MO)"1 within factors ofthe square root of 2. 
Substitution gives X = (nS(.P/RT))~1 or in terms o f r , P, and T, X is proportional to (r'P/T)"' or T/r'P. Response 
(C) is correct 

TP-4. Order the gases nitrogen, oxygen, fluorine, and neon from slowest to fastest rale of effusion at I bar 
and 298 K. 

(A) F 2 < 0 2 < N 2 < N c (B) N2<O2<F2<NC 

( O Ne < N2 < O2 < F2 (D) NC<F2<O2<N2 

Knowledge Required: Gas phase collisional properties and their dependence on fundamental molecular and 
macroscopic properties. 

Thinking II Through: The rate of effusion is proportional to the inverse square root of the molar mass of the 
molecule. Thus the rate of effusion ofthe heaviest molecule is the slowest, and the lightest molecule effuses the 
fastest. Responses (A) and (C) order the molecules by molar mass. Response (A) from slowest to fastest (con-ect 
response) and response (C) from fastest to slowest (incorrect) 

TP-5. At 25 °C the molar conductivity of Ag* ion is 61.90* 10"' mJ ohm ' mol"1, while that of AgNOj is 
133.36» 1 m 2 ohm"' mor ' . The transport number for the Ag' ion is 

(A) 71.46*10"* (B) 0.4642 

(C) 0.5358 (D) 2.1544 

Knowledge Required: Definition of transfer number in terms of conductivities. 

Thinking ll Through: The transference number / transport number is Ihc fraction ofthe current carried by a given 

ion. Thus the transference number for the silver ion is —^ = A**' = 6 1 , 9 0 = 0 4642 indicating thai 
V + A N O . A*»NO, 133.36 

response (B) is the correct response. 

TP-6. When the reaction 
A" + 2X" -y BJ" + Y}~ 

is studied in pure water, aqueous 0.1 M NaCI, and 1.0 M NaCI, the apparent rate constants in these 
media would be in the order 

(A) A(pure) > A(1.0 M) > i(0.1 M) (B) *(0.l M)> *(l.0 M) > %ure ) 

(C) A( 1.0 M) > *<0.1 M) > A(purc) (D) *(pure) > *(0.1 M) > A(1.0 M) 
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Knowledge Required: Effects of ionic species on rate constants, Debye - HUckel theory of ionic solutions. 
Thinking it Through: The Dcbyc-HUckcl theory for ionic salts predicts that Ihe rate constant for a reaction in 
ionic solution is given by 

log k - log k° + 2/lrAjg/"1 

This equation predicts that the rate constant will decrease as the square root of the ionic strength increases bccausc 
o f a negative slope from the opposite charges. The correct decreasing order is represented in response (D). 

TP-7. The molar conduclivitics (in units of ohm"1 

cm2 mol ') in infinite dilution (A0) are given 
in the table. The value of A0 for 
CHjCOOH(aq) in the same units is 

Substance A0 
TP-7. The molar conduclivitics (in units of ohm"1 

cm2 mol ') in infinite dilution (A0) are given 
in the table. The value of A0 for 
CHjCOOH(aq) in the same units is 

HCI(aq) 426.1 
NaCI(aq) 126.5 

Na(CH,COOXaq) 91.0 
H'(aq) 349.8 

OH(aq) 196.7 

(A) 214.5 (B) 390.6 (C) 517 (D) 643.6 

Knowledge Required: Ionic solutions, molar conduclivitics of multi-component solutions. 

Thinking it Through: The molar conductivity is an addilive property of ionic solutions. From the given data, Ihe 
molar conductivity at infinite dilution for acetic acid can be obtained from 

Ao(CH,COOH) = Ao(H*) + A^CHjCOO -) 
= Ao(H') + (Ao(NaCHjCOO) - Ao(Na*)) 
= Ao(H') + Ao(NaCHjCOO) - (Ao(NaCI) Ao(Cr)) 
= Ao(H*) + Ao(NaCH,COO) - Ao(NaCl) + (Ao(HCI) - AjfH*)) 
= Ao(H*) + Ao(NaCH,COO) - Ao(NaCI) + A«(HCI) - Ao(H') 
= 9 1 . 0 - 126.5 + 426.1 =390.6 

Thus response (B) is the correct response. 

TP-8. A particular /-RNA molecule takes 80 ms to diffuse I pm from the interior o f a cell to the cell wall. 
How long will il take to diffuse 2 pm lo the cell wall o f a bigger cell? 

(A) 40 ms (B) 80 ms ( Q 160 ms (D) 320 ms 

Knowledge Required: Diffusion rate dependence on distance, lime, and molecular properties. 

Thinking it Through: Diffusion is a process characterized by a Gaussian distribution of the distance of the 
molecules from their starling point. The distribution is characterized by (he width of the distribution which is 
equal to 2(Dr/it)"2, where D is the diffusion coefficient and l is the lime. Thus the distance diffused is proportional 
to r . If a molecule diffuses I pm in 80 ms then it will take 4 times as long (or 320 ms) lo diffuse 2 |im, thus 
response (D) is the correct response. 

TP-9. The rate of sedimentation o f a molecule in an ultracentrifiige does not depend on 

(A) viscosity of the solvent. (B) speed of Ihe centrifuge. 

( Q shape of the molecule. (D) lime. 
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Knowledge Required: Sedimentation rate dependence on parameters. 

Thinking II Through: The sedimentation rate will depend on the viscosity ofthe solvent by slowing down as the 
viscosity increases, thus response (A) is incorrect. The speed ofthe centrifuge influences the force on the 
molecules, which changes the rate of sedimentation, thus response (B) is incorrect. Ifyou consider a cylindrical 
molecule, the rate that the molecule moves through the solvent will depend on the area ofthe cylinder (if tilted, 
this increases) moving down through the solvent, thus response ( Q is incorrect. This leaves response (D) to be 
the correct answer. 

TP-IO. If £ is the energy required lo break up a cluster of molecules in a liquid, then the viscosity, q, ofthe 
liquid is approximately 

( A ) proportional to e11""1. W proportional to e " * " . 

(C) proportional to 7*. (D) independent of temperature. 

Knowledge Required: Scaling of energies for processes, energy distributions. 

Thinking II Through: The probability that a molecule has energy greater than £ is approximately proportional to 
e" t '* r , which eliminates the possibility of responses (C) or (D) being correct. EIRT will decrease as temperature 
increases, thus e £ " r will decrease as temperature increases and e ~ ' J " will increase as temperature increases. 
Experimentally, the viscosity decreases as temperature increases, making the viscosity proportional to e ' " " and 
response (A) the correct answer. 

M M ^ 

1. The transport number for H* in an aqueous 
solution of HCI can be estimated from the data 

Substance A« 
HCI(aq) 426.1 

NaCI(aq) 126.5 
Na(CHjCOOXaq) 91.0 

H'(aq) 349.8 
OH"(aq) 196.7 

(A) 0.3599 

(C) 0.8209 
(B) 0.5623 

(D) 1.7783 

2. The mobilities of H' and CI" in water are 
3.62* 10° cm2 s"' V"' and 7.91 * 10"J 

cmV-V" 1 respectively. When a voltage is 
applied across an HCI solution, the percentage 
ofthe current carried by the positive charge is 

(A) 82.1% ( B ) 50% 
(C) 31.3% (D) 17 9% 

3. Which plot best represents the concentration 
dependence ofthe molar conductance for dilute 
strong electrolytes? 

(A) 

(C) 

4. Which plot best 
represents the 
concentration 
dependence of the 
molar conductivity 
of a weak 
electrolyte? 

rtf:- ." V •• 
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5. The mean free palh Tor a spherical gas 
molecule is inversely proportional to 

(A) the radius of the molecule. 

(B) the diameter ofthc molecule. 

(C) the square root of the radius of the 
molecule. 

(D) the square of the diameter of the molecule. 

6. The units for heat flux are 

(A) J s ' m 2 (B) s"' 

(C) J s"1 (D) J s ' m"2 

7. In general, for ions reacting in solution, the rate 

(A) increases between ions of like charge as 
ionic strength increases. 

(B) decreases between ions of like charge as 
ionic strength increases. 

(C) increases between ions of opposite charge 
as ionic strength increases. 

(D) is independent of ionic strength. 

8. The mean free path of the molecules in a gas at 
I atm pressure and 2S°C is 

(A) directly proportional to the square of their 
diameter. 

(B) the same as at 10 atm pressure. 

( Q inversely proportional to their collision 
frequency. 

(D) independent of their diameter. 

9. In the design (or construction) of a vacuum 
system, large diameter tubing is essential for 
the main manifold. The property of gas 
molecules being considered in (his instance is 

(A) collision diameter. 

(B) root mean square velocity. 

(C) mean free path. 

(D) average molecular mass. 

10. Which of the properties or a gas depends on the 
mean-free path ofthc molecules? 

(A) the viscosity coefficient 

(B) the average molecular speed 

(C) the average molecular kinetic energy 

(D) the average momentum in the ^-direction 
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Answers to Study Questions 

1. A 5. B 9. D 
2. C 6. D 10. A 
3. C 7. B 
4. A 8. D 

Answers to Practice Questions 

1. C S. D 9. c 
2. A 6. D 10. A 
3. B 7. A 
4. D 8. C 
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Phenomenological Kinetics 
While we started our consideration of kinetics by thinking about how molecular level interactions occur it's 

important to realize that the study of reaction rates actually began wiih experimental sludics at the macroscopic 
level. Once a large number of experiments were conducted patterns began lo emerge about ways thai Ihcy might 
be described, particularly in terms of mathematical models. Bccausc these studies and the mathematics describing 
them focus on the observable phenomena of reaction kinetics, they arc calcgorizcd as phenomenological kinetics. 

There arc a number of factors that influence the rate of reactions, and among the first to be studied 
systematically was the effect of the concentration (or amount) of substances present. Studies of the concentration 
dependence of kinclics resulted in the definition of both the rate and the rate law. 

The fundamental premise of a rate law is (hat the rate is proportional to the concentration of rcactants raised to 
some small, commonly integer, power. 

R a t e x | X p 

where wc arc designating ihe reacianl of interest as X and the exponent y is the small integer (or half integer.) 
These integers can only be determined by experiments, but once they arc known, the rate law provides a wealth of 
information about the time behavior of the reaction it dcscribcs. Given its utility it is not surprising that there arc 
actually multiple ways lo dclcrminc the rate law and this chaplcr provides several questions to provide some 
breadlh of experience in (his form of kinctics problem. 

The determination of a rale law is important mostly bccausc once we know il wc can make predictions about 
the progress of the reaction. For an individual reaction, we would most likely wish to know an expected 
concentration at a given time, but the fact that the rate law is similar for many reactions allows us to use this idea to 
compare rates of reactions. There arc several ways that this might be accomplished, but perhaps Ihe mosl common 
is (o dclcrminc ihe half-life of the reaction. The half-life is defined to be the amount of time it takes for the 
concentration (or amount) of a limiting rcactant lo fall to one-half its initial value. 

Concentration of rcaclanis is not the only variable thai can be manipulated in a kinetics experimenl, however. 
Common experience also tells us thai temperature plays a role in how fast a reaction lakes place. Al higher 
temperatures reactions usually proceed more quickly. Al the macroscopic level. Ihe temperature dependence of 
kinclics is generally described by an equation attributed lo Svantc Arrhenius, 

"V k = Ae / , r 

Our final questions look at ArThcnius behavior of chcmical kinetics. 

Study Questions 
PK-I . For the reaction 2NO>(g) + F2(g) -> 2 N 0 2 F ( g ) t h e r a l e s of changes of concentrations are related by: 

(A) ('/») d[NO,]/d/ = d[F2]/d/ (B) (2) d[N02]/d/ = d[F>)/d/ 

(C) d[N02]/df = d[NQ2F]/d/ (D) d[F2]/d/ = -d[N02F]/df 

t - 'I ' , -Mil 43 . ^ 



Phe no me no logical Kinetics 

Knowledge Required: Rate laws, definition of reaction rate 

Thinking ll Through: The definition ofthe rale is given by 

1 ^ 
Rate = — — 

u d / 

where the u, are the stoichiometric coefficients for species i (positive for products and negative for reactanls) and 
c, is the concentration of species i. Thus, for this reaction 

Rate = 
I d[NO,] _ I d[Fa] _ 1 d[NOaF] 

d/ I dl dl 

so that response (A) is correct. Response (B) is incorTect because the 2 is not in the denominator. Response (C) is 
incorrect because there should be a negative sign present, and response (D) is incorrect because ofthe missing 
factor of 2. 

[AJo [Bio [C)o Ro 

0.40 0.30 0.60 0.60 
1.20 0.30 0.60 1.79 
0.40 0.30 1.80 5.41 

1.20 0.90 0.60 1.79 

PK-2. Initial rates, Ro, for a reaction A + B -» products, 
which takes place in the presence of a catalyst C, were 
measured at 298 K for different initial concentrations of 
A, B and C (in mol dm"J). Assuming that the rate 
equation has the form 

Rate = k [A]0 [B]' [C]T 

The values of a, P and y are: 

(A) a = l p = 0 T = 3 

(C) a = 2 p = l y = 2 

(B) 

(D) 

a = I 

a = 3 

1 = 0 

>= 1 

= 2 

= 2 

Knowledge Required: Determination of rate laws from multiple experiments with concentration-rate data. 

Thinking It Through: The form ofthe rate law is given in the problem. Identifying the four experiments as 1, 2, 
3, and 4 from the top, we can write 

Rate, _ MAK.tBt.lCK, 
Rate, ~ M A K ^ B t j C ] ; , 

where the ij's correspond to the different experiments. Selecting experiments I and 2 allows cancellation ofthe 
terms involving k, [B], and [C] to give 

1.79 f ' - 2 0 Y 
0.60 ~~ v 0.40 J 

and a = I. Thus responses (C) and (D) arc incorrect, p is equal to 0 is both responses (A) and (B), thus y must be 
used to differentiate between the two responses. Selecting experiments I and 3 allows cancellation ofthe terms 
involving A, [A), and [B] to give 

M l f U I O Y 
0.60 1,0.60 J 

from which y is found to be 2. thus response (B) is correct and response (A) is incorrect. 
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pK-3. Which plot of conccnlralion-lime data will produce a straight line for a zcroth order reaction? 

(A) c 1 against/ (B) c against/ (C) c 'against/ ' (D) In c against/ 

Knowledge Required: Linearization of concentration-time data for various orders. 

Thinking ll Through: For a zcroth order reaction, the time dependence (integrated rate law) is given by 

c = Co - kl 
Thus a plot of cO- axis) against /(.t axis) will be linear with intercept c0 and slope -k. This leads lo response (B) 
being conccl. Response (A) would be correct for a second order reaction, response (C) is always incorrect (/"' c 
x axis is nol used), and response (D) would be COTTCCI for a first order reaction. 

PK-4. For the reaction, A -» products, a plot of the concentration of A vs. time is 
linear. What is the order of the reaction? b(A| 

(A) zero (B) first (C) second 

Knowledge Required: Linearization of concentration-time data for various orders. 

(D) third 

Thinking il Through: The integrated rate law expressions for zeroth through third order kinetics of 

[A]-(A] 0 = -* / , In J ^ P = -kl, j-!-r- y-L- = kl, and —^-J-- J—17 = I respectively. Thus the plot shows 
l A Jo l A J lAJo [A] lAJo 

ln[.4| against / as linear; thus the reaction is first order and the correct response is (B). 

PK-S. Consider a reaction that is first order in both reactants A + B -» products. The reaction becomes a 
pseudo-first order reaction if 

(A) the temperature is raised by 10 K. (B) a catalyst is used. 

( Q reactant B is present is large excess. (D) equilibrium is established. 

Knowledge Required: Rate laws, definitions of pseudo-order reaction conditions, how to make reaction become 
pseudo-order. 

Thinking ll Through: The rate law for a reaction that is first order in both reactants is given by 

Rate = k [A]1 [B]1 

In order to become a pseudo-first order reaction, either A or B must be present in large excess so that its 
concentration becomes invariant. Response (C) gives the case where B is present in large excess, and is thus Ihe 
correct response. In response (A), the small temperature changes typically do nol affect Ihe rate law and is thus 
incorrect. In response (B), a catalyst typically afTecls the rate law by increasing the complexity of the rale law nol 
by making it pseudo-order, thus is incorrect. The equilibrium response of response (D) has nothing lo do with the 
rale law, and is thus incorrect. 
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^ Fcmlosccond spectroscopy can be used to examine rcaclions on Ihc 10 " sccond lime scalc. These 
experiments are most useful for 

(A) reactions that arc faster than a single vibration. 

(B) diffusion controlled reactions. 

(C) typical laboratory organic reactions. 

(D) reactions that require adsorption on a surface. 

Knowledge Required: Experimental techniques for types of reactions. 

Thinking it Through: One femtosecond is 10"'5 s. Response (A) compares this time with that of molecular 
vibration ( 1 0 " seconds). Response (B) compares this time with that of diffusion controlled reaction (10"' - 10 * 
seconds). Response (C) compares this time with that of your organic laboratory reactions (minutes to hours). 
Response (D) compares this time with that of reactions requiring adsorption on a surface (requires colliding with 
the surface which is of order 10"* seconds). The shortest of these lime scales is that of response (A), which is the 
correct response. 

PK-7. The relationship between rale constant k, initial concentration Co, and half-life f./„ for a zeroth-order 
reaction is 

(A) /•„ = Irtco (B) = (In 2)/k (C) (•,, = Ac0 (D) h, = c</2* 

Knowledge Required: Definition ofhalf-life, dependence of half-life on order and concentration. 

Thinking ll Through: The general definition ofthe half-life is the time required for the concentration to decrease 
to '/> ofthe original amount. For a zcroth order reaction, the time dependence (integrated rate law) is given by 

c = Co - ki 
Substitution of c((K) for c(r) and I = gives 

Co/2 = c0 - * 

and I*, = c<flk (response (D) is correct). 

PK-8. Two first-order reactions have identical prc-cxponential factors; their activation energies differ by 
25.0 kJ mol "'. The ratio of their rate constants at 25°C is 

(A) 50 (B) 2.4* I04 (C) 6.1*10' (D) 1.7*10" 

Knowledge Required: Arrhenius explanation of temperature dependence of reactions. 

Thinking Ii Through: Since we are examining the effects ofthe activation energies on two reactions at ( 
temperature, we need to examine the ratio ofthe rate constants. This ratio is 

k, ~ 

Since A, = A2, this ratio can be rewritten as 

Thus response (B) is the correct response. 
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PK-9. For ihe concerted rcaclion A + B -> C + D £,( forward) is 46 kJ-mol ' and A// = -27 kj-mol '. 
Therefore, E, (in units ofkJ mol ') for the reverse reaction is 

(A) 19 (B) 27 (C) 46 (D) 73 

Knowledge Required: Diagram of energy as a function of rcaclion coordinate, relations between energies of 
reactants. products and the transition state 

Thinking il Through: The conventional diagram ofthc energy (y) against reaction j 
coordinate (x) shows the energy dilTcrcncc between reactants and products as AH. There is 
a barrier to the reaction between reactants and products. The height of this barrier 
corresponds to the activation energy for the forward reaction when moving to the right, and 
the activation energy for the reverse reaction when moving to the left. In this case, the 
height of the barrier for the reverse reaction £,(reverse) = 46 kj -mol"1 + 27 kJ-mol"1 = 
73 kJ-mol'1. The correct answer is response (D). Response (A) corresponds to (46 - 27) kJ-mol1, which is 
incorrect. Responses (B) and (C) correspond to the two numbers given in Ihe problem, also incorrect responses. 

PK-IO. The gas-phase rcaclion 2NOj + O, N205 + 0 2 has the rale constant k = 2.0* 10* L mol ' s"1 at 
300 K. What is the order of the reaction? 

(A) 0 (B) 1 

(C) 2 (D) Unable lo determine with Ihe data given. 

Knowledge Required: Units as indicators ofreaction orders 

Thinking il Through: The rate law expression is given by ^ ^ = - * [ A ] ' . Thus the units on the rate constant, k, 
d t 

arc mol-L '-time '/Onol L"1)". Since the given unils of the rale constant are L-mor'-s"1 Ihe value ofx (Ihe order) is 
2. and response (C) is correct. 

Practice Questions 
I. When the lime dependence of the reaction 

A + B -» C 
was studied at different [A| ["] Rale 
initial [A] and [B], (he Co Co 
relative rates were shown 2 Co Co 4Rq 
in Ihe table. 2 Co 2 Co »Ro 
From this data one concludes that the overall 
rale for this reaction is 

(A) zero order. 

(C) sccond order. 

(B) first order. 

(D) third order. 

2. The chemical reaction 
A + B -> C 

is first order in A and first order in B. When 
the initial concentrations of A and B are both 
equal to Co, the initial rale for the reaction is 
proportional lo 

(A) a constant. (B) c0. 

(C) Co3. (D) Co2. 

3. The chemical reaction, d[A] 
A -* products, is found j , ' 
to have a rate equation 
The half life for this rcaclion is 

(A) independent of [A]. 

(B) proportional to I / [A]. 

(C) equal to k. 

(D) zero. 

-*[A] : 
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4. For the 
reaction 
A -» B the 
concentration 
of A varies as 
shown. The 
reaction must 
be first order 
with respect to 
[A] because 

(A) the half-life of the reaction is constant. 

(B) the half-life of the reaction is inversely 
proportional to (A). 

(C) the half-life of the reaction is proportional 
to [A], 

(D) (A) is independent ofthe half-life. 

5. For2H2Oj(aq)-» 2H,0(I) + 02(g), which plot 
confirms that the reaction is second order with 
respect to H202? 

(A) 
(H.O.] 

(B) 

(C) (D) 
"fro,) 

i . If the rate constant for a chemical reaction is *o 
at 300 K, the activation energy is £, (kJ-mol"1), 
and the pre-exponential factor. A, is not a 
function of temperature, then the rate constant 
at 310 K is 

(A) *oexp[-(£ry/fXI/310- 1/300)] 

(B) *oexp[-(£,//?XI/310+ 1/300)) 

(C) *oexp[-(£y/?X 1/300 - 1/310)] 

(D) *<*xp[(£./KX 1/310 + 1/300)] 

7. Under what conditions will the temperature 
dependence ofthe rate constant (dkJdT) be 
greatest? 

(A) low temperature, small £, 

(B) low temperature, large E, 

(C) high temperature, small E, 

(D) high temperature, large E, 

8. Which correctly expresses the ratio ofthe rale 
constani at 30 "C to that at 25 °C? 

Ajo ! 2̂5 = 

(A) 303" ' -298 ' 

(B) 30" ' -25" ' 

(C) exp[-(£^y(303- ' - 298 ')] 

(D) exp[-(£^fl)/(30"' - 25 ')] 

9. For a second order chemical reaction, the units 
for the rate constant (k) are 

(A) (concentrationXtime)-1 

(B) (concentralion)2(time) ' 

(C) (concentration)""(time)"' 

(D) (concentralion)"'(lime)"' 

10. A first order reaction in solution might be 
followed by absorbance measurements. Which 
quantities would have to be measured to 
determine the rate constant, assuming the 
absorption spectra ofthe reaclants and products 
do not overlap? 

(A) The absorbance at the start of the reaction 

(B) The concentration ofthe starting material 

(C) The extinction coefficient or molar 
absorptivity of each reactant and product 

(D) The absorbance ofthe reactant at two 
different times 
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Answers to Study Questions 

1. A s. c 9. D 
2. B 6. A 10. C 
3. B 7. D 
4. B 8. B 

Answers to Practice Questions 

1. D 5. D 9. D 
2. D 6. A 10. D 
3. B 7. B 
4. A 8. C 
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If we think about the nature of molecular collisions as devised by kinetic molecular theory we realize that 
reactions frequently proceed in a series of steps. The probability of a type of collision occurring depends on the 
number of molecules involved. The most common is a two-molecule collision. Three molecules can collide 
occasionally but that would probably be rare and four molecule collisions must be so rare as lo be unimportant. 
Nonetheless, stoichiometric depictions of reactions would seem to imply the involvement of many molecules at a 
lime in at least some reactions. This mismatch between collisions and stoichiomelry implies that reactions must be 
able to proceed in steps, something we refer lo as the mechanism of the reaction. 

Mechanisms are a series of elementary reactions proposed to explain how a reaction occurs. Elementary 
reactions are labeled by the number of molecules thai collide in them. 

• One molecule involved - unimolecular 
• Two molecules involved - bimolecular 
• Three molecules involved - termolecular 

Mechanisms can be disproved by experimental evidence, but it is not possible to prove them lo be true because 
it is always possible that another mechanism could be devised that accounts for the same observations. There arc. 
however, important constraints that must be met for any mechanism to be accepted as reasonable. Foremost, the 
steps of the mechanism must sum to yield the net reaction being observed. As might be expected from our initial 
discussion here, the mechanism cannot have any reaction that would imply more than a termolecular step and 
practically speaking most steps are unimolecular or bimolecular. 

In addition to being able to describe the overall reaction stoichiomelry, the mechanism must also be able lo 
explain the observed rate law. There are several factors that affect the manner in which a mechanism can be 
distilled into a rate law. For example, some problems will review approximation methods such as the steady stale 
approximation and the fast equilibrium approximation. Other problems reviewing rate limiting steps and 
comparison of rale constants for elementary steps to simplify rale laws are also included. 

Another area where reaction mechanisms provide an important way to extend our understanding of kinetics 
lies in the concept of catalysis. A catalyst enhances the rate of a reaction without actually being consumed as the 
reaction proceeds, and the mechanism needs to account for this effect. Catalysis has many practical implications 
and we will review reaction mechanisms important in practical cases such as enzyme kinetics, photochemical 
reactions and chain reactions (such as polymerization). 

Consider the reaction mechanism | A -> B -> C | in which the rate constant for the first reaction is 
very much smaller than that for the second reaction. At I = 0, only substance A is present. Shortly 
after the steady-stale is initially established (both reactions are irreversible), which of the following 
statements is con-ect? 

(A) [C]<[B] (B) (B] = 0 (C) [A] < (C) (D) [B] = [A] 

Knowledge Required: Consecutive reactions, interpreting reactions using rate-limiting steps 

Thinking U Through: Because the rate constant for the first reaction is small (reaction is slow), A will slowly 
convert to B. The rate constant for the second reaction is large (reaction is fast), therefore as soon as any B forms 
11 is quickly convened to C. This means that the concentration of B will be zero or very small after the reaction 
reaches a steady-state, and response (B) is conccl. 



Mechanisms 

M-2. The sequence 2 CHjNC -> CHjNC* + CH,NC A, 

CHjNC* + CHjNC -> 2 CHjNC 

CHjNC* -> CHjCN k2 

is proposed lo account for the first-order kinetics observed in Ihe CH5NC(g) -> CHjCN(g) 

isomerizalion at high pressures. Which assumptions arc made to account for the observed first-order 
rale law. 

d[CH,NC]/d/ = -*lCH,NC) 

(A) I only (B) 

I Apply the steady state approximation lo CH,NC* 

II Assume 11 [CHjNC) » k2 

III Assume A, » k2 

IV Assume A, / * . , » I 

land II (C) I, II, and III (D) I, II, 111, and IV 

Knowledge Required: Writing rate expressions using the elementary steps in a mechanism. Identifying 
intermediates and applying the steady-state approximation. Simplifying rate expressions by comparing the 
magnitude of individual rate constants. 

Thinking il Through: CH,NC* is an intermediate. Write a rate expression for the rate of change in concentration 
of this intermediate and apply the steady-state approximation: 

dlCH.NC') 
= 0 = D lCH.NC) ' [CH.NC 'HCH.NCl -^ ICH.NC ' ) 

Solve this expression for the concentration of the intermediate: 

|C„ NC.) = *.ICH,NC1' 
lU1,Nt- 1 k, |CH,NC| + k, ' 

Now write a rate expression for the change in concentration of CHjNC: 

dlCHjNCJ/dr = *2ICH,NC*]. 

Substitute for the concentration of the intermediate found by applying the steady-state approximation 

d|CH,NC]_ A,A,(CH,NC]' 
di ~ A.,|CH,NC1 + A, 

If this expression is to be reduced to a first order expression, ki must be small in comparison to (he other term in 
the denominator. Therefore the correct response is (B) (conditions 1 and 11 are applied). 

M-3. The rate expression for the decomposition of a substrate (S) in the presence of an enzyme (E) is 

rate = k, [EL (S| 
Ku + (S] 

As [S] becomes very large compared to KM, the apparent order for the substrate is 

(A) zero (B) one (C) two (D) two-thirds 

Knowledge Required: Simplifying rate expressions. Determining partial reaction orders from rate laws. 

Thinking ll Through: If K„ « [S], the denominator of the rate expression is approximately equal to [SJ. The rate 
law becomes rate = k (E]0. This rate expression does not include [S) and is therefore zero order with respect to the 
substrate, and response (A) is correct. 



Mechanisms 

M-4. In Ihc mechanism shown. Step I is irreversible. Step 2 is reversible. 
At equilibrium 

[B] = 0 (C) [C] = 0 

-1—»B; 

(A) [A] = 0 (B) (D) [B] = [C] 

Knowledge Required: Consecutive reactions, reversible reactions and equilibrium 

Thinking ll Through: Since the first reaction is not reversible, there will not be any A left at equilibrium. The 
second reaction is reversible, so some C and B will be present at equilibrium. Their relative amounts will depend 
on Ihe value ofthe equilibrium constant; they will not necessarily be equal in concentration. Therefore response 
(A) is Ihe best answer. 

M-S. In homogeneous catalysis of a chemical reaction, the introduction ofthe catalyst changes the 

(A) AH for the reaction. (B) 

(C) equilibrium position ofthe reaction. 

pathway between the products and 
reactanls. 

(D) number of products. 

Knowledge Required: Definition of a catalyst 

Thinking It Through: Catalysts affect the kinetics of a reaction, by providing a lower energy pathway for a 
reaction. Catalysis are not produced or consumed in a reaction and do not affect the stoichiomelry of a reaction. 
Therefore response (B) is the correct answer. 

M-4. When dissociated single strands, SS, ofDNA's 
double helix recombine, the behavior shown in 
the figure is observed. It can be inferred that the 
reaction is initially order, and thai at 
time 

1 
[SS] 

/ 

(A) first equilibrium is established. 

(C) second equilibrium is established. 

(B) first the mechanism has changed. 

(D) second the mechanism has changed. 

Knowledge Required: Using plots of integrated rate laws to determine reaction order. 

Thinking ll Through: Linear plots of 1/concentration against time indicate that a reaction is second order. 
Therefore this reaction is initially second order. At longer limes (longer than i j the plot is no longer linear 
indicating a changc in mechanism. Therefore response (D) is the best answer. 

M-7. A molecule has absorbed a photon. In general, which proccss has Ihc slowest rale for decay? 

(A) stimulated emission (B) phosphorescence 

(C) internal conversion (D) fluorescence 

Knowledge Required: Understanding the differences between different types of electronic emission. 

Thinking it Through: Response (B) is the best answer. Because an inlcrsyslcm crossing occurs in 

a forbiddcn'iransilion ^ ^ ^ S '°WCSI d " a y r a 'C T h e C n C r g y i s , r a p p c d lcmP° rarily in the excited state of 
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M-8. Which sequence of slate-to-slate transitions for a diatomic system is required for one lo observe 
fluorescence with a wavelength longer than that for the excitation photon? 

(A) (B) 

(C) (D) 

Knowledge Required: Fluoresccncc, energy diagrams, relationship between wavelength and energy 

Thinking il Through: Slalc-to-slatc fluorescence transitions occur between electronic states with the same 
multiplicity. Therefore responses (B) and (C) are not possible. Figure (A) represents a transition where the 
wavelengths are equal for the fluorescence and cxcitation photons, because Ihe transition begins and ends in Ihe 
same slate. Figure (D) is the correct response. The fluorescence wavelength is longer (less energy) than that of Ihe 
cxcitation pholon. 

M-9. A phosphorescent crystal was illuminated with a high intensity light beam. At / = 0, the light beam 
was lumcd ofT and the intensity of Ihe phosphorescent radiation was measured in intervals of 
milliseconds. The equation that best describes the phosphorescent intensity(/) as a function of time(0 

(A) 

(C) 

/ = /0 
I = l0- kl 

(B) 

(D) 

ln(/) = ln(/0) - kl 

/ = ln(/0) + kl 

Knowledge Required: Phosphorescence 

Thinking ll Through: Phosphorcscencc is first order with respect to intensity. Response (B) is the only answer 
thai corresponds to a first order process, and is therefore the correct response. 
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M-IO. The photochemical reduction-dimerization ofbenzophenone to bcnzpinacol in isopropyl alcohol 
proceeds according to the equation with a quantum yield of 2. 

2 \ = 0 • / C H O H ^ 3 5 0 n m 

f H,C 

• + 
Av I I 
" v o HO C C OH + 

HjC. 

I I • • 
> , c = o 

HjC 

The addition of a small amount of naphthalene lo this reaction results in a drastic reduction in 
quantum yield although naphthalene does not absorb light in the region 300 - 350 nm. How do you 
explain this effect? 

(A) Naphthalene reacts with benzophenone in its ground slate and prevents its photochemical 
excitation. 

(B) Naphthalene quenches reaction by transferring energy from excited benzophenone causing its 
return to the ground state. 

(C) Excited naphthalene radicals terminate reaction by reacting with isopropyl alcohol radicals. 

(D) Naphthalene is excited by radiation in preference lo benzophenone. 

Knowledge Required: Quantum yield, photochemical reactions 

Thinking ll Through: The reaction in question proceeds through the production of an excited slate of 
benzophenone. The addition of naphthalene with its large number of it electrons and relative high mass will 
quench the excited slate to the ground stale. Thus response (B) is correct. 

Practice Questions 
For Ihe reaction of A with B 
to form D, the first step 
involves forming a reaction 
intermediate C which is in 
equilibrium with A and B. 
The overall mechanism can 
be written as shown. 
The rate expression for the production of D 
from this mechanism is expected to be 

(A) (constant) [A], 

(B) (constant) |A) |B]. 

(C) [A][B]|C]2. 

(D) (constant) (A] |B)!. 

2. The hydrolysis of a certain 
transition metal complex can be 
written schematically as shown. 

Which can 
be infen-ed 
from the 
figure? 

(A) 

(B) At least one intermediate is formed. 

(C) The rate of formation of B is a maximum 
at I = 0. 

<D) The rate reaches equilibrium in 50 
minutes. 
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3. The predicted rate law Tor 

A + B . * ' ' C C — » D 

using the steady-state approximation is 

(A) *,*:IA||n| 

(B) *2[C] 

(C) A , [A] (B] -UC) -A 2 |C ] 

(D) ( M j / ^ i ) [A][B] 

4. Using the mechanism Tor free radical 

1 - • 21 *i 
I- + M -» P *2 
P„ + M -»• P„., 
P„ + P.- -> P„.„ *4 

the kinetics are most easily modeled by 
applying the steady state approximation to 

(A) initiator (I). 

(B) monomer (M). 

(C) polymer of chain length n(P„). 

(D) total polymer radical chain concentration 
(P* + P . + •••)• 

A possible mechanism for the gas-phase 
reaction 

2NO:CI -> 2N02 + Cl2 

NOjCI -> NOj + CI (slow) 
CI + N02CI -> NOj + CI, (fast) 

The rate equation consistent with this 
mechanism is: 

(A) rate = * [N02CI] 

(B) rate = * [N02CI) : 

(C) rate = * [CI] [N02CI] 

(D) rate = A [Cl2| [N02]2 

The mechanism of an enzyme catalyzed 
reaction ofa substrate (S) to yield products (P) 
can be written 

E + S: - ES; I E P ; i P + E 

where ES and EP represent the enzyme-
substrate and enzyme-product complexes, 
respectively. For this mechanism, the potential 
energy diagram (potential energy or enthalpy 
against reaction coordinate) would be expected 
to have how many maxima? 

(A) one 

(C) three 

(B) two 

(D) four 

7. Which statement is true when the temperature 
at a reaction mixture is increased? 

(A) Temperature increases cause the 
equilibrium constant and final product 
concentrations to increase. 

(B) A temperature increase reduces the 
activation energy for a reaction. 

(C) A temperature increase speeds up the rate 
of a reaction by increasing the number of 
collisions. 

(D) A temperature increase increases the rates 
of both the forward and reverse reactions. 

8. According to the Langmuir model of 
chemisorption o fa gas on a solid surface, 

(A) the amount of gas adsorbed increases 
linearly with the partial pressure of the gas 
up lo the saturation pressure. 

(B) the amount of gas adsorbed per unit area 
of the surface approaches a limit as the 
partial pressure of the gas increases. 

(C) a gaseous molecule striking a empty site 
on the surface has the same probability of 
being adsorbed as if it struck a site 
occupied by another molecule. 

(D) the enthalpy change on adsorption is about 
the same as the enthalpy change on 
liquefaction of the gas. 
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l2 + Av 21-
1 + Hj Hl + H 
H + l2 -> 1 +HI 
!• + ! - > 2 

9. For ihe photochcmically 
driven reaction of H2 with 
12. a possible mechanism 
is shown in the box. 
With this mechanism the number of HI 
molecules produced per photon absorbed is 

(A) greater than I. 

(B) less than I. 

(C) equal to I. 

(D) always a whole number. 

10. Gaseous, unimolecular decomposition reactions 
may proceed according to Ihe mechanism in 
which the collision between two normal 
molecules. A, produces an activated molecule, 
A*, which, in turn, may be deactivated by 
collision or decompose into products. 

A + A-
A' + A -

• A* + A 

•+A + A 
A*—<—» products 

Using the steady state approximation for the 

quantity , the rale law for the reaction 

A products becomes 

- d [ A l / M , [ A]' 

Under which conditions will the rate ofthe 
overall reaction tend to be second order? 

(A) High pressure 

(B) Low pressure 

(C) Addition of inert gas 

(D) Increased surface area in reaction vessel 

11. For the mechanism 

CH.COCH, —i-»CH, + CH,CO 

CH,CO—^—>CH, • + CO 

CH, + CH.COCH, —!"->CH4 + CH.COCH, 

•CHjCOCH, —!"->CH, • + CH,CO 

CH, • + • CHjCOCH, — C j H . C O C H , 

The rate of formation of CH,CO • is given by 
the expression 

(A) A,[CH,COCH,] - A2[CH,CO ] 

(B) A,[CHjCOCH,J + A2[CH,CO ] 

(C) A,[CHjCOCH,] + A,[CH,COCH,][CH, ] 

(D) A,[CH,COCH,] - A,[CH,COCH,][CH, ] 
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Answers to Study Questions 

1. B 5. B 9. B 
2. B 6. D 10. B 
J. A 7. B 
4. A 8. D 

Answers to Practice Questions 

1. I) 5. A 9. 
2. B 6. C 10. 
3. A 7. A 11. 
4. I) 8. B 

Mechanisms 
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Reaction Dynamics 
The concept of a reaction mechanism suggests that the observed rate of chcmical reactions can be explained in 

terms of a scries of elementary steps. Wc might then take this reasoning to the next level and ask. "What happens 
in each elementary step?" This question requires that wc think about chcmical reactions at the level of atoms and 
moleculcs. Consideration of kinclics al ihis level is referred lo as the study of reaction dynamics. 

Al Ihe mosi fundamental level, in order for a reaction to occur. Ihe particles involved, be they molecules, atoms 
or ions, must encounter each other. Thus, the study of reaction dynamics begins wilh the study of collisions 
between molecules, examples of which appear in Ihe transport properties chapter. 

If we consider the matter of chcmical reactions further, wc quickly conclude that not all collisions between 
particles result in reactions. For example, under the normal conditions wc encounter in everyday life, the 
moleculcs of nitrogen and oxygen in air are constantly colliding wilh each other but nol reacting. The most 
important component of reaction dynamics that explains ihis observation is that in order for a reaction to occur the 
collision must have enough energy to overcome ihe activation energy for the reaction. The activation energy is 
characteristic of a reaction and represents the minimum amount of energy thai musl be available lo colliding 
particles in order for a reaction lo occur. 

The activation energy of a reaction can also be related to structural changes thai musl occur in order lo allow 
Ihe transition from reactants lo products. These structural implications can be considered in several ways, including 
the calculation of potential energy surfaces thai map the energy of a system upon variation of structural variables 
(such as bond lengths) in the reaction system. While these variables can be manipulated in any manner, the 
activation energy of a process is generally associated with a specific structure called the transition slate. 

This chapter includes problems thai review some of the theories used in these explanations such as collision 
theories and transition state theory. The interpretation of minimum energy pathway diagrams and potential energy 
surfaces and trajectories on these potential energy surfaces are also tested. 

Study Questions 
RD-l. Which statement is NOT true for the behavior o f a catalyst? 

(A) A catalyst increases Ihe equilibrium constant and final product concentrations. 

(B) A catalyst reduces the activation energy for a reaction. 

(C) A catalyst speeds up the rate o f a reaction. 

(D) A catalyst increases the rates of both the forward and reverse reactions. 

Knowledge Required: Definition of a catalyst. 
Thinking it through: A catalyst speeds up the rcaclion rate by providing a lower energy pathway for the rcaclion. 
Catalysis increase the rales of reversible reactions in bolh directions. Comparison or the definition o f a catalyst to 
these statements indicates thai response (A) is not true. 

RD-2. In the derivation of "transition stale theory", the assumption is made that Ihe reactants are 
(A) unstable relative to the products. (B) in equilibrium wilh the products. 

(C) in equilibrium with an activated (D) hard sphere molecules, 
complex. 
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Knowledge Required: Assumptions made in transition stale theory. 
Thinking it Ihrough: Transition stale theory assumes that every sel of rcaclanls that cross a sel point on Ihe 
potential energy surface (saddle point) progress lo rcaclanls. This theory also assumes that the molecules have a 
Boltzmann distribution of energies. Application of these assumptions leads to the condition lhat the reactants art 
in equilibrium with an activated complex. Therefore response (C) is the best response. 

RD-3. The entropy of activation of a reaction may be obtained from 

(A) the temperature dependence of the rate constant. 

(B) measurements of the heat of reaction. 

(C) the energy of activation of the reaction. 

(D) the activity coefficients of the reactants and products. 

Knowledge Required: Relationship between the parameters in the Arrheuius expression and transition-state 
theory. 

Thinking il through: The Arrhenius expression relates the temperature dependence of the rate constant to a pre-
cxponcntial factor A and the activation energy £A: k = /tc '*"®' or In * = In A - EKlktT. A plot of In k versus 1/7" 
is linear with an intercept equal to In A. Using transition-state theory A and EA can be related to thermodynamic 
properties ofthc transition-state; A = constant < r * exp (AS* IR). The activation energy can be related to the 
enthalpy of activation. Therefore the entropy of activation can be determined from the temperature dependence of 
the rate constant and response (A) is the correct answer. Measurements of the heat of reaction and activity 
coefficients relate to equilibrium properties of the reaction and nol to Ihe thermodynamics of the transition-state 
(activation), ruling out responses (B) and (D). 

RD-4. The figure shows the reaction profile for 

* , 

<a 

I A Identify the incorrect statement 1 
a 

1 V 
Radial 

(A) A,G < 0 (B) AG-I'>AG2 ' 

(C) k-,>k2 (D) The first transition slate resembles B 
more closely than A 

Knowledge Required: Interpreting reaction profile diagrams. 

Thinking ll Ihrough: By comparing G values for products, reactants and intermediates, you can determine that 
responses (A) and (B) are correct statements, thus inconect responses. The first transition-slate is closer in energy 
to B than lo A and therefore response (D) is reasonable. Response (C) is an incorrect statement, thus the correct 
response. The reaction profile indicates thai Ihe reverse of Ihis statement is correct, as the barrier to Ihe first 
transition-stale is larger than that to the second transition-slate. 



Reaction Dynamics 

RD-5. For Ihe rcaclion H + H-H H-H + H, which 
point represents the transition stale? 

RD-5. For Ihe rcaclion H + H-H H-H + H, which 
point represents the transition stale? 

0 FL^ •"H-H 

(A) 1 (B) 2 (C) 3 (D) 4 

Knowledge Required: Identifying the transition-state on a potential energy surface. 

Thinking ll through: The transition-state corresponds to a maximum in the potential energy surface along the 
minimum energy pathway. Therefore point 3 (response (C)) is the conect response. Points 1 and 4 are in the 
product and reactant channels respectively, and point 2 is located on the repulsive wall. 

RD-6. When the hydrogen and fluorine atoms 
H , - H b + F -» H. + H b - F 

are constrained to react in a collinear geometry, 
the potential energy surface for the reaction is 
shown. The energy contours are given in 
kcal mol"1. Identify the conclusion that cannot be 
drawn from this diagram. 

HF+H(-29) 
-20 

F+H + H(+110) 

+27 F + Hj(0) 

(A) The equilibrium Hk - F bond distance is approximately 0.9 A. 

(B) At the saddle point, the Hb - F distance is significantly longer than the equilibrium HF bond 
distance. 

(C) The reaction is exothermic by 29 kcalmor1 . 

(D) Much ofthe energy ofthe reaction is converted to translational energy. 

Knowledge Required: Interpreting potential energy surfaces. 

Thinking ll through: Bond lengths and comparison of distances between atoms can be determined from Ihe 
potential energy surface since these distances are plotted on Ihe x and y axes. This information can be used lo 
determine that responses (A) and (B) are correct. Response (C) is also a correct conclusion. The heal of reaction 
can be determined by comparison ofthe energy contours in the reactant and product channels. Response (D) is not 
a correct conclusion from the given potential energy surface. You would need to study rcaclion trajectories to 
draw a conclusion about how much energy is converted to translational energy. 

RD-7. Diffusion controlled reactions have rates limited by 

(A) the lifetime of the encounter pair. (B) 

(C) activation energies. (D) 
the rate of formation of encounter pairs, 

diffusion ofthe solvent molecules. 
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Knowledge Required: Factors thai contribute lo rcaclion rales in dilTusion controlled reactions. 

Thinking it through: Response (B) is the best answer. A reaction will only occur if Ihe reaclanls can encounter 
each other. Therefore, the rate of reaction is determined by how fast the reactants diffuse towards each other to 
form encounter pairs. The barrier lo rcaclion in a dilTusion controlled process is assumed to be small, so responses 
(A) and (C) can be eliminated. Response (D) is also incorrect as the solvent moleculcs do not react.' 

RD-8. For a gas phase reaction between A and B, Ihe collision rate between A and B usually exceeds Ihe 
reaction rate because the collision rale does nol include Ihe elTecl of Ihe 

(A) molecular mass. (B) steric factor. 

( Q molecular speed. (D) cross section. 

Knowledge Required: Collision rates, factors that contribute lo reaction rales in gas phase reactions. 

Thinking it through: The reaction rale for a gas phase reaction uses collision theory which is given by 

reaction rate = (collision rate)(fraclion of molecules with sufficient energy)(steric factor) 
or 

" V rale = Z w e p 

Thus, response (B) is correct since the activation energy term is not included and Ihe effects of responses (A), (C), 
and (D) are included in the collision rate term. 

RD-9. According to absolute reaction rale (transition-state) theory, the products o fa reaction are formed 
when 

(A) ihe activated complex vibrates. 

(B) the activated complex rotates it radians. 

(C) one of the translational modes of Ihe activated complex becomes a vibrational mode. 

(D) one of the vibrational modes of the activated complex becomes a translational mode. 

knowledge Required: Concepts involved in absolute reaction rate (transition - slate theory). 

Thinking it Ihrough: At ihe transition state (the top of Ihe potential energy surface), Ihe activated complex has a 
number of vibrational modes corresponding to motions of the atoms. One of those modes (that along Ihe reaction 
coordinate) has an imaginary frequency. That mode becomes a translation of the product molecules with respect 
to each other, thus response (D) is correct 

RD-10. In the absence of additional information, a lower bound for the activation energy of Ihe endolhermic 
reaction 

A(g) + B(g) -> Products 
is best approximated by 

(A) the standard enthalpy change of Ihe rcaclion. 

(B) ihe larger of the bond dissociation energies ofthc reactants. 

(C) the sum of the bond dissociation energies of the reactants. 

(D) Ihe difference of the bond dissociation energies of the reactants. 
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Knowledge Required: Changes in reaction coordinate diagram with AH, £,. 

Thinking it through: An cndothermic reaction must have point A lower than point 
C. The lowest possible energy for the transition state (Ihc minimum barrier at point 
B going from C to A is zero) is thus Ihc same energy as C. Thus Ihe lower bound for 
the forward reaction is Ihc AW for the endothermic reaction, and response (A) is 
correct. 

Reaction Coordinate 

Practice Questions 
1. In activated complcx theory, a positive entropy 

of activation yields a 

(A) large Arrhenius prcfactor. 

(B) small Arrhenius prefactor. 

(C) large activation energy. 

(D) small activation energy. 

2. In collision theory, the sleric factor is related to 
the 

(A) relative orientation of the colliding 
reactanls. 

(B) atomic or molecular mass of each 
reaclanl. 

(C) highest vibrational frequency of each 
reactant. 

(D) molecular polarizability of each reaclanl. 

3. Transition stale theory predicts that the rate 
constant for a reaction is given by the 
expression. 

Using depends < 

(A) AW'. 

(C) AH8. AS*. T. 
(B) AH1. T. 

(D) AS*. T. 

4. The rate of a chemical reaction is proportional 
to the total number of collisions between 
reactant molecules per unit time. The collision 
rate is largest for 

(A) high collision cross scction and low 
molecular velocity. 

(B) high collision cross section and high 
molecular velocity. 

(C) low collision cross section and low 
molecular velocity. 

(D) low collision cross section and high 
molecular velocity. 

5. The redox reaction between Cu* and 
Co(NH))JCli' has been studied in mixtures of 
water = 78.5) and methanol ( c , ^ = 
32.6) in the presence of an inert salt. The 
reaction rate is expected to 

(A) increase with added methanol and added 
inert sail. 

(B) decrease with added methanol and added 
inert salt. 

(C) increase with added methanol, but 
decrease with added inert salt. 

(D) remain unchanged with added methanol, 
but increase with added inert salt. 

6. According lo absolute rale theory, the prc-
cxponcntial factor in the Arrhenius equation is 
related to 

(A) the enthalpy difference between reactanls 
and Ihc activated complex. 

(B) the internal energy difference between 
reactanls and the activated complex. 

(C) the internal energy difference between 
reactanls and products. 

(D) Ihe entropy difference between reactanls 
and Ihc activated complex. 
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7. A fundamental postulate ofthe theory of 
absolute reaction rates is that 

(A) the prc-exponential term is independent of 
temperature. 

(B) an equilibrium exists between reactanls 
and activated complex. 

(C) the transition stale contains one more 
degree of freedom than the reactanls. 

(D) two molecules must collide. 

8. Simple collision theory provides a prediction 
for the rates of gas phase reactions. Which 
statement concerning the rate equation derived 
from collision theory is incorrect? 

(A) Steric factors are usually included in the 
derivation. 

(B) The collision frequency must be divided 
by two. 

(C) A Boltzmann distribution of translational 
energies is assumed. 

(D) The pre-cxponential factor obtained is 
proportional to f'. 

9. In activated complex theory, the ArThenius pre-
exponential factor can be calculated using 

10. In ihe Chapman mechanism for atmospheric 
ozone destruction 

1 02 + hv -> 20 
2 0 + 02 ->0) 
3 O + O) - > 2 0 2 

4 O, + hv O + 0 2 

the observed quantum yield can be greater than 
I because of step 

(A) I (B) 2 ( Q 3 (D) 4 

(A) AS" 

(C) AG0' 

(B) A//°» 

(D) £ . 
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Statistical Mechanics 
The sludy of chcmislry routinely requires the use of models al boih ihe macroscopic and molecular levels. In 

some cases these two views arc simply complimentary ideas lhat can be considered in some sense independent of 
each other. Al other times, however, important insight is gained by relating the models al these Iwo levels. The 
machinery needed lo forge these relationships falls in the realm o fa field called statistical mechanics. 

The field of statistical mechanics provides a bridge between the macroscopic properties in traditional 
thermodynamics and the molecular nature of quantum mechanics. The main premise of ihis field is lhal 
macroscopic size samples of mailer contain such vast numbers of panicles lhal observations made al that level can 
be determined based on probabilistic arguments. Thus, statistical mechanics is predicated on understanding Ihe 
laws of probability lhal explain the observations of matter. 

A great deal of mathematical theory has been built up to explain probability. The key factor lhat allows us lo 
apply this machinery is (he realization lhal (he behavior of molecular systems can be understood in terms of the 
probability distributions of the panicles in quantum mechanical energy stales. Partition functions are used to 
dcscribc this distribution, so much of introductory statistical mechanics is based on developing Ihis concept and its 
implications for molecules. 

Partition functions and their applications lo the calculation of thermodynamic properties such as heal 
capacities, enlropy. etc are reviewed in Ihis chapter. This chapter also reviews Ihe Boltzmann distribution, relative 
populations, a comparison of different types of energy contributions to various thermodynamic properties, and 
temperature dependence of properties. 

Study Questions 
SM-I. Suppose two isomers, A and B, in equilibrium have the 

energy levels shown. Then, 

(A) A is favored al all temperatures. (B) 

(C) very low temperatures favor A, very (D) 
high temperatures favor B. 

B is favored al all temperatures. 

very low temperatures favor B, very 
high temperatures favor A. 

Knowledge Required: Relationship between the population of energy levels and temperature. 

Thinking il Through: Isomer A has a low and a high energy level, while isomer B has several high energy levels 
centered around the higher of A's levels. Therefore A will be favored at low temperatures (lower energy) because 
there are no corresponding low energy levels for B. B will be favored al high temperatures (high energies) because 
there arc multiple levels available, while A has only one available high energy level. Therefore Ihe correct 
response is (C). 
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Whirh figure cannot correspond to an equilibrium distribution of molecules between two quantum 
states at 300 K? 

MM M 

••• •••• 

(A) (B) (C) (D) 

Knowledge Required: Temperature dependence of energy distributions. 

Thinking ll through: As temperature increases in a two-level system, the population in the lower level decreases, 
and the population in the upper level increases. At very high temperatures (as the temperature approaches infinity) 
the populations in the two levels approach equality. The maximum number of molecules allowed at Ihc upper 
energy for the given system is then 7,, which is 2. Therefore, responses (A), (C) and (D) are reasonable 
distributions. Response (B) is not reasonable, and is the correct response. 

SM-3. For many molecules, only the lowest vibrational energy state is significantly populated at room 
temperature. In this case, the vibrational partition function is close to 

(A) 0 (B) I (C) the (D) ® 
temperature T 

Knowledge Required: Temperature dependence of vibrational partition function. 

Thinking ll through: The vibrational partition function has the form: - — . At low temperatures this 

function approaches I, therefore response (B) is correct. 

SM-4. Which partition function will be the same for gaseous H2 and D2 at all temperatures? 

(A) translational (B) rotational 

(C) vibrational (D) electronic 

Knowledge Required: Mass dependence of partition functions, separation of electronic from nuclear motion. 
Thinking it through: Translational, rotational, and vibrational motions correspond lo the motion of Ihc nuclei of 
the molecules and therefore arc mass dependent. These partition functions will be different for H2 and D2. 
Electronic motion depends on the movement of electrons and therefore does not depend on mass, so the electronic 
partition functions will be the same for these two molecules. Response (D) is therefore the correct response. 

SM-5. If an atom has a doubly degenerate excited state that is Ac cm"' above Ihc non-degenerate ground 
slate, the electronic partition function at any temperature (7) for this atom is 

< A ) l + 2 e " " » " ( B ) 2 + c'*"''r 

(C) I + 2C"4*"-' (D) 2 + 2c'4*""' 

Knowledge Required: Comet form of electronic partition function, including dcgncracies. 

Thinking it through: The excited state is doubly degenerate, therefore a two should multiply its contribution to 
!wn» d 3 "" ' 0 " f u n c l , o n a n d a o n c s h o u l d rriultiply the ground slate's contribution. This eliminates responses (B) 

and (D). Response (A) can also be eliminated as the Bollzmann constant should be in the denominator ofthe 
exponential. Response (C) is therefore comet. 
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SM-6. What is the molecular partition function for the 
two level system shown? 

E ' -

(A) 2 c - " ' r + 3 e - " ' ' (B) e - . " . 

(C) + e - ' . . " . ' (D) e - ' " 

Knowledge Required: Functional form of partition functions, including degeneracy in partition functions. 

Thinking il through: The partition function is: q = , where g, is the degeneracy of Ihe rth stale. 
Response (A) is the only one thai includes the degeneracy correctly and is therefore the correct response. 

SM-7. The older in which various molecular degrees of freedom o f a gaseous diatomic molecule contribute 
to the heat capacity as the temperature is raised is 

(A) elec > vib > rot > trans. (B) rot > vib > elec > trans. 

(C) vib > elec > trans > rot. (D) trans > rot > vib > elec. 

Knowledge Required: Relative importance of various molecular degrees of freedom to heat capacity. Temperature 
dependence of various molecular degrees of freedom. 

Thinking il Ihrough: The energy available to a molecule increases as the temperature is increased. The energy 
required for translation < for rotational excitation < for vibrational excitation < to excite an electron, therefore the 
correct order is given in response (D). 

SM-8. The theoretical expression for the molar vibrational heat capacity of a diatomic gas is 

R(&/T)'e 
v = (e w - I)1 

in which 0 is a characteristic temperature for the molecule. This equation predicts that 

(A) Cv approaches zero as the temperature approaches infinity. 

(B) Cv always decreases as temperature increases. 

(C) Cv approaches R as the temperature approaches infinity. 

(D) Cv increases without limit as Ihe temperature approaches zero. 

Knowledge Required: Understanding the temperature dependence of the vibrational heat capacity. 

Thinking il Ihrough: The correct response is ( Q . You can get to this answer by taking the limit of Ihe above 
expression as Tapproaches infinity. This calculation is involved and would probably take loo much time. Another 
way to approach this solution is to recall lhat a plot of Cv versus 77 0 approaches R as T increases; Cv approaches 
the classical value of R for a diatomic gas. 

SM-9. Consider a system of independent particles each 
of which can exist in two states, A and B. The 
energies and degeneracies are given in the table: 

Stale Degeneracy Energy / J-mol"' 
A I 0 
B 2 600 

At approximately what temperature will the population in stale A be equal to that in slate B? 

(A) OK (B) 57 K (C) 104 K (D) 273 K 

ii? 
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Knowledge Required: The Bollzmann distribution for temperature dependence of states. 
Thinking ll through: The ratio ofthe populations is given by the Boltzmann distribution to be (and on 
substituting) 

' N a ~ gA 1 

Solving for T in this calculator allowed question gives the correct response to be 104 K or response (C). 

SM-10. The bond length for H ' " l is 160.916 pm and that for H,5CI is I27.4S5 pm. Which statement is true at 
300 K? The spacing between the rotational states 

(A) is smaller for HI, therefore HI will have a higher value of qM. 

(B) is larger for HI, therefore HI will have a higher value of qm. 

(C) is smaller for HCI, therefore HCI will have a higher value of qm. 

(D) is not enough information to determine which molecule will have a larger value of qM. 

Knowledge Required: Rotational partition (unction (qm) dependence on different factors. 

Thinking It through: The rotation partition function, qM, for a diatomic molecule is given by 

St'lkyT _Sn'iiR%T ^ ^ 
1 fcJ 1.2 ^ 

Since the reduced mass for H '" l and H"CI are both approximately I gmol"'. Ex — , q « R1, and the spacing 
R 

will be smaller for HI, and qm will be larger. This corresponds to response (A) being correct. 

1. Consider the rotational contribution to the heat 
capacity of a gas. The rotational temperatures, 
E„ for H2, OJ, and CHi are given in the table. 
At 120 K, which molecule will deviate most 
from the classical limit? 

O, CH, 
i e , 85.4 2.06 IS 
(A) All three are at the classical limit. 

(B) Hj 

(C) O, 

(D) CH4 

The I] vibrational frequency is 6.42* 1012 s" 
What is the equilibrium ratio, N,/No, ofthe 
populations of the first-excited and ground 
vibrational states at 300 K? 

(A) 0.036 

(C) 3.6 
(B) 0.36 

(D) 36 

3. The diagram depicts 12 molecules in a two 
state system at 300 K. If three more molecules 
are promoted to state I the temperature would 
be 

(A) 300 K 

(B) 600 K 

(C) infinite 

(D) the temperature cannot be determined 
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4. The ground electronic state of 0 2 is The 
value of the electronic partition function is 

(A) I because the orbital degeneracy is I. 

(B) 2 because the "g" means "even". 

(C) 3 because the spin degeneracy is 3. 

(D) 4 because the sum of the orbital and spin 
degeneracy is 4. 

5. In a system composed of N particles behaving 
classically according to Boltzmann statistics 
Ihe number of particles which would be found 
in a stale having an energy, e, and a 
degeneracy, g, is directly proportional lo 

(A) c/h (B) g £. 

II . Which molecule has the largest value for its 
rotational partition function al room 
temperature? 

(A) Oj(g) (B) Hj(g) 

(C) N2(g) (D) Clj(g) 

( C ) ( D ) g e V 

6. At high temperatures, Ihe rotational partition 
limits to 

(A) 0. (B) T. ( Q «>. 

(D) a value which depends on the molecule. 

7. As 7° goes to 0, the molecular partition function 
limits to 

(A) 0. (B) 1. (C) & k t . (D) 

8. Above what temperature does the rotational 
partition function become important for H2? 

(A) I K (B) 50K 

( O 300 K (D) 2000 K 

9. The l2 vibrational frequency is 6.42* 1012 s"1. 
The number of vibrational states with a 
fractional population greater than 0.2 at 300 K 
is 

(A) 1. (B) 2. (C) 5. (D) 20. 

10. The ratio of rotational partition functions for H2 

and D; , , at 1000 K is 
lo, 

(A) 1 (B) 2 (C) (D) '/. 

mitmmmmmmmmigmm:?-
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Answersito Study Questions 

1. C 5. C 9. C 
2. B 6. A 10. A 
3. B 7. D 
4. D 8. C 

Answers to Practice Questions 

I B 5. C 9. B 
2. B 6. D 10. D 
3- C 7. C 11. D 
4. C 8. B 
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Several fundamental concepts permeate quantum chemistry discussions and the study ofthe spectroscopy of 
atoms and molecules. The conccpts dealing with the origin of spectra and the size and shape of spectral peaks arc 
of fundamental importance. The development of Quantum Mechanics started in the late 19* and early 20* 
Centuries when classical physics could not explain blackbody radiation, the photoelectric cffect, electron 
diffraction, or the luminescence spectrum ofhydrogen. 

Max Planck made the first breakthrough by assuming that Ihe energy ofthe oscillators in a blackbody was 
quantized by c = nhv where « is an integer, v is the frequency and h is a constant now known as Planck constant. 
Using this assumption the predicted spectral distribution of blackbody radiation matched the experimental 
distribution. Einstein applied Planck's quantization idea to the interpretation ofthe photoelectric effect by 
proposing that radiation itself existed as small packets of energy with c = Av, called photons. For hydrogen, first 
Balmer and later Rydberg developed the empirical equation explaining the observed spectrum ofhydrogen 

where AH is (he Rydberg constant. Bohr put forward a theoretical explanation for the Rydberg equation by 

assuming that angular momentum of the electron in a hydrogen atom is quantized in units of — = A . de Broglie 
2k 

extended the Einstein equation for the momentum of a photon to any particle of matter by relating panicle 
h h 

momentum lo an associated wavelength, X = — = — , called the de Broglie wavelength. 
p FFLV 

The early 20" Century saw the development of the SchrOdinger equation, a partial differential equation 
describing the wave properties of matter. Solutions to the SchrOdinger equation are called wave functions. The 
SchrOdinger equation and solutions to various chemically relevant systems are discussed later. However, several 
fundamental concepts that follow from the application of the SchrOdinger equation are presented here. 

The first concept is that of the energy levels and the number of electrons that can be assigned to an energy 
level described by a wave function. This concept is a consequence of the requirement that a wave function for 
fermions, of which electrons are an example, be antisymmetric. For an antisymmetric wave function an interchange 
ofthe coordinates of two electrons results in a wave function with the opposite sign, e.g. 

V(l ,2) = - V ( 2 , l ) 
This requirement is cquivalently stated as no two electrons can occupy the same spatial orbital but if they do they 
must have opposite spins. 

The de Broglie wave-particle duality suggested that light could be used to observe an electron. This led 

Hciscnbcrg lo the Uncertainty Principle, bxAp, t ^ / i . This statement of the Uncertainty Principle is a consequence 

of the mathematical statement that the operators for position and momentum do not commute. Another 
consequence of the panicle-wave duality is the correspondence principle which says that classical and quantum 
mechanical results merge in the limit of high quantum numbers. 

Chemists typically use SchrOdingcr's wave equation to create quantum mechanical descriptions of atoms and 
molecules. The lime-independcnl SchrOdinger equation is hh/ = £y where H is the Hamillonian operator, V l h e 

wave function and £ the energy. This equation has the form of an eigenvalue equation. Functions are 
cigcnfunctions of an operator when the result of applying the operator to the (unclion/is the same as multiplication 
o f / b y a constant a, Af = a f . The wave (unctions and energies of systems are the cigcnfunctions and eigenvalues 
of the Hamillonian operator. The Hamillonian is an example of an operator, a rule for changing one function into 
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another function. The Hamillonian is formed by adding together the operators describing the kinetic and potential 
energies ofthc quantum mechanical particles. 

All quantum mechanical operators, including the Hamillonian, musl be linear and Hcrmilian. A linear operator 
A satisfies A(cJ + c,g) = c,Af + c,/tg , where/and g arc functions and c, and c2 are constants. A Hermitian 

operator satisfies f / ' j g d * = f s [ - ¥ ] * • (This restriction leads lo some convenient properties for wave 

functions and expectation values of operators.) 

Because in molecules Ihe electrons move more quickly than the massive nuclei, we assume that Ihe nuclei arc 
fixed. This neglect of nuclear motion is called the Bom-Oppenheimer approximation. One consequence of Ihe 
Bom-Oppenheimer approximation is that we solve the SchrOdinger equation for the wave functions of the electrons 
is solved in a stationary field of fixed nuclear coordinates. The Bom-Oppenheimer approximation is often 
confused with the Franck-Condon (FC) principle which also uses Ihe idea thai nuclei are heavy and slow moving 
compared to electrons. The FC principle states thai because nuclei are much more massive than electrons an 
electronic transition takes place in ihe presence of fixed nuclei. 

The SchrOdinger equation is a differential equation that can be solved for the particle wave function and the 
energy ofa particle. The exact SchrOdinger equation depends on the potential used in the Hamillonian. Nol every 
mathematical solution lo the SchrOdinger equation will be acceptable to a chemist. Most quantum mechanical 
problems have boundary conditions that musl be satisfied. Boundary conditions generally lead to quantization, 
where the eigenfunctions and eigenvalues depend on some (typically) integer value. The quantum number is often 
used as a subscript on the wave functions and energies lo indicate which solution is under consideration. 

In addition to satisfying Ihe boundary conditions for a given problem all acceptable wave functions must be: 
continuous and continuously differentiable over the appropriate range; single-valued; finite-valued; and able to be 
normalized. Wave functions are normalized to insure that the probability of finding the panicle somewhere is 
exactly 1. The probability density function, v V h , is commonly associated wilh probability of "locating" Ihe 
panicle. The probability of the panicle being in some finite range a to 6 can be found using 

b 
Probability = Jv'(x)«|((x)dT 

Eigenfunctions of linear operators form onhogonal sets so that any two different functions in the set satisfy 

J v l v ^ o 
dl ipn 

Because all quantum mechanical operators are linear, including the Hamillonian, Ihe wave fiinctions that are 
solutions to a given Hamillonian form an onhogonal set. Since wave functions must also be normalized, these sets 
are often referred to as orthonormal sets. 

Quantum mechanical operators arc used with Ihe wave function lo determine the average values of 
experimentally observable quantities. The average value, or expectation value, of an observable corresponding to a 
quantum mechanical operator A in the state described by y, is 

(A) = j <c)Jv,dr 
I/WF 

Because A must be Hermitian, the value of this integral will be a real number as it should be if it is an 
expenmentally measurable value. If the wave function happens lo be an eigenfunction of Ihe operator A. then Ihe 
only possible value lhat the observable can lake is the corresponding eigenvalue, a,. 

/fy( = o ty( 
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Study Questions 
HC-l. De Broglie postulated that ihc wavelength o fa panicle is inversely proportional lo its momentum. 

The constant of proportionality is 

(A) Planck's constant, h. (B) Boltzmann's constant, A„. 

(C) the speed of light, c. (D) none ofthe above. 

Knowledge Required: DeBroglie's relationship between the momentum and wavelength ofa particle, \ = y 

where h is Planck's constant. 

Thinking ll Through: Examination ofthe de Broglie relationship shows that it only contains Planck's constant. 
Thus there is only one correct answer, namely, response (A). Responses (B) and (C) are other fundamental 
constants while response (D) is incorrect because there is a correct response. 

HC-2. Because the nuclear motions are much slower than those ofthe electron, the molecular SchrOdinger 
equation for the electron motion can be solved by assuming that the nuclei are at fixed locations. 
This is 

(A) the Bom-Oppenheimer approximation. (B) the time-dependent SchrOdinger equation. 

(C) Russell-Saunders coupling. (D) the variation method. 

Knowledge Required: The relative sizes and speeds of nuclei and electrons in a molecule. The names of various 
simplifying assumptions used in quantum chemistry. 

Thinking il Through: The statement correctly states the fundamental idea regarding relative nuclear and electron 
speeds. The concept of stationary nuclei is the Bom-Oppenheimer approximation; the correct response is (A). The 
Bom-Oppenheimer approximation is an assumption used to simplify the solution ofthe time independent 
SchrOdinger equation for molecules; response (B) is incorrect. Russell-Saunders coupling is a method for 
determining the total angular momentum of an atom; response (C) is incorrect. The variation method is a 
technique lo find solutions to the SchrOdinger equation; response (D) is incorrect. 

HC-3. According to the Heisenberg Uncertainty Principle, if the operators for two physical properties do not 
commute then 

(A) nothing can be said about the two properties. 

(B) the uncertainties in the two will be the same. 

(C) both properties can be measured exactly. 

(D) the product ofthe two uncertainties is 2 h / 4 n . 
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Knowledge Required: The postulates of quantum mechanics, especially the Heisenberg statement of the 
Uncertainty Principle. The relationship between commuting operators and Ihe observables they represent. 

Thinking ll Through: The commutator of operators X and Y is defined as = [.VT- llv] . If [ . v f ] = 0 , 
Ihe operators commute and the observables A'and Kcan be simultaneously measured to any designated precision. 
If [,*f ] * 0 . then the operators do not commute. The result is a reciprocal relationship between <j, and ay (the 

uncertainties in Xand K). The uncertainty in one observable can only approach zero as the uncertainty of the other 
approaches infinity. Given the statement above the only correct response is (D), especially given the usual 

application of the uncertainty principle to position and momentum, o ,o r £ — . Response (A) is incorrect 

because operators are defined with respect to observables. Response (B) is incorrect because there will be a 
reciprocal relationship between the two uncertainties, and response (C) is incorrect because of the properties of 
non-commuting operators discussed above. 

HC-4. The requirement that wavefunctions for electrons in atoms and molecules be antisymmetric with 
respect to interchange of any pair of electrons is 

(A) the Pauli exclusion principle. (B) the Bom-Oppenheimer approximation. 

( Q the Heisenberg Uncertainty principle. (D) Hund's rule. 

Knowledge Required: Each of Ihe named concepts included in the question. 

Thinking ll Through: In general chemistry you learned lhat the Pauli exclusion principle stated lhal no two 
electrons in an atom can have Ihe same 4 quantum numbers. In quantum mechanics this statement follows a 
postulate lhal states that all electronic wavefunctions must be antisymmetric when the coordinates of two eleclrons 
are interchanged. Clearly (A) is Ihe correct response. Responses (B), (C), and (D) are incorrect for Ihe following 
reasons. The Bom-Oppenheimer approximation refers to an assumption that permits finding the wave functions 
for electrons in the presence of stationary nuclei; the Heisenberg Uncertainty Principle refers lo Ihe value of ihe 
commutator for two operators representing pairs of observables, and Hund's rule refers lo a method for choosing a 
ground electronic stale of an atom in terms of Ihe largest multiplicity and highest total angular momentum. 

HC-S. For electrons emitted due to Ihe photoelectric effect, Ihe 

(A) kinetic energy and current arc functions of intensity of the incident light. 

(B) kinetic energy and current are functions of frequency of the incident light. 

(C) kinetic energy is a function of intensity and the current is a function of frequency of the 
incident light. 

(D) kinetic energy is a function of frequency and Ihe current is a function of intensity ofthc 
incident light. 

Knowledge Required: Failure of classical physics in panicuiarThe photoelectric effect Dependences of kinetic 
energy and current on frequency and intensity in photoelectric effect. 

Thinking ii Through: In ihe photoelectric effect, light strikes a metal surface and electrons (photoclcclrons) arc 
released from the surface. The mcasurcable quantities are the frequency and intensity of Ihe incoming light and 
the kinetic energy and number (current) ofthc resulting photoclcclrons. The photoelectric efTect provided 
evidence for light behaving as a particle wilh E = hv and Ihe intensity related lo Ihe number of particles striking 
nc surface By conservation of energy, increasing Ihe frequency of Ihe incoming light will increase Ihe energy of 
nc light and thus increase Ihe energy of the resulting photoclcclrons. while increasing Ihe intensity of Ihe light 

tine number of light particles) will increase Ihe number ofphotoeleclrons released, the current will increase. Thus 
response (D) is Ihe correct response. 
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HC-6. In the SchrOdinger equation the quantity, // (Hamillonian), represents Ihc 

(A) wave function for the system (B) probability density 

( O momentum operator (D) total energy operator 

Knowledge Required: The basic form ofthe time independent SchrOdinger equation isTn eigenvalue equation: 
Hy = £ty, where H is the Hamillonian operator, v the wave function and £ Ihc energy. Physical observables, 

such as the energy or the momentum, are eigenvalues ofthe corresponding operator. 

Thinking it Through: Since the SchrOdinger equation is an eigenvalue equation where the operator is H and the 
eigenvalue is the total energy, the Hamillonian is effectively the total energy operator. The correct response is (D). 

HC-7. The total energy ofa particle (mass = m) moving in the x-dircction with momentum p, is 

(/>,)' / (2m) . The Hamillonian operator for this system is 

(A) ( e ' \ (B) 

(C) 
" ( s l a i ) 

(D) 

(gn'iFijlat1) 

"( iT^a*5") 

Knowledge Required: The conversion from classical quantities to the corresponding quantum mechanical 
operator; the operator corresponding to the total energy is the Hamillonian; how to work with complex numbers; 
h is hi2n. 

Thinking it Through: To find the Hamillonian, write down the classical expression for the energy given in the 

problem and then replace the classical quantity ps with the appropriate operator: -i 'A—. 
dx 

2m 
D A 8 

Hm^-m & i t 
2m 2m 

It's a subtle point, but nolice that p\ does not mean multiply the operator times itself, instead it means to apply 
the operator twice to the target function. Pulling out all the constants, noting that i1 is - I and A is A/2K yields the 
final expression. 

" 2m dx dx' 2m dx' " 2 m U * J " " [ sk ' i h A f t c ' J 
The correct response is (D). 

HC-8. According to the postulates of quantum mechanics, which one of the following functions is acceptable 
as a wave liinction in the region -co < x < oo ? 

(A) e- ' (B) _ l _ ( Q e- 0 » |x| 



_ Quantum Chemistry: Hislory and Concepts 

Knowledge Required:The'requirements for an acceptable wave function are that it be continuous and 
continuously differentiate over the range considered; single-valued; finite-valued; and able lo be normalized. 

Thinking U Through: Both t ' and e ' have infinite values in the range - » < * < « , at * = -«> and JI = +®, 
respectively. Neither responses (A) nor (C) are thus acceptable wave functions. The function x is also nol finitely 

valued on the range indicated and is not continuously differentiable. The function ^, meets all the 

requirements. It is nol normalized, but is normalizable. The correct response is (B). 

HC-9. When the hydrogen atomic 2p„ is acted upon by the operator for the z-component of the angular 

momentum, (£ , ) we find thai 

(A) 2 p , is not an eigenfiinction of Z, . thus there is no definite value. 

(B) 2p, is an eigenfiinction of Z, , with eigenvalue 0 h . 

(C) 2p, is an eigenfunclion of I , , with eigenvalue 1 h . 

(D) 2p, is an eigenfiinction of L, , with eigenvalue - 1 ft . 

Knowledge Required: An eigenvalue a, of an operator A for a function/satisfies (/</ = a , / ) ; the properties of 

operators. Hydrogen orbitals designated p, and py are linear combinations of eigenfunctions of Z, . 

Thinking It Through: Applying the i , operator to Ihe 2p, function yields 

z,< u . - t P * ^ ) 
( A f i n + Z . y , , . , ) 

7 2 

_ t ( V n i - V » . - i ) 

7 2 

* constant * ^ ( y . , , + * „ . , ) 

Since the result of i , acting on 2p, is not a constant multiplied by the 2p, function, there is no definite 
eigenfiinction. The correct response is (A). 

HC-10. The quantum mechanical operator for velocity is given by 

( A ) - i h L (B> + ( Q (D) * d _ 
<"*' , d v ™ dx 
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Knowledge Required: The classical expression for the velocity in terms of momentum is v = ̂  . Quantum 
m 

mechanical operators arc formed by replacing the expression for the classical momentum with -ih — 
d* 

Thinking it Through: Replacing p in the expression for velocity with the appropriate quantum mechanical 
operator yields 

a 
-m— , 

v = £ _ _ d x . - ' h 3 

tn m m dx 

Response (D) is correct. 

Practice Questions 
1. The Bom-Oppenheimer approximation states 

that 
(A) the SchrOdinger equation is solved 

assuming that Ihe nuclei are stationary. 

(B) wave functions are written so that they are 
antisymmetric with respect lo exchange of 
electrons. 

(C) conjugated organic molecules are 
approximated by considering only their it 
electrons. 

(D) nuclei are assumed to be stationary during 
an electronic transition. 

2. The commutator of two operators, a and p , 

[a. p j equals 0. The physical properties A and 

B associated with the two operators. 

(A) are coupled together by an uncertainty 
relationship. 

(B) may be simultaneously determined with 
unlimited precision. 

(C) cannot be determined at all. 

(D) are equal. 

3. To describe the wave nature of matter, de 
Broglie proposed that X = h/mv . In arriving at 
this equation, he did NOT use 

(A) E i I M =hv 

(B) Wy= £y 
(C) f ^ = mc1 

(D) c = Xv 

4. Two wave functions, yi and y2, are orthogonal 
if 

(A) Jy ]y,dr = 1 

(B) J v ; y , d t > 0 

(C) J y ; zy 1 d i = 0 

(D) Jy ]y jd i = 0 

5. There are many mathematically acceptable 
solutions for the SchrOdinger equation for any 
particular system, but only certain ones are 
physically acceptable. This is because 

(A) physically acceptable wave functions must 
be finite, single valued, and continuous; 
and have a continuous first derivative. 

(B) all wave functions must be complex. 

(C) all physical quantities are real. 

(D) all solutions musl be eigenfunctions of Ihe 
momentum operator. 
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6. A nodal surface is best described as a surface 

(A) where the wave function approaches <*>. 

(B) across which a particle does not move. 

(C) separating regions of different sign for a 
wave function. 

(D) where the kinetic energy ofa particle is 
zero. 

7 An cigcnfunclion of Ihe opcralor, — , is 
• d* 

(A) ax (B) c -

(C) cos (ox) (») e
 V 

8. Which statement is true? 
^ V is said to be normalized if Jydr = I , 

where the integration is over the complete 

range of all coordinates of >f. 

(B) The only mathematical requirement for a 
valid stationary-state wave function, V, 

for a system is that \|< be a solution to 
Schrftdinger's time-independent equation 
for that system. 

(C) A sum of two degenerate eigenfunctions 
for an operator is still an eigenfiinction for 
that operator. 

(D) V| and y, are orthogonal if Jy ,y ,di = I . 

9. If v(i) is the normalized wave function for a 
particle in one dimension, the average value for 
the momentum can be calculated using the 
momentum operator, pt , from the integral 

< A ) Jv(*) ' /Kv(*)d t 

(B) Jy' (x)p(<Lt 

(C) Jp .y (jr)djr 

( ° ) J v " ( x ) y ( . « ) p . d T 

10. Which function is an acceptable wave function 
over the indicated interval? 

(A) e~" over the range oo to -oo 

(B) c* over the range 0 to oo 

(C) e"' over the range 0 to -oo 

(D) c~' over the range 0 to oo 

11. In a photoelectric efTect experiment with 
photons of energy greater than the work 
function for the material, the number of 
photoelectrons ejected from a metallic surface 
depends on 

(A) the intensity ofthc light hitting Ihe metal. 

(B) the angle at which the photons hit the 
metal. 

(C) the wavelength of the light hitting the 
metal. 

(D) both the intensity and wavelength of the 
light hitting the metal. 
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Answers to Study Questions 

1. A 5. D 9. A 
2. A 6. D 10. D 
3. D 7. D 
4. A 8. B 

Answers to Practice Questions 

1. A 5. A 9. A 
2. B 6. C 10. D 
3. B 7. B 11. A 
4. D 8. C 
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Simple Analytical Quantum Mechanical 
Model Systems 

The particle in-a-box (PIB) is perhaps the first model encountered in 
quantum chemistry. The l-D model shown has L for the length o f a box and 
infinitely high potential energy barriers holding the particic in the box. 
Within the box the potential energy, V, is zero. You should be familiar with 
the energies, wave functions, boundary conditions, and degeneracies for a 
number of simple model systems including the particle in the box in one and 
three dimensions. The PIB wave Sanctions arc orthonormal with energy 

levels £. 
2 ml: { 8mA j 

E = h where u = 0,1,2,... 

In the figure on Ihe right wc sec thai the energy levels are equally spaced, 
there is a zero point vibrational energy when u = 0, and E goes to infinity 
as u goes lo infinity. This model, based on a quadratic potential, docs not 
account for ihe fact that real chcmical bonds dissociate when strctchcd. 
The probability densities describe the probability of locating the oscillator 
at various extensions. These functions show lhat only certain extensions of 
the oscillator are very probable and others nol probable. In Ihe ground slate 
the most probable position is the normal equilibrium distance. In ihe first 
cxcitcd stale this distance is nol probable al all. As u increases the maxima 
of probability along the various extensions of the oscillator gel closer 
together so thai at very large values of u Ihe quantum mechanical 

The PIB model is significant because wc use it to understand UV-vis 
spectroscopy of moleculcs containing allemating double and single bonds. 
For such a system the particles are the it electrons in the conjugated part of 
the molecule. It is important to distinguish between an energy level and the 
difference between energy levels for Ihe PIB. A£ between a HOMO and 
LUMO is the energy required by a photon lo cause Ihe electron to jump from 
the HOMO to the LUMO. 

The PIB model can be extended lo boxes with various types of potential 
barriers. As seen for Ihe barrier on the right, Ihe probability distribution 
extends into the forbidden region, i.e., the region where Ihe potential barrier 
height is higher than Ihe energy of the panicle. This is known as tunneling. 
Tunneling has important applications for chemistry and is used lo explain 
point mutations in biology, certain chemical reactions requiring proton or 
electron transfer, and scanning tunneling microscopy. 

A useful model for characterizing molecular functional groups is the 
harmonic oscillator with V - Vikx'. This model provides a simple 
mathematical basis for understanding bond lengths, bond force constants, 
and infrared spectra. Again, you should be familiar with the energies, wave 
functions, boundary conditions and degeneracies. 

The solution for the harmonic oscillator gives quantized energies with 
quantum numbers u 

( V 

% „ 
\ A ; \ 

/ ~ \ 

/ ' \ 

n - 4 

n • 3 

n = I 

PIB eoagy levels, ( 
Wave functions. ( 
Probability densities, ( -

Fcr cUrhy. c 

**(« = 3) 

ir»(u = 2) 

V ! ( u = l ) 

V!(1> = 0) 
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Simple Analytical Models 

oscillator behaves like a classical oscillator. An important observation is that Ihc quantum mechanical oscillator has 
a small but finite probability to extend beyond the classical limit. This feature ofthe harmonic oscillator wave 
functions is also tunneling. 

1 

Mone Potential 

Adding cubic terms to the Hooke's law potential would transform it to an anharmonic potential. The Morse 
potential is an example of an anharmonic function because it involves an exponential function in Ihe potential (this 
expansion of the exponential involves terms of many powers. Notice that Ihe 
observed frequency is directly proportional lo k51 and inversely proportional to 
where k is the forcc constant ofthe bond and p is the reduced mass. Force constants 
tell us how stiff a bond is. 

A better potential energy function for the vibration is the Morse potential. The 
Morse and harmonic oscillator potentials resemble each other closely at the bottom 
of the energy well. Solving the SchrOdinger equation using Ihc Morse potential gives 
energy levels that get closer together as u increases leading to dissociation at the 
plateau region ofthe potential. The Morse potential also has a zero point energy 
when u = 0. intermtomic distinct 

For a line to appear in the IR spectrum the transition dipolc moment must not equal zero. This requires that the 
vibrating atoms in a vibrational mode have a varying dipole moment during the vibration. This results in A u = ± I. 

In the microwave region ofthe electromagnetic spectrum one can observe lines for molecules that are useful 
for determining bond lengths and moments of inertia arising from molecular rotation. For diatomic molecules 
these spectral details consist o f a series of approximately equally spaced lines of varying intensities as shown. 
Spectra of this type are obtained for diatomic molecules that have a dipole moment. Microwave spectra allow very 
accurate bond lengths and structures to be determined. 

For the rotation of molecules, the rigid rotor model is used. In a rigid rotor 
approximation the intemuclear distance remains constant as the molecule rotates. 

The quantized energy levels of the rigid rotor are shown lo the right 

E- • j { j •¥ I) — v 21 
and where J £ |m| .where J is the angular momentum quantum number and m is 
the 2 component of J. Rotational states have 2J+ I degenerate energy levels. 

The diagram ofthe energy levels in units of — shows how the energy 

increases with increasing J. 

Only one component of angular momentum, the M l component, can be 
determined in quantum mechanics. The operator for this component is 

M, 
d i p 

Interpretation ofthe J states yields some interesting insights. When J = 0, 
E, = 0 meaning that the molecule is not rotating, only translation and vibration 
are possible. In a statistically large sample of molecules, all values of 0 and 
if are equally represented. When J = I, the molecule is rotating. The rotation 
is such that only 3 planes of rotation relative to the z-axis are allowed, those 
corresponding to m, values of +1,0 and -1. Although the orientation of the 
plane of rotation about the z-axis is restricted, there is no restriction on the 
angle of <p this rotation can have. While the z component of angular 
momentum must have specific values, those of* and y are undetermined. 

El 
21 

56 

42 
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Allowed spectroscopic transitions require a non-zero value for the transition moment integral 
M t = fc'iiYj-- sin6d6d<p 

so that the dipole moment ofthe molecule cannot equal zero and the allowed quantum state changes are 
U = ±1 and Am, =0,±l 

Absorption of microwave energy produces a transition between rotational energy levels given by 

hv = hci = 2 ( J , + \ ) j j o r v = 2B(J, + 1 ) 

where B = 
h1

 = h 
2 hi in2/ 

and J, is the original rotational level ofthe transition and B is Ihe rotational constant. From B we can determine the 
moment of inertia, /, and the intemuclear distance using / = | i r ' . 

SAM-I. 

Which sketch in the figure on the right does not 
represent a possible wave function for a one-
dimensional potential energy well of finite 
height? 

(A) (B) (C) 

Knowledge Required: The properties of wave functions and that probability density functions that are obtained 
from the product ofthe wave function with its complex conjugate. 

Thinking ll Through: First look at the figure and observe that responses (A), (C), and (D) represent wave 
functions for the n = I, n = 2 and n = 4 energy levels of a box with finite barriers. Response (B) does not represent 
a wave function; it represents a probability density. The correct response is (B). When we look at A, C, and D we 
see that the wave functions are for energy levels increasing in order D < C < A. Response (A) is above the barrier 
height for the wall and has a higher frequency than the others. Response (D) has no nodes so it must be associated 
with the first energy level where n = I. Response (C) has one node so it must be the wave function for energy 
level where n = 2. 

SAM-2. The energy ofa particle in a three dimensional box with equal sides is given by 

. . . = ( " ! + n ' + n ' w ' l e r e n " ">' ^ " ' a r e t ' , e quantum numbers defining an 

independent state. The degeneracies ofthe first, second, and third energy levels are 

<A> ' - 2 ' 3 (B) 1,3,1 (C) 1,3,3 (D) 1,2,2 
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knowledge Required: The energy ofthc energy levels increases" as the quantum numbers rcprcscniingThHcwis" ~ 
increase; the permutation of the integers 1, 2. and 3 over the n„ nY, and n, quantum numbers leads to degeneracy 
of energy levels. 

Thinking it Through: Each n can vary independently and all three quantum numbers can have the same value 
nx = I. «>. = 1, and nt - I defines the lowest energy level. There is only one unique state for the lowest energy 
level. The next level has one of Ihe n values equal to 2. There are three ways lo get this energy slate, namely, 2, 
I, I, or 1, 2, 1, or 1, 1, 2 making this slate threefold degenerate. The next highest energy slate is given by the set 
of quantum numbers 2, 2, I. This, too, has three possible states with the same energy, namely those described by 
quantum numbers 2, 2, 1, or 2, 1, 2, or 1, 2, 2. The con-ect response is (C). Responses (A), (B), and (D) refer to 
higher energy levels as the sum of squares increase even more. 

SAM-3. For a particle in a one-dimensional box wilh finite walls at x = 0 and x = L, which one ofthc 
following statements is true? 

(A) The probability of finding Ihe particle in the left-hand half of the box depends upon the 
quantum number n. 

(B) The average value of the position of the particle is L / 2 for any allowed state. 

(C) In Ihe lowest energy state the probability of finding the particle in Ihe middle third of the box 
is zero. 

(D) The separation between energy levels increases as the mass of the particle increases. 

Knowledge Required: The probability of finding a particle in the box is given by the probability distribution 
function which depends on the wave function squared. The functions used to describe the particle in a box energy 
levels and how these functions look when squared. The expression that is used to calculate the energy ofa particle 
in a box. 

Thinking It Through: Lei's look at this question by eliminating wrong responses. First eliminate response (D) 
because in the equation for the A£ we find that since mass (m) is in the denominator the spacing of energy levels 
decreases as m increases. Also eliminate response (C) because Ihe wave function squared for the lowest energy 
has a maximum at the center of the box. Finally eliminate response (A) because the probability densities for all 
energy levels o fa particle in a box are symmetric. The total probability for finding a particle is given by the area 
under the probability density. Since area on the right side of the box equals the area on the left hand side of the 
box and the total probability is 1, the probability on each side of the box is VS for all values of n. Only response (B) 
is correct. 

SAM-4. The most important defect of the simple harmonic oscillator (SHO) approximation for the upper 
vibrational levels o f a molecule is that 

(A) all SHO levels are evenly spaced. 

(B) there is only a finite number of SHO levels. 

(C) SHO levels do not change with polarizability. 

(D) the SHO model only allows symmetric stretches. 

knowledge Required: The simple harmonic oscillator model is based on a simple quadratic function 
representation o fa bond between two atoms. This model gives equally spaced energy levels, and represents the 
harmonic vibrations of real bonds especially well in Ihe region of the minimum in Ihe potential. 

Thinking It Through: The solutions to the SchrOdinger equation for the simple harmonic oscillator model are a 
series of functions identified by quantum numbers u ranging from zero to infinity. The SHO model can be 
applied to any normal mode of vibration including asymmetric stretches and bending modes. The SHO docs not 
consider bond polarizability as part of the model. Consequently only response (A) is correct. 
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SAM-S. F o r a harmonic oscillator. l ' ( j ) = j^Jt i 1 and the wave function is y0( .r) If an anharmonic energy 

term is given as '( T) = " % « " ' • , h e n , h c c n c r e y f o r a n a n h a m , o n i c o s c i l l a l o r i s 

(A) * ( B > K ( . t ) [ % < u ' ] v „ W d * 

Knowledge Required: One can include an anharmonic term in the Hamillonian of the SchrOdinger equation for an 
oscillalor and then separate the parts lo obtain the solutions. Including an anharmonic term is a simple example of 
how perturbation theory is used to obtain more useful wave functions from the SchrOdinger equation. 

Thinking il Through: First write the Hamillonian for the anharmonic oscillator, H = H0 + H,, where 

H, = -}£ax'. Next write the SchrOdinger equation E = J ^ (*) («„ - j ^ t u f ' j y ^ j r j d x and expand the integral 

to obtain E = E, + J v o ( j r ) ( - % ° * , ) v o ( * ) < , T where £0 = ^ A v . After examining the choices we see that the 

correct response is (A). Response (B) neglects the £> term; response (C) includes an extraneous cubic potential 
term; response (P) is missing Ihe wave functions in the integral. 

SAM-6. In the quantum mechanical solution for the rigid rotor, the square of the angular momentum is given 
by 

If./= 2, the possible values for the z component of Ihe angular momentum arc (in units of 

(A) 2 , 1 , 0 , - 1 , - 2 (B) 1 ,0 , -1 (C) 0 (D) 2 , 1 , 6 

Knowledge Required: The relationship between the eigenvalues of the total angular momentum squared operator 
L and Ihe z-component of angular momentum L, and between quantum states described by / and m,. 

Thinking il Through: The total angular momentum squared, the eigenvalue for £ is given by 

L' = J(J + • The quantum number J labels Ihe rotational quantum state. Each quantum stale has a 

degeneracy of 2J+ I. The eigenvalues for the z-component of the angular momentum slates ranging from +J to 
-J are called m,. Thus when 7 = 2 , m, = 2, 1,0, -1 , -2. Thus the correct response for Ihis question is (A). 
Response (B) corresponds to a stale wilh 7 = 1 ; response (C) corresponds to a slate where 7 = 0. Response (D) has 
no relationship lo rigid rolor quantum slates. 

SAM-7. In units of h ' 121, what is the energy separation between adjacent rotational levels 7and 7 +1 of a 
freely rotating linear molecule? 

(A) + (B) (27 + 1)7(7 + 1) 

( C ) + + (D) 2 (7 + 1) 
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Knowledge Required: The relationship between quantum stale energies and Ihc peaks seen in a spectrum """ 

Thinking ll Through: The peaks in the microwavc spectrum for a diatomic molecule are due to transitions 
occurring between rotational energy level ofa molecule. The energy for each energy level is given by 

E = J(J + \)'-^j. The energy for a transition between stales is given by AF. = hv = 2(J +1)— and the allowed 

transitions have tU = ± I. Thus the con-ect response is (D). Response (A) is found as part ofthe angular 
momentum eigenvalue. Responses (B) and (C) do not have the correct form for an answer lo this question. 

SAM-8. The intensities and peak positions shown here 
were computed for one branch in the rotation-
vibration spectrum of HCI molecule in the 
microwave region using the rigid rotor model at 
298 K. When the temperature is increased to 
1000 K we would expect the spectrum to change 
so that 

Stpnte ftvbHdtri|t^n' 

(A) Ihe maximum intensity would occur for a peak al a higher wavenumber. 

(B) the spectral lines corresponding to a given transition shift lo wavenumber. 

(C) the current peak with maximum intensity would remain the most intense but additional peaks 
at high wavenumber would appear. 

(D) all peaks would retain their current relative intensities and show an increase in absolute 
intensity. 

knowledge Required: Ro-vibralional spectra appear in the infrared region of Ihe electromagnetic spectrum. Such 
spectra consist ofa series of nearly equally spaced lines, these lines vary in intensity because of consideration of 
the Bollzmann distribution and the degeneracy of each stale. 

Thinking it Through: The spectrum in the question clearly shows a series of equally spaced lines in Ihe correct 
frequency range. By just considering Ihe Boltzmann distribution the maximum would shift to a higher frequency 
if temperature is increased because there would be sufficient energy to populate higher quantum states. Thus the 
correct response is (A). Responses (B), (C), and (D) all misinterpret the Bolumann distribution law. We cannot 
shift the frequencies as in response (C) because these are determined by the difference between energy levels in 
the rotor. These differences are not affected by temperature. At higher temperatures Ihe molecules have more 
energy so that higher energy slates would become more populated at the expense ofthe lower energy states. Thus 
there would be a different energy level with a maximum population resulting in a higher frequency maximum and 
additional peaks observed in the spectrum at higher frequencies. Response (D) is wrong because to increase the 
absolute intensity requires increasing the number of molecules in the system. The question specifically slates that 
only temperature is increased. 
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SAM-9. A portion ofthe ro-vibrational spectrum of HF at some temperature 7" is shown in the choices. The 
appearance ofthe spectrum at a high temperature could be 

(A) 

(C) 

0 Separation from band origin, cm"1 

0 Separation from bud origin, cm"1 

(B) 

(D) 

0 Separation from band origin, cm"1 

0 Separation from band origin, cm*1 

Knowledge Required: The reasons for line heights and their spacing in ro-vibrational spectra. 

Thinking ll Through: One branch of the infrared spectrum o fa diatomic polar molecule looks like a set ofncarly 
equally spaced lines where the lines first increase and then decrease in intensity. Knowing this you can eliminate 
response (A). Response (C) shows a single line, which implies equal spacing between rotational slates, which is 
incorrect or that only a single rotational transition can occur, also incorrect. The only viable responses are (B) and 
(D). Because only four lines of the sample spectrum are shown we cannot see Ihe decrease in intensity and 
increasing separation between lines that occurs at higher frequencies. Therefore, response (D) corresponds lo Ihe 
higher temperature as Ihe decrease in intensity for the high J lines is not seen and is the correct response. 

SAM-IO. In the rotational spectrum of DCI, the rotational line spacings compared to those of HCI are 
approximately 

(A) Halved. (B) Doubled. ( Q Tripled. (D) Unchanged. 

Knowledge Required: The lines in a pure rotational spectrum are equally spaced using the rigid rotor model and 

that the separation between lines equals 2B where B = and moment of inertia / = pr1 with p being Ihe 

reduced mass and r the intemuclcar distance. 

Thinking il Through: B « and thus floc^/. First evaluate p for both HCI and DCI. The result is = I 

and Poc, = 2 . Thus ^ J / g ^ * )/•> or « (^J^HC, • The correct response is then (A). Response (B) with 

B / 
ratio, " y g ^ , is Ihe inverse ofthe ratio called for in the question. Response (C) is not correct because there is 

no tripling seen in the ratios obtained from the equations for B and /. Response (D) is also incorrect because the 
reduced masses of HCI and DCI differ by a factor of 2. 

86 



Practice Questions 
II* Ihe box length Tor a particle in a one-
dimensional box is doubled the energy will be 

(A) 2 times the original energy. 

(B) 4 times the original energy. 

(C) 'A ofthc original energy. 

(D) % of the original energy. 

A particle confined in a one-dimensional box 
has a lowest energy of £,. If the mass of the 
particle is doubled, the lowest energy will be 

(A) zero. 

(C) £ , / 2 . 

(B) doubled. 

(D) £ , / 4. 

The one-dimensional quantum mechanical 
descriptions of the harmonic oscillator and the 
particle-in-a-box with infinite walls differ in 
that 

(A) the energy levels for the particle-in-a-box 
are nondegenerate whereas those for the 
harmonic oscillator are degenerate. 

(B) the particle-in-a-box energy levels get 
farther apart as the quantum number 
increases, whereas the harmonic oscillator 
levels get closer together. 

(C) the particle-in-a-box wave functions are 
orthogonal to each other whereas the 
harmonic oscillator wave functions are 
not. 

(D) the particle-in-the-box wave functions do 
not penetrate the box walls, whereas the 
harmonic oscillator wave functions 
penetrate into the classically forbidden 
regions. 

We can model 1,3,5-hexatriene as a box of 
length 0.904 nm, with 6 electrons in the first 
three energy levels. What is the frequency of 
an electronic transition from the highest-
occupied orbital lo the lowest-unoccupied 
orbital? 

5. Which is nol spectroscopic evidence for the 
anharmonicity ofthc potential energy as a 
function of intcmuclcar distance? 

(A) unequal spacing of the rotational fine 
structure of infrared absorption bands 

(B) Ihe existence of overtone bands in the 
infrared absorption spectrum 

(C) unequal spacing of the vibrational fine 
structure of UV-visible absorption bands 

(D) observation ofcombination bands 

6. Compare the force constants for the bond 
strength in HCI and DCI. 

(A) A(HC1)» A*DCI) 

(B) A(HCI)« *(DCI) 

(C) A(HCI) s A(DCI) 

(D) 2A(HCI) = *(DC1) 

7. Given the figure 
which describes 
a Morse potential 
for a diatomic 
molecule, 
identity and 
describe region 3 

(A) This is the attractive region of the 
interaction where the molecule is most 
stable. 

(B) This is the area describing where a 
molecule will dissociate because of 
repulsive forces. 

( Q This region is for a bound state of the 
molecule, but repulsive forces are pushing 
the atoms apart. 

(D) This region is indicative o f a highly 
activated molecule, experiencing 
attractive forces, but only weakly bound. 

(A) 7.78* I0U Hz 

(C) 1.24*10" Hz 

(B) 1.00*10" Hz 

(D) 1.11*10" Hz 



Simple Analytical Models 

8. For a diatomic moleculc considered as a rigid 

(A) the angular momentum vector has only 
one possible orientation. 

(B) the molecule is in the lowest energy state. 

(C) the magnitude ofthe angular momentum 

(D) the magnitude ofthe angular momentum 
depends on the value of my. 

9. Which system does NOT have a zero point 
energy? 

(A) particle in a one dimensional box 

(B) one dimensional harmonic oscillator 

(C) two particle rigid rotor 

(D) hydrogen atom 

10. CM has 60 electrons from p orbitals not 
involved in the sigma bonding. Ifyou model 
the electrons as particles on a sphere, what 
value of I is that for the highest occupied 
molecular orbital? 

(A) 5 (B) 6 (C) 30 (D) 60 

is h(2)y'. 
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Simple Ana jv l j ca l Models 

Answers to Study Questions 

1. B 5. A 9. D 
2. C 6. A 10. A 
3. B 7. D 
4. A 8. A 

Answers to Practice Questions 

5. A 9. C 
6. C 10. A 
7. A 
8. C 
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Model Quantum Mechanical Problems: 
Atomic Systems 

From Ihe perspective o fa chemist. Ihc hydrogen atom is perhaps the most important model problem in 
quantum mechanics. Onc-clcclron systems are the only atomic or molccular problems for which Ihc electronic 
SchrOdinger equation can be solved exactly. The hydrogen atom wave functions which arc solutions to the 
SchrOdinger equation provide a mathematical basis for approximate numerical solutions for multi-clcctron atoms 
and molecules. Finally, the hydrogen atom wave functions arc a powerful language chemists can use to 
qualitatively describe the electrons in atoms and molecules. 

The time-independent, non-rclativistic Hamillonian for a onc-clcctron hydrogen-like atom is given by 

n = v g v 
2 (m s + m t ) 2p 4ne0r 

where m.v is the mass ofthe nucleus, m, is the mass of the electron, V1 is the Laplacian. R is a vector giving Ihe 
coordinates ofthe center of mass ofthe atom, p is the reduced mass of the electron and Ihc nucleus, r is ihc 
distance between the nucleus and the electron. Z is the charge on the atom, e is Ihc chargc on one electron, and c,j is 
a constant called the permittivity of vacuum. The first term in the Hamillonian describes Ihe kinetic energy of the 
entire atom moving through space, Ihe second term describes the kinetic energy of the electron moving wilhin the 
atom and Ihe third term describes the potential energy of the attraction between Ihe nucleus and the electron. 

The details ofthe hydrogen atom solution are not shown here. Ultimately, ihc eigenfunctions consist o f a 
radial component, normally designated R„,. and an angular portion designated as (8,<p), and given by the 
spherical harmonics defined for the rigid rotor. These functions introduce the three characteristic quantum 
numbers; n, /, and m,. In a mathematical sense these quantum numbers designate specific functions solving the 
eigenvalue problem for the hydrogen atom. These functions will be given in your textbook and on the exam if 
needed. 

Notice that two of the three p functions are not real valued (m, = ± I). Chemists often use real valued versions 
of thcporbitals constructed by taking Ihc linear combinations o fp , and p.,. This can be done since any linear 
combination of degenerate solutions is itself a solution with the same energy. The Jorbitals can be treated 
similarly. 

The wave functions, or the corresponding probability density functions (vL.1)/^.) arc sometimes graphed as 

surfaces of equal electron density, giving the familiar orbital shapes. The phase of the wave function (negative or 
positive) is sometimes indicated on the electron density surfaces as well. The energies of Ihe hydrogen-like atom 
depend only on the principal quantum number, n, and are given by 

F _ - z - y 1 

Note the energies are Ihc same as those obtained from the Dohr model. 

Though the hydrogcn-likc atom model does not explicitly include electron spin. i( can be introduced by 
assuming that the spin Hamillonian can be separated out so thai Ihc spin part ofthe wave function can just be 
multiplied by the solutions lo the electronic SchrOdinger equation. The complete wave function for a one-electron 
atom including spin thus has the form 

V.u.( r .0.o)a or (r.0,(p)p 

There is a spin angular momentum quantum number »,. associated with each spin function, + - for li and - ! 
^ „ 2 ~> 
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Model Quantum Mechanical Problems: Atomic Systems 

Many electron atoms arc significantly more complicated systems from the perspective of quantum mechanics 
The mathematics bccomcs sufficiently complcx that analytical solutions arc no longer possible. Instead a series or 
approximations arc introduced. Understanding the quantum nature of many-clcctron atoms ultimately requires the 
understanding ofthese various approximations. 

The many electron wave function is generally written as a product of one-electron wave functions, ll is 
possible lo use solutions to the hydrogen atom problem in (his role. Commonly, the one-electron functions are 
written as Slater orbitals of (he form, 

»(*,.*: > .V* 

x.(*.) x , K ) • Xi(x,) 

X,(x ;) X, (Xj) ••• X.(x,) 

X , K ) X, (x,v) - X . ( x j 
One feature of Slater orbitals is that they arc antisymmetric wilh respect to the exchange of any two electrons. 

Multi-electron atomic energies depend not only on the principal quantum 
number, n, but also on the angular quantum number, I. The familiar pattern of 
orbital energies and electron configurations arc as depicted in the figure. 

In addition to this change, things like orbital occupancy, and splitting by 
external magnetic fields can be addressed. The spin-orbit coupling, arising 
from the interaction of the electron's magnetic moment and its orbital motion 
about ihe nucleus, can be dealt with using LS coupling or Russell-Saunders 
coupling methods. This form of coupling can be observed in the fine structure 
of atomic spectroscopy. These stales can be split further by (he application of 
an external magnetic field via the Zeeman effect. Thus, as degeneracies are 
removed, an electron configuration, such as np1, can be divided into terms that 
reflect the orbital occupancies, which can be split into multiplets by the spin-
orbit interaction and these multiplets can be split into states by an applied 
magnetic field. 

Study Questions 
AS-1. Of the five orbitals in the d subshell o fa hydrogen-like atom, only the angular wave function for the 

m = 0 (</.. ) orbital is real. How are the other four real orbitals ( d ^ </„, d^, and d , ^ ) generated? 

(A) Using the variation method 

(B) Including the spin wavefunctions 

(C) Applying the Heisenberg uncertainty principle 

(D) Taking linear combinations of the imaginary functions 

$ t> 
a 
UJ 

4s 

~is~ 

3d 
3p 

~2p~ 



Model Quantum Mechanical Problems: Atomic Systems 

knowledge Required: The rforbitals in a hydrogen-like atom are degenerate, that is, they all have the same 
energy. Any linear combination of degenerate solutions to the SchrOdinger equation is itself a solution with the 
same energy as the original solutions. 

Thinking It Through: The variation method is used to generate approximate solutions to the SchrOdinger 
equation, but the solutions for hydrogen-like atoms are exact, so we can discard response (A). The spin wave 
functions are not functions in real Cartesian space, so multiplying wave functions by spin functions will not 
change Ihe Cartesian part ofthe function in any way, so response (B) cannot be correct. The Heisenberg 
uncertainty principle addresses simultaneous measurements of properties, not the values of wave functions, so 
response (C) is not correct. Since any linear combination of the degenerate d solutions is also a solution, we can 
construct "to order" a set of functions that are real valued and have the same energy. Response (D) is correct. 

AS-2. The 2s radial wave functions, Rb, can be depicted 
in a variety of ways. Given the figure, they-axis 
identification is 

(A) R (B) R2 ( Q 

1 
AS-2. The 2s radial wave functions, Rb, can be depicted 

in a variety of ways. Given the figure, they-axis 
identification is 

(A) R (B) R2 ( Q r'R (D) r'R1 

Knowledge Required: Be able to accurately sketch Ihe wave functions for a hydrogen-like atom in several ways, 
including the radial distribution functions, the radial part of the solutions, and the angular part ofthe solutions. A 
radial node is a region (point, line, plane, surface) where the wave function is zero. The number of nodes in a 
hydrogen-like orbital is one less than the principal quantum number. 

Thinking It Through: The graph does not have a node at r = 0. Graphs of either r*R or r'R1 would have a node at 
r • 0, therefore neither response (C) nor (D) is correct. A graph of R1 would have only positive values, therefore 
response (B) is not correct. The radial function for a 2s orbital has one node, so response (A) is correct. 

AS-3. If a hydrogen atom with a I s configuration is placed in a magnetic field, the electron spin degeneracy 
will be removed and the number of states with different energies will be 

(A) one (B) two (C) three (D) four 

Knowledge required: The term degenerate refers to a set of slates described by different quanturTTnumbers but 
having the same energy. The orbital degeneracy of any hydrogen atom energy level depends on the principal 
quantum number, n. The electron spin degeneracy of any given orbital is two, corresponding to spin angular 
momentum quantum numbers of+'/i and -Vi. 

Thinking it through: The orbital degeneracy ofthe n = 1 configuration is I. This orbital has two possible spin 
slates, which are ordinarily degenerate. In a magnetic field, the spin states are no longer degenerate, so they would 
have different energies. The corTccl response is therefore (B). 

A certain hydrogen-like alom (with only one electron) emits light with a frequency of 2.2* 10" Hz 
associated with the n = 2 to n = I transition. What frequency light will be emitted for the n = 3 to 
n = 2 transition? 

(A) 3.08* 10" Hz 

(C) 4.11*10" Hz 
(B) 3.70*10" Hz 

(D) 7.40* 10" Hz 
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Model Quantum Mechanical Problems: Atomic Systems 

Knowledge Required: The frequency of light emitted as a result of a transition between two states is directly 
proportional to the energy difference between the states. The energy ofa state in a hydrogen-like atom (any atom 
with just one electron) is inversely proportional to the square of the principal quantum number n of Ihe slate. 

Thinking it Through: Because Ihe energy ofa stale is inversely proportional to the principal quantum number the 
stales will be more closely spaced in energy as n increases. Thus, the energy difference between stales n = 3 and 
n = 2 will be less than between states n = 2 and n = I, and ihe frequency or light emitted will be smaller. Using the 
relationship between principal quantum number and energy, write 

A£(„, - • « , ) = £ „ , - £ , 

I I 

= constant x 

IS tl 
pal 

'(H) 

Because v oc A£ , Ihe ratio ofthc frequencies is the same as the ratio of the energy differences. Using the 
relationship between the energy differences and Ihe principal quantum numbers yields 

constant > 
V;i. = U 2-J J_ 

a = 27V) 

The frequency of the n = 3 to n = 2 transition thus should roughly be j of the n = 2 to n = I transition, response 

(C) is correct. 

AS-5- The square of the wave function, *|(f,, for the hydrogen l i orbital has 

(A) A maximum at r = 0 (B) A minimum al r = 0 

(C) A maximum at r = a0 (D) A minimum at r = oo 

Knowledge Required: Graphical representation of hydrogen l i orbital and densities. 

Thinking H Through: The square of the hydrogen Is wave function decreases exponentially from r = 0 to r = oo. 
There is a maximum al r = 0, thus response (A) is the correct response. Response (B) would be correct for r2 yf,. 

AS-6. Which statement about the hydrogen atom is true? 

(A) The energy of a state does not depend on the azimuthal quantum number. 

(B) Energy levels become more widely separated as the principal quantum number increases. 

( Q The total number of nodes in a wavefunction is equal to twice Ihe principal quantum number. 

(D) The 3d„ orbital has one angular node and one radial node. 

Knowledge Required: Facts about ihe hydrogen atom. 

Thinking U Through: Response (A) is the correct response; the energy only depends on the principal quantum 
number (n) and nol on the angular momentum (I) or azimuthal (mi) quantum number. The energy levels of the 
hydrogen atom become closer together as n increases, therefore response (B) is incorrect. The total number of 
nodes is n not 2n, response (C) is incorrect. The 3 d v orbital has zero radial nodes and two angular nodes; 
response (D) is incorrect. 



Model Quantum Mechanical Problems: Atomic Systems 

AS-7. Consider Ihc full Hamillonian for the hydrogen atom . / , ' h' „. Ze' 

After the coordinate transformation, the electronic kinetic energy term bccomcs 

( A ) (B) - - V 1 

(C) (D) None of the above 
r 

Knowledge Required: Mathematical solution of the hydrogen atom, SchrOdinger equation, coordinate 
transformations. 

Thinking ll Through: The Hamillonian for the hydrogen atom is correctly expressed in the stem ofthe problem. 
Following the coordinate transformation the Hamiltonian becomes 

H = - — V ' - — V ' 
2M 2p " 4nE0r 

The first term corresponds to the kinetic energy of the whole atom; the second term to the kinetic energy relative 
to the nucleus, and the third term to the potential energy where M is the sum of the masses (nucleus + electron) 
and n is the nucleus/electron reduced mass. Thus the correct response is response (B). 

AS-8. How would you calculate the probability of finding the Ii electron for a hydrogen atom at r > a0? 

(A) J j U r K O V d r (B) K ( r ) r ^ ' ( r ) d r 

<c) ]«;,(<-)«„ o - ) ^ (D) K ^ M ' - K d ' ' 

Knowledge Required: Calculations of properties. 

Thinking ll Through: The probability is associated with an integral of v ' v (appropriate volume element) over 
the proper range. In the case the range for r is o0 < r < to; thus responses (A) and (C) are incorrect responses. To 
separate response (B) from (D), we look for the appropriate volume element which is S i r for the spherical 
coordinate system ofthe hydrogen atom problem. Thus response (D) is the coiTecl response. 

AS-9. The wave function for ihe lowest excited state ofthe helium atom is proportional to 

(A) IJ(I) 142) {a( l )p(2)-p( l )a(2)} 

(B) ( l f ( l ) 2 i ( 2 ) - 2 i ( l ) 142)} {o(l)P(2)-P(l)a(2)) 

(C) 0 4 1 ) 2s(2) + 2s ( l ) 142)) { < K D « 2 ) - p ( l ) a ( 2 ) ) 

(D) {141) 242) - 2 4 1 ) 142)) (a(l)p(2) + p(l)a(2)} 
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Model Quantum Mechanical Problems: Atomic Systems 

Knowledge Required: Form of Ihe wave funclion for multi-electron systems! Symmetry properties of wave 
(unctions. 

Thinking It Through: Response (A) is a correct wave function in that il is antisymmetric; however both electrons 
are in the is orbital so it is not an excited state; response (A) is incorrect. Response (B) is not a correct ami-
symmetric wave function so response (B) is incorrect. Response (C) and (D) both have the correct antisymmetric 
properties. Response (C) would be the wave function for the lowest excited singlet stale having the antisymmetric 
spin functions while response (D) would be that for the lowest excited triplet state having the symmetric spin 
funclion. Since Ihe triplet is lower, response (D) is coiTect. 

AS-10. The splitting between the two lines in the yellow for the Na atom is due lo 

(A) splitting between 3p„ and ipt. ( B ) spin-orbit coupling. 

(C) splitting between 3p and 3d. (D) relativistic effects. 

Knowledge Required: Splitting mechanisms for states. 

Thinking It Through: The two lines for atomic sodium are close together (S86 and 589 nm). Both transitions 
arise from a transition from Ihe 3J' ground state configuration. The two spin-orbit slates resulting from the 3p' 
configuration, 1 and 1 Py , an closely spaced; response (B) is correct. Response (A) is incorrect because the 

m, quantum number is not a good quantum number for multi-electron systems. Response (C) is incorrect because 
Ihe splitting is too large, and because no 3* -> 3d transition is allowed. Response (D) is nonsense as relativity is 
not a factor for atoms as light as sodium. 

1. What is ihe expectation value of r , ( r ) , for the 
electron in the Is orbital of hydrogen, where i0niSV = i(tI 

J y V y d r 
o 

J y ' r y d r 

J V y d r 
0 
111* J J J y V y r 1 sinOdrdOdip 

the wave function 

(A) 

(B) 

( Q 

(D) 

2. In the absence of a magnetic field, the order of 
Ihe hydrogen atom energy levels is 

(A) £i, > £2, > Et,, > £j,. 

(B) £ „ < £2, = £2, < £>. 

( O £ „ < £2, < < £»• 

(D) £ „ > £2, = £2, > 

3. In the presence of a magnetic field in the z 
direction, the ordering of the energy states of 
an atom is 

(A) E. 

(B) 

(C) 

< £ < £ . 

E . = E » = E , r.i A 

(D) indeterminate. 

4. Measurement of the z component of angular 
momentum for an electron in Ihe 2p, state will 
yield 

(A) +1 h. 

(C) Oh. 

(B) -1 h. 

(D) ±1 h. 

5. Which graph would be best used lo explain 
why the average electron-nucleus distance for 
Ihe I* state of the H atom is 0.529 A? 

(A) R against r 

(C) r2/?2 against r 

(B) ft1 against r 

(D) y2 against r 



Model Quantum Mechanical Problems: Atomic Systems 

6. The average value of the angle if for an 
electron in a H atom 1J orbital is 

(A) 0. (B) n/2. (C) *. (D) 2K. 

7. The Na atom has 2 lines in the yellow region of 
the spectrum. These arise from transitions 
between which energy levels? 

8. The Hg atom has a long-lived excited state 
which emits at 253.7 nm. The likely transition 
causing this emission is 

(A) 6s7s5d" 'So -> 6s25d'° 'S0. 

(B) 6s7s5d" 'So 6 s V ° 'S,. 

( Q 6s6pSd"' 'P, 6fJ5</'° 'So. 

(D) 6s6picta 'P, -» 6iJ5</'° 'S0. 

9. What factor in the quantum mechanical 
equations of multi-electron atoms makes them 
so they cannot be solved analytically? 

(A) the spin operator 

(B) the electron-electron repulsion term 

(C) the need for the Bom-Oppenheimer 
approximation 

(D) the non-zero commutator between the 
electron position and momentum 

10. How many nodes are present in a Ad orbital of 
a hydrogen atom? 

(A) 3 angular nodes 

(B) 2 angular nodes and I radial node 

(C) I angular node and 2 radial nodes 

(D) 3 radial nodes 

(A) 3j -» 3p 

(C) 3s 3d 

(B) 3s -> 4s 

(D) 3s -> 4p 
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Symmetry 
Symmetry considerations allow chemists to organize information about the complex shapes of molecules and 

orbitals in a compact form. Information about the symmetry of orbitals and molcculcs can also help predict which 
spectral transitions will be observed. Finally, symmetry considerations can simplify calculation of the molecular 
wave function. One way to classify the shape of a molecule is to determine its point group by ascertaining which 
symmetry operations can be applied to the molecule. The symmetry elements found in molecular point (or 
symmetry) groups are C„axcs (an n-fold rotation axis); a , ("vertical" plane of symmetry that contains the 
principal rotational symmetry axis); ok ("horizontal" plane of symmetry that is perpendicular to the principal 
rotational symmetry axis); i (inversion through a molecular center); S„ (improper rotational axis equivalent to an n-
fold rotation around the axis followed by a reflection through a plane perpendicular to the axis). A flow chart for 
determining the symmetry group o fa molecule is typically found in your textbook. 

Because the molecular symmetry operations commute with the Hamillonian, Ihe wave funclion musl also be an 
eigenfunction of ihe symmetry operators. One consequence of this is that molecular orbitals will be cither 
symmetric or anti-symmetric with respect to each symmetry clement of the molecule. Molecular normal 
vibrational modes are also characterized using symmetry operations. Instead of symmetry elements, the irreducible 
representations are used. The character tables for each point group list the irreducible representations for that 
group. Normal modes with irreducible representations that transform as Ihe electric dipole does (typically 
indicated by t, y, z in Ihe far right hand column o f a character table are 1R active. Modes which transform as Ihe 
polarizability does (indicated by y2, z2, xy, xz. yz) are Raman active. To determine which irreducible 
representation a given normal vibrational mode belongs to, apply each symmetry operation of the molecule's point 
group to the vibration and note whether it transforms symmetrically (no change in direction) yielding a character of 
I or asymmetrically (changes direction under the operation) wilh a character of -1 . Match the list of characters so 
generated with those of one of Ihe irreducible representations in the lable. The number of normal modes is 3N - 5 
for linear molecules and 3N - 6 for non-linear molecules, where N is Ihe number of atoms in Ihe molecule. 

Atomic and molecular terms symbols provide a summary of Ihe possible detailed electronic configurations and 
energies as well as a quick guide to allowed transitions. In general a term symbol has the form X,, where 2S> 1 
is called the spin multiplicity. S is the sum of Ihe spin angular momentum of each electron. Note thai operationally 
only open subshells need to be considered in computing L or S. X is a letter indicating the maximum value ofthc 
total orbital angular momentum L. For A = 0, X = S; L = I, X = P; L = 2, X = D; etc. The possible values of L for 
an electron configuration range between |/, +/ , | £ L a |/, -l2\. 

When writing electron configurations of atoms correctly one also uses Hund's maximum multiplicity nilc 
which slates that an atom in its ground state adopts a configuration wilh the greatest number of unpaired electrons. 
This generality arises out ofthc more specific Hund's rules which assign relative energy to spectroscopic states 
based on S, L, and J values. Summarizing these, the state wilh ihe largest 5 is mosl stable and when Iherc are 
identical 5 values for two or more stales then the largest L is used to determine Ihe most stable stale. Finally for 
stales with the same 5 and £, the lowest energy stale is chosen using the smallest J when Ihe shell is less than half 
filled or Ihe largest J for a shell lhat is more than half-filled. 

Transitions between atomic slates depend on the selection rules for electronic transitions. For many-eleclron 
atoms ihe electronic selection rules are 

A7 = 0 ,± l (7 = 0 - > 7 = 0 i s forbidden) 
AL =0.±l 
AS = 0 
Al = ±) 
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Symmetry 

S-l. What arc the possible values of the term symbols for the 1S12J' configuration of helium? 

(A) 'S, JS <B) S only (C) 'S. 'P (D) 'S only 

Knowledge Required: How to determine possible term symbols from electron configurations. 

Thinking it Through: To determine whether a given electron configuration corresponds to an S and/or P term, 
find the value of L by summing the / values for the unfilled shells. In this case L = /„ + = 0 + 0 = 0 ; L = 0 states 
arc designated S. If both spins are paired S = 0 and the spin multiplicity is I, alternatively the spins could be 
unpaired, in which case S = I and the spin multiplicity is 3. The two possible terms are thus 'S and JS; (A) is the 
corTcct response. 

S-2. What is the symmetry of BF,? 

(A) C, (B) (C) 0>) Dn 

Knowledge Required: Be able to classify the symmetry of the molecule; the orbitals of a molecule must have the 
same symmetry as the molecule 

Thinking II Through: BFj has a 3-fold axis of symmetry perpendicular to the molecular plane, a plane of 
symmetry (the molecular plane), 3 2-fold axes of symmetry perpendicular to the 3-fold axis, therefore it has Dn 
symmetry. The molecule must have the same symmetry, so response (D) is correct. 

S-3. 

Using the orientation shown, choose the 
irreducible representation representing the 
vibrational mode in the figure 

C2v representation E c2 a, ' 
A, 1 1 1 1 z.x'.s.i' 
A2 1 1 -1 -1 XV 
B, 1 - 1 1 - 1 x.xz 
B2 1 - 1 -1 1 v.vz 

(A) (B) (C) fl>) 

Knowledge Required: The effect of symmetry operations; the convention that the a , ' plane is the molecular plane 
(This can be determined from the character table, which notes that yz transforms symmetrically with respect to 
O . 

Thinking ll Through: Applying E, the identity element yields a character of I, which cannot help discriminate 
between irreducible representations. Applying C2 reverses the motions, so the character is - I, and Ihe 
representation must be either B, or B2. The motions are unchanged by reflection in the molecular plane (a/) , so 
a»' has a character of I. The irreducible representation of this vibration is B,. the correct response is (P). 

S-4. A molecule is in an initial slate characterized by B, symmetry. What is the symmetry ofthe final 
when an electric dipole transition in the ^-direction is allowed? 

(A) A, (B) A2 (C) B, (D) B2 



Symmetry 

Knowledge Required: Using the character table for a symmetry group to understand spectroscopic transitions. 

Thinking ll Through: An electron dipole transition can occur when the integral jVi* V , d l is non-zero. The 
integral can be shown to be 0 using symmetry considerations. We examine the symmetry table given for the 
previous problem lo sec which symmetry gives a non-zero integral for 

J V / 4 4 d i = Jv/fl.dT 

which implies that v / must have A, symmetry and response (A) is coned. 

S-5. To which symmetry group does cyclopropane (C5H6) belong? 

(A) C„ (B) 0 M (C) 0 ) h (D) 

Knowledge Required: The structure of cyclopropane; Ihe basic symmetry operations and how lo use them lo 
determine the symmetry group ofa molecule. 

Thinking it Through: Cyclopropane has a Cj axis Ihrough the center of Ihe molecule. There is a plane of 
symmetry through the molecular plane, therefore the molecule has symmetry. The correct response is (C). 

S Z The 'P2 stale of the oxygen atom has the 1 s f l&p* configuration. To which excited stale is an 
electronic transition allowed in the electric dipole approximation? 

(A) isttp'.'P, (B) \s12s22p', 'D, 

(C) I s W v ' , "So (D) I s W l p ' i p ' , 3 ? , 

Knowledge Required: How to translate a term symbol into the correct L and S values; the electronic dipole 
transition selection rules. 

Thinking U Through: AS must be 0, so the transition corresponding to responses (B) or (C) is not allowed. AL 
may be 0, so either transition (A) or transition (D) might be allowed. The transition in (A) has Al - 0, and is 
forbidden. Response (D) is correct. 

S-7. The planar methyl free radical, CHj, is in the D n symmetry group. In this symmetry group, how 
many planes of symmetry are there? 

(A) 3 (B) 4 (C) 6 (D) 7 

Knowledge Required: Structure of molecules, visualization of molecular shapes from structure, determination of 
symmetry elements for molecules. 

Thinking It Through: There is actually an abundance of information given in Ihis problem. The H 
molecule is shown with an electron in a p orbital perpendicular to Ihe plane of the molecule. That \ H 
is what puis the molecule in the D,h symmetry group. There are three ov symmetry planes / 
perpendicular to the plane of Ihe molecule containing each of Ihe C-H bonds. In addition, there is H 
a o„ plane (the plane of the molecule). Thus, there are four planes of symmetry, and the correct response is 
response (B). 

S-8. The combinations of atomic orbilals used in constructing appropriate molecular orbitals for BeH2 

(A) must have the same principal quantum number n. 

(B) must have Ihe same symmetry as the molecule. 

(C) must have the same angular momentum quantum number, /. 

(D) musl be onhogonal. 
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knowledge Required: Construction of symmetry adapted molecular orbitals, molecular orbitals as combinations 
of atomic orbitals. molecular orbital formation from atomic orbitals ifsimilar energy. 

Thinking ll Through: The principal quantum number for Ihe valcnce (bond forming) electrons of beryllium is 2; 
while that of hydrogen is I; thus response (A) is incorrect. While it is true that the lowest occupied orbital for 
beryllium is 2s, the bonding orbital would have a different angular momentum than the s orbital ofthe hydrogen 
atom: thus response (C) is incorrcct. If the atomic orbitals were orthogonal: then there would be no overlap and 
no bond formed; thus response (D) is incorrect. The orbitals must be ofthe same symmetry, thus response (B) is 
the correct response. 

S-9. Trans-1,2-dibromoethene possesses which elements of symmetry? 

(A) C2, a v (B) C2, ov, I (C) Ci, cv , a b (D) C2, oh, i 

Knowledge Required: Shape oftrans-l,2-dibromoethane, symmetry elements relative to molecular shape! 

Thinking It Through: Trans-1,2-dibromoethane is a planar molecule, and it contains a center ,)™™*6y •*»> 
of symmetry (/) at the middle ofthe C = C bond. Thus responses (A) and (C) are incorrect. Br* ® H 
The C2 axis is indicated on the figure (which is perpendicular to the page and runs through \ c — 
the middle of the C=C bond). A o, plane would contain the C2 axis, while a oh plane would / \ 
be perpendicular lo the C2 axis. For this molecule a ob plane (the plane of the molecule) is " Bi 
present, thus response (P) is the correct response and response (A) is incorrect. 

S-IO. In the molecule allene, the C=C=C group is linear and the 
terminal CH2 groups are at right angles to each other, i.e. y ^ * 
111 and H2 lie in the yz plane and Hj and H< in the xz h ' * * ' C ' = = C J = C ' 
plane: 2 

y 
The double bond between Ci and C2 is best described as involving the set of atomic and hybrid 
orbitals: 

(A) C , ( V ) , C2(5p), C,(/>,), C2(p,) (B) C,(ip :), Q,(sp), C,(p„), C2(pt) 

( Q C,(ip2), C2(jpJ), C,(p,), C2(p,) (D) Cl(sp2),C^sp),Cl(pI),C^p,) 

Knowledge Required: Formation of molecular orbitals from atomic orbitals. 

Thinking ll Through: A double bond is formed from an sp1 hybrid orbital on C| and an sp hybrid orbital on C2 in 
the bond and a p orbital perpendicular to the hybrid orbital from each atom. Thus we look for the response that 
has Ci sp2 orbital and C2 sp orbitals. Only response (A) meets that criteria, so it must be the correct response. 

I. The water molecule belongs to the C2 , 
symmetry group which contains only 

(A) a 90 and 180 degrees rotation axis. 

(B) a 180 degrees rotation axis, two reflection 
planes, and the identity operation. 

(C) a 180 degrees rotation axis and the 
identity operation. 

(D) a reflection plane and the identity 
operation. 

2. A molecule of C* symmetry is in an initial 
state characterized by A2 symmetry. What is 
the symmetry ofthe final state when an IR 
transition in the At-direction is allowed? The 
character table for C2v point group is given in 
study question S-3. 

(A) A, (B) A2 (C) B, (D) B2 



Symmetry 

3. Wave functions and electronic slates of 
hctcronuclear diatomic molecules are not 
labeled "ungeradc" or "gcradc" because these 
molecules 

(A) have no center of inversion. 

(B) have a permanent dipole moment. 

(C) have only two independent axes of 
rotation. 

(D) have no symmetry with respect to a plane 
containing the intcmuclear axis. 

4. The molecule in the same symmetry group as 
NH, is 

(A) BF, (planar) 

(C) CHjOH 

5. In Ihis configuration, 
ferrocene does not 
contain which 
symmetry element? 

(A) ov (B) C, 

6. Which molecule has energy levels described by 
an asymmetric top? 

(A) CH< (B) HCClj 

(C) C2H2 (D) BF, 

7. How many normal modes are present for 
HjOj? 

(A) 4 (B) 6 (C) 7 (D) 12 

8. Molecules ofthc point group 0 ! k cannot be 
chiral. Which symmetry element rules out 
chiral molecules in this point group? 

(A) / (B) C, (C) o„ (D) ov 

9. Molecules in which point group exhibit a C, 
axis? 

(A) Tt (B) Oh (C) D,h 

(D) none of these exhibit a C4 axis. 

10. The number of nondcgcncratc irreducible 
representations for the C2v point group is 

<A> 0 (B) I (C) 2 (D) 4 

(B) CH, 

(D) CCIjBr 

Fe 

(C) i (D) o„ 
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Answers to Study Questions 

1. A 5. C 9. D 
2. D 6. D 10. A 
3. D 7. B 
4. A 8. B 

Answers to Practice Questions 

1. B S. C 9. B 
2. C 6. B 10. D 
3. A 7. B 
4. D 8. C 
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Molecular Orbital Theory 
The solutions to the SchrOdinger equation for the hydrogcn-likc atom arc important lo chemists bccausc they 

are the building blocks, both conceptually and mathematically, for wave functions of molecules. As wilh the one-
electron atoms, wc begin wilh the SchrOdinger equation, but becausc il cannot be solved exactly for mulli-cleclron 
systems, wc must make some approximations. The full Hamillonian for a molcculc has the form 

H = Tllnlmmi + T/miltl + K^j . , '^ .™ + + 

The electron-electron repulsion term, , is what makes the problem impossible lo solve analytically. The 

Bom-Oppenheimer approximation, where the kinetic energy of the nuclei is ignored in finding the wave functions 
of the electrons, is frequently used by chcmists to simplify molecular problems. Under Ihis approximation the 
Hamillonian for Ihe electrons becomes 

U - T 4. I? _l I? + 1/ n<lKVo—t ~ 'tUtoou ' —ikiitlttetmi tkttnmitkttm tlmgkt 
where the potential term involving only Ihe nuclei is a constant. 

There are conceptual advantages to considering approximate solutions found using variational theory. A trial 
wave function can be constructed by taking a linear combination of thc ground slate hydrogen atomic wave 
functions 

where N is a normalization constant and A and B denote ihe two hydrogen nuclei. This function exhibits a larger 
electron probability between the nuclei than on the perimeter of thc molcculc and is therefore considered 
"bonding". This molecular orbital (MO) is often designated as l i a , , where o indicates Ihe electron density is 
symmetric around the bond axis, Ihe subscript g indicates the MO is gerade or even with respect to the center of 
symmetry in the molecule. The corresponding LCAO (linear combination of atomic orbitals) wave function for the 
first excited slate of Hj is 

typically designated b o ^. This MO has a node in the electron density between the 
atoms, hence it is characterized as ungerade (odd) and is antibonding (indicated by ; 
the •). I 

— 2fxi ; 
— 2 / ™ ; 
2 p a , 

2PK 
2so," 
2so. 

1 soJ 

I JO. 

Approximate wave functions for higher energy states of Hj can be 
constructed similarly. Wc can generate a molecular orbital energy diagram from 
the results. Just as a (slightly modified) hydrogen atom orbital energy diagram is 
used to predict the electron configurations and properties of multi-clcctron atoms, 
Ihis MO energy diagram can be used for multi-clcctron diatomic molcculcs. A 
molecular wave funclion can be constructed from Ihe orbitals, but il is a non-trivial 
process and generally requires Ihe use o f a computer. Despite this, molecular orbital diagrams can be used to 
correctly predict the triplet nature of 0> and the instability ofHc2 . Bond orders can easily be estimated using 

bond order - # of bonding e - 8 of ami-bonding e" 
2 

Useful as the LCAO-MO conceptual framework described can be, it does not give the full functional form of 
the molecular wave function from which wc could cxtrad Ihe total electronic energy or olher properties, such as the 
dipole moment. There arc many approaches which can be used lo find a complcic molccular wave function. One 
which arises naturally from the framework jusl developed uses the Slater determinant lo construct a wave funclion 
trom the MOs lhat is antisymmetric with respect to inicrchanae ol'Ihe electrons, l-or example, consider a Slater 
determinant wave function for He,. Each entry in the determinant is a product of a spin function (a or p) and a 
spatial LCAO-MO. The number in parentheses dcsignaies Ihe electron Ihe function is describing. 
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o , (4 )a °:<4)p 

The variational theorem can be used to find the best approximation Tor this form ol 
wave function by finding the set of LCAO cocflicicnts (the c,, o etc.) that give the 
lowest energy. Clearly this is a computationally demanding task even for small 
molecules! 

LCAO-MOs can be constructed for polyatomic molccules as well. MOs 
describing the n orbitals ofa conjugated polyene can be built Irom the appropriate 
set of p orbitals. Consider Ihc ir orbitals orally] anion 

([HjCCHCH, ]" | shown at the right. Note that Ihe lowest energy linear 

combination has only one node (in the plane of Ihe molecule). It is generally true 
that as the number of nodes increases, so docs the energy. 

Study Questions 
MO-1. For the H, molecule, which spatial molecular orbital has both covalent and ionic terms? Note that 

represents electron I in the Is orbital ofhydrogen atom A. 

(A) 

(B) <VK,t4(l)v„,(2) + c lVlu{2)M<„,(l) 

(D) c,V,u( l)l '„»(2) + c1VU J(2)v,d , ( l ) + c ) v ^ ( l ) v 1 M ( 2 ) + c 4 v , J ( l ) v 1 J ( 2 ) 

Knowledge Required: Ionic contributions will be distributed asymmetrically over a molecule, by having multiple 
electrons on a single atom. 

Thinking It Through: Each ofthe terms in response (B) has an electron on both hydrogen atom A and B, so (B) 
has only covalent character. The terms in (C) are likewise distributed over both centers. The first and second 
terms in (D) are covalent (as in response (B)), but the third and fourth terms each have only contributions from 
one center (the third term is on center A and the fourth on center B). These terms are ionic contributions, 
therefore the con-ect response is (D). Response (A) only contains a single term and is not a valid wave function. 

MO-2. |n which diatomic molecule are all the electron spins paired? 

(A) CO (B) NO (C) Oj (D) FO 
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Knowledge Required: The principles followed in filling an cicclron diagram: the Aufbau principle (fill from the 
bottom up); Hund's rule (fill across a degenerate level before beginning to pair electron spins); Pauli exclusion 
principle (only 2 electrons in an orbital, of different spins). 

Thinking it Through: NO and FO have an odd number of electrons, so cannot possibly have all their spins paired. 
Therefore neither of responses (B) nor (D) is correct. The electron configuration of CO is 
(bo ) ' (|JO )' (2JO, )' (2JO" )' (2pn,)' (2/HJ, )' which has all Ihe electrons paired, so the correct response is 

response (A). The electron configuration of O, is (|JO, )' (lsa'a)' (2sac)' (2JO'„)' (2pna)' ( 2po , ) ' (2pn \ ) ' where 

the highest occupied level is degenerate with one electron in each orbital, and unpaired spins. You might also 
have recalled the common piece of chemistry trivia that molecular oxygen is paramagnetic and therefore has 
unpaired spins! 

MO-3. The diatomic molecule formed from Li and Li' is predicted to be stable from molecular orbital theory 
because it has 

(A) three electrons in bonding orbitals and two in antibonding orbitals. 

(B) three electrons in bonding orbitals and three in antibonding orbitals. 

(C) three electrons in bonding orbitals and one in antibonding orbitals. 

(D) all electrons in bonding orbitals. 

Knowledge Required: The principles followed in filling an electron diagram; stable molecules have a bond order 
that is greater than zero. 

Thinking it through: The Li] molecule has S electrons, so we can immediately reject responses (B) and (C). 

Examination ofthe MO energy diagram for diatomics reveals that Li] has a configuration of 

(ltti,) (lsa[,) ( 2 j a t ) , with 3 electrons in bonding orbitals and 2 in antibonding orbitals. Therefore the correct 
response is response (A). 

MO-4. Using the simple homonuclear molecule MO energy level scheme for the ground state ofthe diatomic 
boron molecule, we would predict that 

( A ) B;' will have unpaired electrons. ( B ) B j w i n h a v c aM e | e c I r o n s p a i r e d . 

(C) B; will havc unpaired electrons. (D) will havc unpaired electrons. 

Knowledge Required: The principles followed in filling an electron diagram. 

Thinking it Through: B"' has the configuration ( i j o , ) ' (lio*.)' (2m, ) ' ( 2 i 0 ; ) ' , therefore all Ihe electrons are 

paired and response (A) is incorrect. B, has the configuration ( l * j , ) ' ( h o . ) " ' (2sat)"' (2sa[)"' (2 /m.) ' where the 

electrons in the 2pn» level arc unpaired. Therefore response (C) is correct and response (B) is incorrect. Adding 
two electrons lo the neutral molecule will fill the 2pn„ level and all electrons will be paired, so response (D) is 
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MO-S. When an electron is removed from N>, the N-N bond lengthens; whereas when an electron is 
removed from 0>, the O-O bond shortens. The most important factor involved in this difference 
between nitrogen and oxygen is lhat 

oxygen is more clcctroncgativc than nitrogen. 

the bond distance in neutral nitrogen is shorter than in oxygen. 

Ihe electron comes from an antibonding MO in oxygen but from a bonding MO in nitrogen, 

oxygen has a higher ionization potential than nitrogen. 

Knowledge Required: The principle followed in filling an electron diagram; bond order calculations. 

Thinking il Through: Referring to Ihe homonuclcar diatomic molecular orbital diagram given in the introduction, 
wc see that N ; has a bond order of 3 and an electron would be removed from the 2pa( orbital (a bonding orbital) 
while 0 : has a bond order of 2 and an electron would be removed from the 2p it ' orbital (an antibonding orbital). 
Removal of an electron from N2 will decrease the bond order; lengthening (he bond, while removal from 0 2 will 
increase the bond order; shortening the bond. Thus response (C) is the most correct response. While responses 
(B) and (D) arc correct observations, none of responses (A), (B), or (D) provides an explanation. 

MO-6. The diagrams shown each represent Ihe atomic 
orbitals that describe the it electron system in 
butadiene; shaded areas are positive - unshaded 
areas are negative. Which of these diagrams 
would be expected to represent Ihe highest energy 
molecular orbital? 

(A) <t>, (B) <D2 (C) <Pj (D) 4>, 

Knowledge Required: How the number of nodes changes wilh increasing energy. 

Thinking il Through: For atomic and molecular systems, Ihe energy increases as the number of nodes increases. 
This cffect is seen in atomic systems with increasing n and I. Here we look al molecular systems. All of these 
molecular orbitals have a node in the plane ofthc molecule, so wc are left lo counl nodes perpendicular to the 
molecular plane. The wave funclion <t>, has 3 nodes perpendicular to the plane; <I> 2 has zero; <I> > has I; and <t> 4 
has 2. The energy ordering ofthese wave functions is then ®2 < d>, <<!><< <I>,; so that <I>, is the highest energy 
and response (A) is the correct response. 

MO-7. Which expression is Ihe best choice for the spatial part ofa molecular orbital wave funclion for Ihe 
ground slale for H2? ( y for Ihe IJ atomic orbital of atom A containing electron one is written as 

1JA(D.) 

M ' ) M 2 ) - M ' ) M 2 ) 

[ M 0 + M ' ) ] | > , ( 2 ) + M 2 ) ] 

Knowledge Required: Form of the LCAO wave funclion for H2. 

Thinking ll Through: The ground state wave function has an asymmetric spin pari; which eliminates response (B) 
as incorrect. Response (C) is also incorrect by having Ihe incorrect form wilh multiplication of two wave 
functions for each electron. Response (D) includes both covalenl and ionic terms, so il is incorrect. Thus Ihe 
covalent only expression given by response (A) is correct. 

(A) 

(B) 

(C) 

(D) 

(A) I ^ ( I ) I * . ( 2 ) + I» . ( I ) IJ , (2) ( B ) 

( C ) M 0 ' * . ( 2 ) M l ) M 2 ) ( D ) 

. • . «: . '. .... • .. r .... ' 4 0 7 t -- -



Molecular Orbital Theory 

m Q_ 8 Because the nuclear motions are much slower than those ofthe electron, the molecular SchrOdinger 
equation for the electron motion can be solved by assuming that the nuclei are at fixed locations. 
This is 

the Bom-Oppenheimer approximation. (B) the time-dependent SchrOdinger equation. 

Russell-Saunders coupling. (D) the variation method. 

(A) 

(C) 

knowledge Required: The meanings and application ofthe various terms. 

Thinking ll Through: The Bom-Oppenheimer approximation separates nuclear and electronic motion; and thus 
the correct response is response (A). Response (B) is a correct theory name but describes Ihe time dependence of 
the wave function. Response (C) describes the coupling between orbital and spin angular momentum and is thus 
incorrect. Response (D) is related lo performing calculations and is thus incorrect. 

MO-9. For the n electrons in a polymethine dye having this formula, H^ ^H 
the simple HQckel molecular orbital method has the secular + N = C ^ ^NCT^ 
determinant equal lo R 

H H 

(A) 

i 1 0 0 0 
I j 1 0 0 
0 I i I 0 
0 0 1 JT t 
0 0 0 1 i 

- 0 (B) 

I 1 0 0 1 
1 x 1 0 0 
0 1 x 1 0 
0 0 1 X 1 
1 0 0 1 I 

= 0 

(C) 

I 1 0 0 0 
1 J 1 0 0 
0 1 x 1 0 
0 0 1 j 1 
0 0 0 1 i 

= 1 (D) 

X 1 1 1 1 
1 J 1 1 1 
1 1 I 1 1 
1 1 1 J 1 
1 1 1 1 I 

= 0 

Knowledge Required: The form of the Hllckel wave functions. 

Thinking il Through: A Hllckel wave function has x along the diagonal elements connecting to neighbor atoms 
are 1; with all the other being 0. Thus the correct form corresponds to response (A). 

MO-IO. A molecular orbital ofethylcnc is shown. This orbital is 

<A> "«• (B) n„. (C) o,. 

Knowledge Required: OrbitafdTsTgnations within^nds and their shapesT 

Thinking it Through: The orbital is a n orbital because it extends above and below the plane ofthe molecule 
nere is a center of symmetry making this a gerade (g) orbital. Thus Ihe correct response is response (A). 

tf>) 
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Practice Questions 
1. According (o molecular orbital theory, which 

molcculc should be least stable? 

(A) Li. (B) Be. (C) II. (D) C. 

2. The electronic ground state ofthc O. 
molecular ion may be described the molecular 
orbital configuration (l-WJ,) ('JO'u) ( -"" i ) ' 

(2ia'u) ' (2/kj ( )" (2/«tu)4(2/7ir|)' where the 
superscript denotes an antibonding orbital. The 
bond order for O, would therefore be 

(A) I (B) 2 (C) 3/2 (D) 5/2 

3. The diagrams represent the it molccular orbitals 
of fram-butadicne formed from linear 
combinations of the carbon p orbitals. The 
algebraic sign o f thcp orbital is indicated by 
shading. Which molccular orbital is (he lowest 
unoccupied molccular orbital (LUMO) of 
(ram-butadiene which has 4 n electrons? 

(C) Q Q (D) n Q 

4. The highest occupicd molccular orbital for 
benzene with 6 n electrons is best described by 
which figure? 

5. Which molecule has a bond order which is 
different from the others? 

(A) NO (B) O.' 

(C) Nj2 ' (D) CO 

Molecular Orbital Theory 

6. The Cr. molecule has a bond length of 
0.16 nm. What is the bond order? 

(A) 0 (B) I (C) 3 (D) 6 

7. The ground slate of Ihe NO molcculc is a : n 
state. What is Ihe electron configuration for 
this slate? 

(A) ...3 <r In' t»r" ' 3tr'° 

(B) ...3o2 In4 In" 0 3o'' 

(C) ...3<r U ' lit' So'0 

(D) In' In' 0 3o" 

8. Distinguishing features of a o' orbital 
compared to a o orbital include 

(A) both arc dclocalized. 

(B) both have nodal planes perpendicular lo 
the bond axis. 

(C) both have cylindrical symmetry about ihe 
bond axis. 

(D) the antibonding orbital is asymmetric 
about the bond axis. 

9. You have just obtained the photoelectron 
spectrum of O;. When compared wilh the 
vibrational frequency ofthc O. precursor, the 
vibrational frequency ofthc resulting 0 / is 

(A) greater. (B) less. 

(C) the same. (D) unpredictable. 

10. Which molecule will have the highest first 
ionization energy? 

(A) C. (B) N. (C) NO (D) 0 . 

109 



Molecular Orbilal Theory 

Answers to Study Questions 

1. D 5. C 9. A 
2. A 6. A 10. A 
3. A 7. A 
4. C 8. A 

Answers to Practice Questions 

I B 5. C 9. A 
2. C 6. D 10. B 
3 -D 7. A 
4. B 8. C 
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Spedtral Properties 
Understanding spectra is an important reason for studying quantum chcmislry. Typically you Icam about 

models describing nuclear spin, rotation, vibration, and electronic properties of molecules and the electronic 
properties of atoms. Each model is associated with a region ofthe electromagnetic spectrum where the lines 
associated with transitions between quantum states are observed. Here we summarize some ofthe concepts 
underpinning observed spectra. 

Microwave spcctra arc due lo transitions between rotational quantum slates. Typical spectra of diatomic 
molcculcs show a series ofequally spaced lines with varying intensity. The distance between energy levels of rotor 
quantum states increases with increasing J quantum number. Transitions between these states give rise to the 
observed lines. The factors controlling the intensity of lines in the spectrum include the Boltzmann distribution 
across the closely spaced rotational states and the degeneracy of the angular momentum states. 

Vibrations for diatomic molecules are detected in the IR region. A force 
constant directly proportional to Ihc bond tightness characterizes all bonds. 
Rotational transitions accompany vibrational transitions. They are seen as 
fine structure under higher resolution. One can also see additional fine 
structure due to the presence ofatomic isotopes or the presence o f a magnetic 
field. Selection rules tell us that a vibrational transition can only occur when 
the change in quantum number between two states, Au is ± I. Simultaneously 
the change in quantum number for rotational states associated with the two 
vibrational slates is restricted to &J = ± I. This produces two branches in the 
typical IR spectrum: an R branch with 6 J = +1 and a P branch with &J = -1. 
The lines in the spectrum are nearly equally spaced on either side of the Q 
branch. There is no Q branch unless &J = 0. A non-zero transition moment must exist for a line to appear in a 
spectrum. 

Molecules also show spectra that appear in the visible or ultraviolet region arising from transitions between 
electronic quantum states. Each electronic transition is accompanied by vibrational and rotational transitions. Each 
has its own selection rules determined by a non-zero transition moment that is governed by the symmetry ofthe 
electronic state. Each electronic state has its own potential energy curve characterized by v„, D„ and Do- One can 
see a progression corresponding to transitions from u" = 0 to u' =0 , 1,2, 3... or a series of lines with Au = 0, i.e. 
u" = 0 -> u" = 0,u" = 1 -> u' = I ... depending on the change in intemuclear distances ofthe two electronic states. 
The intensity ofthe lines is determined by Franck-Condon factors which are proportional to the product, or overlap, 
of the wave functions in the ground and excited slates. There are selection rules that govern electronic transitions 
of atoms. A£ = * 1, AS = 0, and AJ = 0, ± I, where L is the orbital angular momentum quantum number, S is Ihe 
lotal spin quantum number, and J is the total angular momentum number. Allowed transitions include S«-» P, P 
D, and D — F. Forbidden transitions include S «-> S (A£ = 0) and S «-• D (At = +2). As atomic numbers increase, 
Ihe selection rules break down and atomic spectra become more complex as weak lines appear that are due lo 
forbidden transitions. 

Raman spectra consist of sets of lines due lo an exchange of energy between a molecule and the incident 
exciting frequency during the scattering of Ihe incident beam. Most of the incident light is scattered at the original 
frequency. Some is scattered at higher frequencies (anti-Stokes lines) and some is scattered at lower frequencies 
(Stokes lines). Stokes lines are typically more intense than anti-Stokes lines. Rotational Raman lines lie close lo 
the exciting frequency while vibrational Raman lines lie further from Ihe exciting frequency because ofthe larger 
energy gap between the two vibrational states. For a molecule to display Raman spectral lines, the mode of 
vibration must be polarizable by Ihe electric field ofthe incident radiation. Molecules possessing a center of 
symmetry will have vibrational frequencies that are either Raman active or IR active but not both. 



Spectral Properties 

"SpIT The intensity of an absorption line is typically determined by 

(A) the wavelength ofthe transition. 

(B) the value ofthe transition moment integral. 

(C) only Ihe lifetime ofthe final state. 

(D) only the population ofthe final state. 

KnowledgVRequi7edTfac\ot% governing the appearance of a spectral line and determining the line intensity for 
various spectral types. Appearance ofa line requires that the transition moment be non-zero. The selection rules 
for various types of transitions between quantum slates. For transitions between electronic quantum states the 
Franck-Condon Principle, thai the transition integral be non-zero, applies and determines the intensity o fa peak. 
The transition integral depends on the overlap between ihe vibrational wave functions ofthe excited and the 
ground states. The greater the overlap the more intense is the observed peak. 

Thinking it Through: Although the wavelength of the incident light can be matched precisely to the energy 
difference between two quantum states, there will be no transition and no spectral peak unless the transition 
moment is non-zero. Thus response (A) is incorrect. Response (C) would be con-ect for fluorescence but even 
then the transition moment must be non-zero. We might also consider response (D) because a state must be 
populated in order for it to interact with an electric field and show a transition to a higher state. In any case only 
the population ofthe initial state controls the probability of a transition, the population ofthe final stale is 
immaterial. However, even a very populated state will not give a spectral peak if the transition moment is zero. 
Response (D) is incorrect. The correct answer is response (B). 

SP-2. Transitions that represent only changes in rotational energy appear in which spectral range? 

(A) Microwave (B) Infrared (C) Visible (D) X-ray 

Knowledge Required: That each spectral region represents an energy range and that the relative magnitudes for 
spacing between quantum states are rotational < vibrational < electronic respectively corresponding to the 
microwave, IR, and UV-vis regions ofthe electromagnetic spectrum respectively. 

Thinking It Through: Response (D) is incorrect because X-rays are very energetic and can ionize atoms and ejccl 
electrons from the inner shell of an atom or molecule. Response (C) is inconect because this is the energy range 
for exciting a molecule from one electronic state to another. Response (B) is inconect because this is the 
frequency range that matches the AE between vibrational quantum slates. Response (A) is conect. This 
frequency range matches the energy level separation between the rotational slates ofa molecule. 

A Raman spectrum of liquid carbon tetrachloride was obtained using the 331.0 nm line o fa He/Cd 
laser as the excitation source. The maximum of the first band on Ihe long wavelength side of this line 
was detected at 339.7 nm. What accounts for its presence? 

(A) It must be a side band, since spherical top molecules do not possess a dipole moment. 

(B) It arises from a rotational transition. 

(C) It arises from a vibrational transition. 

(D) It arises from an electronic transition. 
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Knowledge Required: Know roughly the wavelengths of the various spectral regions, "e.g. IRis from 200 to 
4000 cm"1. To be able to calculate the frequency ofthc transition produced by the incident beam. That the 
observed line is due to a transition from an energy level given by the difference between the frequency ofthc 
incident light and the frequency ofthc observed spectral peak. 

Thinking il Through: First compute the A£ between the incident beam and the observed spectral line. This is 

given by v = 1 , ' — = 773 cm'1. The frequency computed for this line is in the IR 
331.0x10 m 339.7x10 m 

region. Thus response (A) is not correct. Response (B) is not correct bccausc the molecule has no dipole moment 
and thus there would be no rotational transitions allowed. Response (D) is incorrect because the observed line 
falls in the IR region and and electronic transitions generally fall in the UV-vis region. Response (C) is correct 
becausc the frequency of the observed line corresponds to a A£„ for the energy difference between two 
vibrational states. 

SP-4. 0 5 

The figure represents a medium resolution UV- 0 3 

vis absorption spectrum of I2(g) al 70 °C. The ^ 
structure of the absorption band is due to 
transitions from o.i 

0.0 
S00 HO M0 M0 WO <00 

X 

(A) Ihe lowest vibrational level of Ihe ground electronic stale lo several vibrational levels of 
several excited electronic states. 

(B) the lowest vibrational level of the ground electronic state to several vibrational levels ofa 
single excited electronic stale. 

(C) several vibrational levels of Ihe ground electronic slate to several vibrational levels ofa 
single excited electronic slate. 

(D) several vibrational levels of the ground electronic state to Ihe lowest vibrational level ofa 
single excited electronic state. 

KnowledgeRequlred: The Visible region corresponds to transitions between electronic states ofa molecule. In a 
medium resolution UV-vis absorption spectrum one sees fine structure arising from vertical transitions from Ihe 
u* =0, 1,2 vibrational stales ofthe ground electronic slate lo higher, u' = ... 25,26,27 ... vibrational slates of 
ihe excited electronic slate. 

Thinking il Through: The figure shows a series of spectral lines characteristic o fa UV-vis spectrum for 12 from 
multiple vibrational levels ofthe ground stale to multiple vibrational levels in the excited stale. We can eliminate 
response (A) because it says that all peaks are due to transitions that originate at u" =0. Response (B) also 
discusses several different excited slates and Ihis loo is incorrect. Likewise response (D) is incorrect. The series 
of lines in a progression are due lo excitation lo Ihe several vibrational slates ofthe excited slate. Response (C) is 
the correct answer. 
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SP-5. For a diatomic molecule a part of the potential 
energy diagram is shown with the approximate 
y2 curves superimposed on the lines indicating 
the energy values for slates. Which of these f 
transitions would have the highest probability v<o 
according to the Franck-Condon principle? 

(A) E -» A (B) E -> B (C) E -> C 

" v(N 1 

(D) E D 

Knowledge Required: That the two figures represent the potential energy curves for two different electronic states 
ofthe molecule. The figures show the vibrational levels for each electronic state and the probability density for 
each level. Tlie Franck-Condon Principle states that the most intense line would be given by the greatest overlap 
between the ground slate u - 0 function and one ofthe excited state functions. 

Thinking ll Through: The figure shows the potential energy curves for two different electronic states o f a 
molecule. The ground state appears to the right and below Ihe excited state. Only the u " = 0 wave function ofthe 
ground state, labeled E, is shown since this would be the most populated vibrational slate at room temperature. 
The Franck-Condon Principle says that the transitions to excited state vibrational levels are vertical because the 
atoms in the molecule do not move during a transition. Consequently the most intense line would be given by the 
greatest overlap between the ground state u " = 0 function and one ofthe excited state's probability densities. 
Examine the figure and draw a vertical transition line up from the maximum in Ihe ground state function. 
Although the image is difficult to use the greatest overlap would occur between the ground state E and the excited 
state at vibrational level D. The conect response is thus (D). 

SP-6. What is the correct ordering for typical gaps between adjacent energy levels? 

(A) A£(|ctlnaK > Af^bnuaui > AfrouMul > AEmkw win 

(B) Afeittroc > A £ „ k « HO > AfniMauj > A£lounon>| 

(C) A£„„ k „ w „> 

(D) Afmcicj, ̂  > A f ^ u o ^ > A f t t a ^ > Afntnunui 

Knowledge Required: The 
size ofthe energy level separations for each type of quantum state transition. It doesn't 

lake much energy to change the nuclear spin. Rotational energy levels are more widely spaced than nuclear spin 
states. The next largest are vibrational spacings and the largest are electronic spacings. 
Thinking ll Through: First write down the order of energy level spacings given the information above. Starting 
with the largest the spacings in decreasing order are electronic > vibrational > rotational > nuclear spin. The 
response (A) is immediately seen to be correct. All other responses have an error in the order. 

SP-7. Which transition is allowed in Ihc normal electronic emission spectrum of an atom? 

(A) 2s Ii (B) 2s -» 3p (C) 3d -» 2p (D) 5d 2s 

114 



Spectral Properties 

Knowledge Required: The selection rules for electronic transitions between energy levels of atoms. 

Thinking it Through: The selection rules that govern electronic transitions of atoms arc AA = ±1. AS = o, and 
A/ = 0. ± I. In response (A), the A for each state is 0; AA is 0 and this transition is not allowed. In response (B) A 
is 0 and I for each state respectively; AA is +1 and the transition is allowed. However this is an absorption 
transition. Response (B) is not the correct answer. In response (C) wc have a value of AA = -1. This corresponds 
to emission and satisfies the selection rule. Response (C) is the correct answer. Response (D) is incorrect because 
although it corresponds to emission it does not satisfy the selection rule because AA •= -2. 

SP-8. A transition between two slates with wavefunctions y, and y, is said to be elcclric-dipole allowed 
with polarization in the x direction if the dipole transition integral 

(A) is 1. (B) isO. (C) is non-zero. (D) is real. 

Knowledge Required: The intensity o fa transition between two slates is proportional to Ihe square ofthe absolute 

value of ihe transition integral, | JV] xy, drj . 

Thinking it Through: Since Ihe intensity is proportional lo Ihe square of the transition integral, then any non-zero 
value for Ihe transition integral will result in an observed spectral peak. Response (A) is incorrect because it gives 
only one value for the integral. Response (B) is incorrect because if the transition integral were zero then no 
spectral peak would be observed. Response (D) is also incorrect because the real number set includes all positive 
and negative numbers including zero. An observed transition cannot have a zero transition integral. Since the 
only constraint on the transition integral for an observed transition musl be that il is non-zero, response (C) is 
correct. The square of any non-zero number is a positive number and this fits the requirement for an observed 
spectral line. 

SP-9. Which spectrum depends for its existence on the polarizability o fa molecule? 

(A) Microwave (B) Raman ( Q Infrared (D) Ultraviolet 

Knowledge Required: The general rules governing Ihe appearance of spectra in the various parts of Ihe 
electromagnetic spectrum. 

Thinking ll Through: Selection rules are determined by evaluation of transition moments which in turn depend on 
the dipole moment or polarizability o fa bond in a diatomic molecule or mode of vibration in a polyatomic 
molecule. In order to observe microwave spectra a molecule must have a dipole moment. Thus response (A) is 
incorrect. In order for a line to appear in Ihe IR, Ihe mode of vibration must have a changing dipole moment. For 
example, C02 has three modes of vibration. Two of these have changing dipole moments during Ihe vibration and 
thus C0 2 has two observable IR modes. Thus response (C) is also incon-ect. Spectra appearing in the UV-vis 
region correspond to electronic transitions with different charge distributions for each state connected by Ihe 
transition. For transitions in the UV-vis region the transition dipole depends on Ihe overlap of wave functions in 
the ground state and the excited slate (known as Franck-Condon factors), the redistribution of electrons in the 
excited slate relative lo Ihe ground state, the parity and the symmetry of Ihe ground and excited stales. The correct 
response is (B). Raman spectroscopy requires a changing polarizability. 

SP-10. Which one of ihe following molecules does NOT absorb in Ihe infrared? 

(A) 12 (B) CCI4 (C) NH, (D) HI 
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Knowledge Required: Gross sclcction rales for infrared (vibrational) transitions. 

Thinking It Through: The gross selection rule for vibrational transitions is that the molecule must havc a 
changing dipole molecule during the transition. Both responses (C) and (D) are molecules with a dipole moment; 
thus they will absorb in the infrared. Response (B) (CCI4) does not havc a dipole moment, but will experience a 
dipole moment in certain asymmetric modes of vibration and will thus have an infrared transition, l t can not 
develop a dipole on transition; thus response (A) is correct. 

1. The most intense 
transition for the 
UV-vis spectrum 
ofa diatomic 
molecule for 
which ihe two 
electronic 
potential energy 
curves arc shown 
here is 

t 
V(r> 

(A) v" = 0 v' = 0 

<B) v" = 0 —> v' = 2 

(C) v" = 0 —» v' = 4 

(D) v" = 0 —• v' = 6 

2. Which transition is forbidden under the 
selection rules for electric dipole radiation in 
the rigid rotor - harmonic oscillator 
approximation? 

(A) N, molecule, rotational transition from 
J=\\oJ=2, A u = 0 

(B) HF molecule, rotational transition from 
J = I t o J = 2, Au =0 

(C) N ; molecule, vibrational Raman transition 
from u =0 lo u =1 

(D) N ; molecule, electronic transition from the 
' s ; state to a ' n . state 

3. Which energy is the largest? 

(A) The typical energy of a single covalent 
bond. 

(B) The typical energy of a double bond. 

(C) The rotational barrier in CjHt. 

(D) The ionization energy of a hydrogen atom. 

How many ofthe fundamental vibrational 
modes ofthe non-linear SO> molecule are IR 
active? 

(A) none 

(C) two 

(B) one 

(D) all 

5. Given that the energy of an electron in a 
hydrogen atom is -R,t In2, the energy ofthe 
photon that can excite an electron from the 
ground slate to Ihe first excited slate is 

(A) (3 /4 )R„ 

(C) ( l /4 )«„ 

<•> R» 
(D) (5 /4 )«„ 

6. In the harmonic oscillator approximation only a 
single line appears in the absorption spectrum 
for common molecules. Rcason(s) for this 
include 

(A) the energy levels are equally spaced. 

(B) the selection rule is Au = +1. 

(C) the molecule has a changing dipole 
moment. 

(D) all ofthe above. 

7. The O atom has several emission features. 
Which will have the longest lifetime? 

2p' 'P 

2p' 'P 

(A) 2p* 'D 

(B) 2p* 'S 

(C) 2p'lp 'P 2p4 'P 

(D) 2p'3s 'P 2p' 'P 
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8. The O atom has several emission features. 
Which will have the lowest frequency? 

(A) 2p' "D - • 2p' JP 

(B) 2p* 'S -> 2p* 'P 

( O 2p'3p 'P -» 2p* JP 

(D) 2p'3s 'P -> 2p* 'P 

9. The CH) radical is planar. Which mode is not 
infrared active? 

(A) • (B) H 
f I 
I 

• H 
H • H 

(C) H (D) - H 

v * 
w N t H H 

10. Which has the longest lifetime? 

(A) electronic fluorescence 

(B) electronic absorption 

(C) intersystem crossing 

(D) vibrational emission 
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Answers to Study Quest/ons 

1. B 5. D 9. B 
2. A 6. A 10. A 
3. C 7. C 
4. C 8. C 

Answers to Practice Questions 

I. D 5. A 9. C 
2- A 6. D 10. D 
3-D 7. A 
4. D 8. A 
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Advanced Topics: 
Electronic Structure Theory and 

Spectroscopy 
While exact solutions may elude the chcmist, useful approximate methods to find solutions have been 

developed. Perturbation theory and the variational theorem arc two approaches that have found broad utility in 
chemistry. Perturbation theory treats the Hamillonian as the sum o fa Hamillonian for which a solution is known 
and a small correction or perturbation to the known system. The energy and wave funclion ofthc perturbed system 
are written as a power scries in terms of the unperturbed solutions, {v!"'} • The series arc typically truncated al 
some small n. The first order corTcclion lo Ihe energy is 

£,"• = Jv!"»h y ' d i 

so a perturbation approximation for the ih energy to first order would be 

£ = C ' + E " = £,'"' + Jv!"' W' v^'dr 

finding the perturbed first order wave function is somewhat more involved, since it often involves the infinite sum 

+ X g , . , _ £ „ , v'.1 

Perturbation theory has the advantage that it may be generally applied to cxcitcd states, and so is of particular use 
in spectroscopy. 

Variational approaches begin by constructing a trial wave funclion that satisfies the boundary conditions ofthe 
problem. The full Hamillonian is used and an estimate to the energy is given by 

= ±
r . — 

As long as an appropriate trial wave funclion satisfying Ihe general requirements for wave functions, such as 
normalizability, and meeting the boundary conditions for Ihe problem has been used, Ihe variational estimate for 
the energy is guaranteed to be an upper bound to the exact energy. The energy can thus be used as a measure ofthe 
quality ofthc trial wave function, the lower (he energy, the closer the solution is to the exact value. Ifthe trial wave 
function includes an adjustable parameter, the best wave function of that form can be found by determining the 
value of thc parameter lhal minimizes ihe variational energy. Linear variation theory creates a trial wave funclion 
from a linear combination of appropriate functions, e.g. 

= = c,<p, +c,<p, + constant 

Generally, variation theory can only be applied to ground states. 

Computational chemistry encompasses a wide variety of quantum mechanical electronic structure theories, as 
well as important methods based on classical mechanics. A passing familiarity with Ihe basic principles behind 
cach method as well as the associate acronyms is required for modem chemists. 

MM (Molecular Mechanics). Though it draws on the harmonic oscillator model, MM uses classical 
mechanics for computing Ihe energy o fa molcculc based on its molecular geometry. Searching for the geometry 
that gives ihe lowest energy yields a prediction ofthe molccular structure. Different force fields have been 
designed for different classes of molecules. A force field is defined by a set of force constants, atom types and the 
form ofthc equation used lo estimate the energy. MM description depends on Ihe bonds specified by the user and 
cannot describe bond- making or breaking processes. The quality o f a structure and energy determined by MM 
depends on the quality ofthc force field used, and ultimately on the quality ofthc experimental information used lo 
parameterize (choose Ihe force constants) in Ihe force field. MM methods arc extremely fast. 
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MD (Molecular Dynamics). MD uses Newton's equations of motion to solve for the trajectory ofa molccule 
or set of molecules (the movements of each atom) over time. The energy can be determined using molecular 
mechanics or quantum mechanics or a combination of both. MD is restricted to short time scales (typically 
picoseconds), which limits the types of processes that can be modeled. 

Semi-empirical MO theory. Semi-empirical methods range from the sort that can be done by a persistent 
student on a napkin (Hllckcl MO theory) to those requiring large computing resources. The common thread in these 
methods is that they ignore some contributions lo the electronic structure (such as non-valence electrons and 
overlap between ccrtain atoms) and parameterize other contributions to experimental data. The more sophisticated 
methods within this class give very high quality results. The introduction of experimental data into the method 
means that it is technically not variational, but in practice, the energies are upper bounds lo Ihc true energy. 

ab Initio methods. Ab initio methods do not rely on any experimental information other than the values of the 
lundamental constants such as Planck's constant. A word of warning, ab initio methods do not necessarily produce 
better results for a given system than HF and DFT arc both ab initio methods. 

HF MO theory. (Hartree-Fock MO theory) HF theories assume that Ihe wave function has the form of a Slater 
determinant, where each orbital in Ihc determinant is a linear combination of basis functions. The size and 
flexibility ofthe basis set controls the quality ofthe results. HF is a variational method, the more flexible the basis 
set, the better (lower) the energy. Lower energies do not mean, however, that other properties, such as molecular 
structure or dipole moment will be closer to experiment. Common basis sets range from the very small STO-3G 
basis to large and complex bases such as cc-pV6Z. HF wave functions are found using a self-consistcnt field (SCF) 
algorithm, which finds the best set of coefficients for cach occupied molecular orbital in the average field ofthe 
other orbitals. While computationally effective, this method fails to account for all ofthe energy resulting from the 
correlated movements ofthe electrons. Post-HF methods havc been developed which do a better job of computing 
(his electron correlation energy, including CI (configuration interaction) and MP (Moller-Plesset) methods. The 
computational requirements for a HF calculation go up with ihe number of electrons and basis sets. Post-HF 
calculations arc generally require greater computing time and space than HF alone. 

DFT (density functional theory). Instead of formulating the problem in terms of a many-electron wave 
function, DFT is based on the total electron density function. DifTcrenl functional havc been developed lo describe 
the effective potential energy in which the electrons move, including B3LYP and Bccke 88. 

Lasers (light amplification by stimulated emission of radiation) are an example of practical quantum 
mechanics. The potential for lasing behavior was first predicted theoretically. Lasers can be made from many 
different materials. The schematic for a basic laser is shown below 

pump source 

I i J - 4- I 
n ^ ^ g k s e r c a v i t y ^ ^ P H / \ 

100% reflective mirror partially reflective mirror 

The lasing medium is confined in the cavity. The pump source excites the target molecule or atom in the cavity, 
creating a population inversion. As molcculcs return from Ihc excited slate, some ofthe emitted light is reflected 
oack through the medium, stimulating farther emission. The stimulated emissions arc in phase with Ihc light waves 
already rcllccling inside the cavity. A coherent beam of light is produced, exiling through the partially reflecting 
mirror. Lasers arc a standard tool for spcctroscopists. b 
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Study Questions 

Electronic Structure Theory and Spectroscopy 

EST-1. According to the variation principle, an improved approximate wave function is obtained by 

(A) minimizing the electron density. (B) maximizing the electron density. 

(C) minimizing Ihe energy. (D) maximizing the energy. 

Knowledge Required: The variational theorem: the variational energy is often used as a measure of the quality of 
the wave function. 

Thinking it Through: The variational theorem states that the energy of any appropriately chosen wave function is 
always greater than the energy for the exact wave funclion. A frequently chosen definition ofthe quality ofthe 
wave function is how close the predicted variational energy comes to the exact energy. Though the exact energy is 
generally not known, the lower energy is guaranteed by the variational theorem to be closer to Ihe exact answer. 
The lower the energy predicted for a wave function, the belter the wave function is considered to be. Response (C) 
is correct, since minimizing the variational energy with respect to a variable parameter will lead to be a better 
wave function. 

EST-2. In molccular mechanics studies of molccular structure, which has the largest force constant resisting 
structural change in a molecule? 

(A) torsion angle twist (B) bond angle bend 

(C) bond length stretch (D) change in position ofthe center of mass 

Knowledge Required: The basic terms included in a molecular mechanics force field; the relative energies of 
different modes of molecular vibrations. 

Thinking il Through: A change in position in the center of mass corresponds to translation ofthe molecule. 
Molecular mechanics does not consider translational motion. Response (D) is therefore incorrect. The magnitudes 
of the forcc constants for molecular vibrations occur in the order torsion angle twist < bond angle bend < bond 
stretch. Bond stretches have the largest force constants; response ( Q is correct. Note that MM foree fields 
generally don't treat torsions in terms of Hooke's law and a force constant! 

EST-3. Hartrec-Fock molecular orbital calculations are said to be an "SCF" type method. SCF stands for 

(A) solutions by complex factors (B) semi-empirically calculated functions 

(C) should contain /-orbitals (D) self-consistent field 

Knowledge Required: Acronyms used to describe quantum mechanical calculational methods. 

Thinking il Through: SCF stands for self-consistent field. Response (P) is correct. 

EST-4. The exact ground state energy ofHe is-79.0 eV. Using the variation method, you calculate an 
approximate energy lo be -83.0 eV. You must have made an error because variation method energies 
must 

(A) lie above the ground state 

(B) be positive 

(C) equal the exact ground stale energy 

(D) be at least twice the exact ground state energy 
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Knowledge Required: Application of variation method to real calculations. Relative energies for calculations and 
tnic energies. 

Thinking ll Through: The variation method can be expressed through this variation theorem which states 

Comparing the two energies given in the problem. -79.0 and -83.0. we see that Ihe trial energy is less than (more 
negative) than the true energy violating the variation theorem. The trial energies must be less negative than the 
true energies; response (A) must be the correct response. 

EST-5. The first three vibrational energy levels are 
marked A, B, and C on Ihe diagram for the 
molecular potential energy curve for a diatomic 
molecule. From (his information, the best 
estimate for the vibration frequency ofthe 
fundamental transition is 

(A) (B - A) / A (B) ( C - B ) / h (C) (C - A ) l h (D) ( B - A ) / 2 A 

Knowledge Required: The selection rules for vibrational spectral transitions; the Bohr frequency condition, 
A£ = Av^,, where AE is the energy difference between two quantum states. The u = 0 -> u = I transition is 
called the fundamental while other transitions from the u = 0 stale arc called overtones. 

Thinking ll Through: We can eliminate response (C) because it corresponds to an overtone. Response (B) can 
also be eliminated because although it satisfies the selection rule it is not the fundamental transition. Response (D) 
is incorrect because ofthe factor o f2 in the denominator which is not present in the Bohr frequency condition. 
Thus Ihe coned response is (A). 

EST-6. Configuration interaction calculations account for 

(A) correlation of electron motion 

(B) correlation of nuclcar motion 

(C) shielding ofa nucleus by inner shell electrons in a molecule 

(D) the momentum increase of electrons in a molecular orbital as they approach Ihe nucleus 

Knowledge Required: The terms involved in calculated methods. 

Thinking it Through: Configuration interaction calculations include multiple determinants in an attempt to better 
describe the motion of electrons. The motion of nuclei is associated with Ihe Bom-Oppenheimer approximation; 
response (B) is incorTccl. Response (C) is not the best answer because configuration interaction calculations 
account for more than inner shell electrons. Response (D) is incorTccl because the momentum changes throughout 
Ihe description. Thus response (A) must be con-ect. 
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EST-7. Molccular mechanics calculations use " 

(A) a classical model based on the harmonic oscillalor. 

(B) an LCAO-MO approach using hydrogcnic orbitals. 

(C) a molccular orbital approach which is calibrated by experimental values. 

(D) a molecular orbital approach which uses a very large basis set but is not calibrated wilh 
experimental values. 

Knowledge Required: Differentiation between calculational methods for moleculcs. 

Thinking ll Through: Molecular mechanics relics on a classical mechanics description ofthc forces within a 
molecule. These forces are described by the harmonic oscillator model; thus response (A) is correct. The other 
three responses correctly describe other approaches to calculations on molecules. 

EST-8. The intensity of one ofthc vibrational absorption bands for a gaseous diatomic molecule is observed 
to increase wilh increasing temperature. This transition is likely to be 

v = 0 —> u = I u = 0 - » u = 2 u = l - » u = 2 v = 0 —» u = 3 
(A) (B) (C) (D) 

Knowledge Required: Temperature dependence of spectroscopy. 

Thinking il Through: Three of the four responses involve transitions involving u = 0. The other involves u = I. 
which is the only state which will show a significant increase in population with increasing temperature; thus 
response (C) is correct. Note that responses (B) and (D) correspond to overtones, which should be forbidden 
under harmonic oscillator selection rules. 

EST-9. For an allowed electric dipole transition between the vibrational states I and 2 for a diatomic 
molecule with the z axis along the intemuclear axis, which intregal expression must be non-zero? 

(A) J v j z v , dT (B) JvJ V, dx (C) J v ^ - ' v . d t (D) j v l z v . d t 

Knowledge Required: The transition moment integral for allowed spectra. 

Thinking it Through: The transition moment integral is of the form given by response (A) which is correct. 
Response (B) fails to include the i operator. Response ( Q contains the z1 operator, which is incorrect. Response 
(D) has the same function <4/, in the integral. 

EST-10. The molecular orbital wave function for H, is «p. (!)«<•. (2) + >P» ( " ) < P . (2) + <P. (")». (2) + <P. (2)*..(I) 
proportional to Ihe function 
where and are atomic orbitals for electrons localized on hydrogen atoms A and B, respectively. 
The set of valence bond structures appearing in this wave function is 

(A) H ; H B , H A H; , and H A H B . 

(B) H ; H B and H a H ; . 

(C) H*HB-

(D) the sel in (A) plus additional valence bond structures. 
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in a molecular orbital wave function. 

Thinking ii Through: The first term corresponds to both electrons on atom a, the second term lo both electrons on 
atom b. and Ihcn remaining terms correspond to one eleclron on each atom. Thus response (A) is Ihe correct. 

Practice Questions 
1. When the variation theorem is employed lo 

estimate the energy for a system, the energy, E, 
is calculated using a trial wave function, i f . If 
Eq is ihe correct energy of the ground state, 
then Ihe energy calculated using y is 

(A) E2 0 (B) EZE, 

(C) E = E0 (D) £ £ £ 0 

2. Which basis set will result in the Hartrcc-Fock 
calculation having the lowest energy? 

(A) STO-3G (B) 3-21G 

(C) 6-31G (D) 6 - 3 1 G ' 

3. At room temperature the vibrational transition 
in HBr (gaseous) from the u = I state to the 
u = 2 stale is much less intense than that for 
the transition from the u = 0 state to the u = 1 
state. The primary reason for this is that 

(A) the former transition is forbidden while 
the latter is allowed. 

(B) the dipole moment o f the u = 0 state is 
larger than that for the u = I stale. 

(C) the Bollzmann thermal distribution is 
unfavorable. 

(D) the v = 0 slate has more rotational states 
than Ihc u - I stale. 

4. For two atomic orbitals to combine favorably 
lo form a bonding molecular orbital in a 
heteronudcar diatomic molecule where the r 
axis is the intemuclear axis, they must havc 
identical 

(A) principal atom quantum numbers and 
about the same energy. 

(B) z components of orbital angular 
momentum and about the same energy. 

(C) orbital angular momenta and about Ihc 
same energy. 

(D) energies. 

5. The spatial portion o f the molecular orbitals for 
H; can be expressed as 
V(l,2) = c, {I J aI J b- I*BIJA) + 

C 2 { I J A 2 J B - 2 J A 1 J B ) + 

C, ( l i A 2j B + 2sA l iB) + 
c J* A l s A + ... 

In the Hartree - Fock expression for the 
wavefiinclion for the bound molecule, 

(A) the term containing c, dominates for Ihc 
equilibrium inlcmuclear distance. 

(B) c2 = c, = c< = 0. 

(C) c2 = cj. 

(D) the term containing c, corresponds to an 
ionic state. 

6. The spatial portion of the molecular orbitals for 
H2 can be expressed as 
V(l,2) = C i { b A l i B - l*Bl*A} + 

I*a 2Jb - 2 i A l i B ) + 

c j ( l i A 2 j B + 2 j A l i B ) + 
c4 b A l s A + ... 

In the Hartree - Fock expression for Ihe 
wavefiinction for the bound molecule. 

(A) the terms involving c2 and cj arc cxcitcd 
states. 

(B) Ihc term containing C, represents an ionic 
state. 

(C) the c2 term is a triplet state. 

(D) all are con-ect. 

7. Which method ofcalculation is not variational? 

(A) Configuration Interaction 

(B) DFT 

(C) I lartree-Fock 

(D) MINDO 
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8. Which calculational method is most likely to 
result in the answer closest to the experimental 
heat of formation? 

(A) Hartrec-Fock 

(B) density functional 

(C) molecular mechanics 

(D) depends on the molecule 

9. Which calculation will likely take the longest 
for cyclopentadiene for the same starting 
conditions? 

(A) Hartree-Fock with 3-21G basis set 

(B) Hartree-Fock with 6-31G * basis set 

(C) B3LYP density functional calculation 
with 6-31G* basis sel 

(D) MP2 calculation wilh 6-31' basis set 

10. Which model system provides molecular 
orbitals composed of the fewest number of 
atomic orbitals for a diatomic molecule? 

(A) Gaussian orbitals 

(B) Hj' orbitals 

(C) Slater orbitals 

(D) symmetry adapted orbitals 
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Answers to Study Questions 

1. c 5. A 9. A 
2. C 6. A 10. A 
3. 1) 7. A 
4. A 8. C 

Answers to Practice Questions 

1. B S. B 9. D 
2. D 6. D 10. B 
3. C 7. B 
4. B 8. D 
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