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~ Foreword ..

You have in your hand the third Official Guide designed to help students prepare for examinations
produced under the auspiccs of the Division of Chemical Education (DivCHED) of the American Chemical
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 accepied the challenge, rolied up their
sleeves, and went to work. (A complete list of who did what appears on the Ack ledg page.) This
Official Guide. more than three years in the making, is the culmination of their wonderful volunteer cfforts.

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 time. effort, and talent. The result is that invariably high quality chemistry assessment materials are
made available to the teaching (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 that 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
Kristen Murphy

Ames, lowa
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
cascs they contend that questions are “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 rcaclionf:
10 the ACS Physical Chemistry exams (we usc “cxams™ because there are several forms for this particular
sub-ficld 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 that is entirely from one of these sections. Alternatively, there
are two Physical Chemistry exams that include questions from multiple sections. The Comprehensive
cxam is a single exam with questions from all three sections. There is also a “combined semester” exam
that allows sections to be chosen to match the specific content covered in any given physical chemistry
course. Be sure to check 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 not a substitute Jor
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 that part of the natural world that we call chemistry.

Next, questions are p d that address those ideas. These questions have been drawn from past
ACS exams or from ilems that were developed for exams but not used, and they should give you a good
idca of the depth and range of understanding that is expected. Each question is dissected. and you will see
how chemists think through 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 relcased in 2006 were designed specifically 1o 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 1o 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. Nexi, 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 10 each question. Finally. score yourself. Go
over the practice questions again. Write down what you needed to know before you could answer the
question; and write down how you should think the problem through to reach the intended answer.

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




Sample Instructions -

You will find that the front cover of an ACS Exam will have a sct of inslrucli_ons very similar to this.
This initial set of instructions is meant for both the faculty member wh_o admi_mslcrs l_hc 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 the physical chemi y exam rel d in 2006. N_olc that _lhcrc 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 test
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 Examinati Calculators and Personal Digital Assistants are not permitted. Norms
are based on:

Score = number of right answers
50 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 time 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 choices. Otherwise.,
you may be misled by plausible, but incorrect, responses.

Pay closc attention 10 the mechanical aspects of these directions. Marking your answers without
crasures helps 1o 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
flllcmplcl:d. and that only one choicc has been made per question. As was the case with the cover
structions, 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 the distribution of questions in The Official Guide.




Work (w) is defined as having a positive (+) sign when work is done on the system by the surroundings.

Quantity Symbol Value
internal energy U
enthalpy H
entropy S
Gibbs cnergy G
Helmboltz energy A
speed of light, vacuum c 2.9979 x 108 m-s~!
Planck constant h 6.6261 x 10~} J-s
clementary charge e 1.6022 x 10-19C
clectron mass m, 9.1094 x 10~} kE
proton mass m, 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 constant Ny 6.02221 x 1023 mol™!
Faraday constant F 96485.3 C:mol-!
idcal gas constant R 8.3145 J-K-1-mol-! 1.987 cal-K~'-mol~!
0.083145 L-bar-K-!mol-! 0.082058 L-atm-K-!mol-"
Boltzmann constant kp 1.3807 x 102 J.K~!
lll PERIODIC TABLE OF THE ELEMENTS li
e
1.008 4003
3 4 5 6 7 8 9 |10
Li | Be B|C|N]|]O]| F |Ne
6941 | 9.012 1081 | 1201 | 1401 | 16.00 | 1900 | 20.18
1|12 1314151161718
Na | Mg Al | Si | P S |C|Ar
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192021 222324252627 |28 [ 29030 |31 [32]33)34]3]36
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39.10 | 3008 | 44.96 | 47.88 | 50.94 | 5200 | s4.9a | ss85 ] 5893 | 5869 | 63.55 | 65.39 | 69.72 | 7261 | 7492 | 78.96 | 19.90 | 83.60 |
37 |38 [ 39 [ 40 |41 [a2 [ 43| 4a | a5 | a6 | a7 | a8 [ 49| 50|51 ]52]53]34
Rb|sr| Y |Zr|Nb|Mo| Tc |Ru|{Rh [ Pd | Ag [ Cd | In [Sn [ Sb | Te | 1 | Xe
8547 | 8762 | 8891 | 91.22 | 9201 { 9594 | om | 101.1 | 1029 | 1064 | 1079 | 1124 | n1as | 11n7 | 1208 1276 11269 L 131
55 | 56 | 57017273 |74 |75|76|77[78]79]8 |81 [82]|83(8s]8 |86
Cs |Ba|LalHr|Ta [ W |Re|Os| ir { Pt |Au|Hg| TI [ Pb [ Bl | Po | At | Rn
1329 | 1373 | 1389 | 178.5 | 1809 | 1838 | 1862 | 1902 | 1922 | 1951 | 1970 | 2006 | 2044 | 2072 | 2090 | 209 | 210) § 222
87 | 88 | 89 J 104105106 | 107 [ 108 | 109 | 110 | 111 | 112 114 116 118
Fr |Ra|Ac] Rf | Db | Sg | Bh [ Hs | Mt | Ds | Rg |Uub Uugq Uuh UI:'O
223) | (226) | 227) | 261) | (262) | (263) | (262) | (265) !266) 269) | 272) | @™ 277 QM 272
58 | 59 |60 | 61 |62 | 63 ] 64 | 65] 66 | 67 [ 68 | 69 ( 70 [ 71
Ce | Pr{Nd|Pm|Sm|Euw|Gd| T | Dy | Ho | Er | Tin | Yb Lu
1401 | 1409 | 144.2 | (143) | 1504 | 1520 | 1573 | 1589 | 1623 1649 | 1673 | 1689 | 1730 | 175 0
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Equations of State

Chemistry is an experimental science, and the ability to describe chemical phenomena in terms of
experimentally measurable variables is a key component of the field. For many sysiems, the relationship between
physical variables provides a vital ability 10 infer information without measuring cvery possible physical variable.
A mathematical relationship that characterizes the system (and state of the sysiem) is referred to as an cquation 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 state of a gas may
change with changes in these variables.

The equation of state of an ideal gas is given by one of the more recognizable equations in all of science,
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 of state 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 of state for both, ideal and real gases, are examined with special
altention to drawbacks of the ideal gas equation and the manner these drawbacks are corrected by empirical
expressions.

Study Question:

ES-1. For an ideal gas, z PV, s unity. Which is true in general for a real gas?
" RT
(A) Z = 1 for all pressures (B) Z <1 at low pressures and Z < 1 at high
pressures
©) Z> 1 atlowpressuresand Z <1 at high (D) Z <1 at low pressures and Z> 1 at high
pressures pressures

Il"r'n‘d»;ledg_e_l_téé;ir;l:_. 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 the interparticlc distances are large and attractive forces reduce the molar volumes relative to that of a
perfect gas. Therefore at low pressures Z < | 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 cach
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 they have the same Gas T./K P,/ atin
reduced lemperalure:d and prer‘slsurei.2 L;r;:ler ;vl;allco‘:ldmons is H, T 3 3
i ing t t and | atm?
in the state corresponding to N; a N, 126 3
(A) 126 K, | atm (B) 126 K, 39 atm
© 33K,3 am (D) 33K,033atm

Knowledge Required:. Definition of reduced parameters in terms of critical parameters. Definition of the
corresponding states.

-

Thinking it Through: According to the definition, the reduced temperature 7, = T and the reduced pressure
P= L . According to the information provided in this question, the reduced parameters for N; are
"R
126 K 1 atm . .
T =——=1and P =——— =0.026. In order for H; to be in the state corresponding to N> at 126 K and |
‘126 K ' 39 am

atm it must have the same reduced temperature and pressure, that is 7, = | and P, = 0.0256. These values of
reduced parameters allow you to determine that H; shouldbeat 7=7,x 7. =1 x33 K=33Kand P=P, x P =
0.026 » 13 atm = 0.33 atm. Response (D) is therefore correct. If you define corresponding states as states at the
same temperature and pressure you will choose incorrect response (A). Response (C) can be obtained under
incorrect assumption that actual pressures of two gases at corresponding states should be at the same ratio as
critical pressures.

ES-3. The valve between the 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 1.50
atm, is opened. What is the final pressure in the two bulbs, the
temperature being constant and the same in both bulbs?

30L 20L

(A) 0.90 atm (B) 1.25 atm ©) 1.30 atm (D) 2.50 atm

Knowledge Required: The ideal gas law.

Thinking it Through: According to the ideal gas equation of state, P¥ = nRT, it is important to notice that 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 x 2.00L +1.50 atm x 3.00 L=P x 5.00 L

and therefore P = l.}O atm, response (C) is correct. Assumption that the final pressure is an average of two
Separale pressures gives incorrect response (B). Response (D) is just the sum of two pressures, not a correct

appr:)ach. You will obtain response (A) if you incorrectly assume that at constant temperature PV is always
constant.




Equations of State

ES4. Which of these isotherins is experimentally observed near the critical temperature of a real gas?
P P
(A) - (B) w
P P
©  w () v

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 P¥ =0 + constant/ ¥, which is not an applicable gas law. Similarly response (C) gives
PV = constant — another constant / ¥ which is also not an applicable gas law. Response (D) shows the correct P-V
&P

behavior of a real gas near the critical point. The critical point itself occurs when (;—5) =0and (W) =0
T T

ES-5. The van der Waals n‘a contains a term representing a “molecular size”. The
equation of state P+ 7z (v -nb)=nRT  approximate magnitude of this term is

A)  10%cem’ -mol™. ®) 107 cm’® mol™.

© 1lem’mol™. D) 10’ cm’ -mol ™.

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 ¥ = % ar’ with

r=10"" cm-molecule” or ¥ = (4x10™)(6x10”) » 24x10" =1 cm’ -mol™ ; thus response (C) is correct.

ES-6. A10.0°C and 200 tor, a pure gas sample has a density of 1.774 g'L™". The sample could consist of
which of the following gases?

(A) N0 (B SF, © Cco ® CF




Equations of State

Knowledge Required: Relations within ideal gas equation of state.

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

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

M= %RTTA Substitution of the values in the problem gives

( 1 (0.0821 L-atm - mol ! K')(273K)
M=(1.774¢-L")
200,
(299460)atm
The molar masses of the four gases are 44, 146, 28, and 100 respectively. Thus response (B) is correct.

=151 g-mol™.

ES-7. ‘As pressure and temperature are increased to the critical point,
(A) all of the following are true.
(B) BDeaporiaionl? gOES 10 0.

©) the density of the gas approaches the same value as that of the liquid.

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

Knowledge Required: Critical point properties.

Thinking It Through: The critical point is the point at 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 tank containing O, gas at
9.00 atm is opened. Calculate the final pressure in the tanks assuming ideal gas behavior and constant
temperature.

(A) 5.80am B) 725am (€)  7.50am ®)  7.75am

Knowledge Required: Calculations of final pressure for mixtures.

Thinking it Through: The final pressure is given by £, = 6.00 atm (172(:::))+ 9.00 atm ('52%) =7.25 atmor

response (B) is correct.

ES-9. An equation of state for a non-ideal gas is P(V' - nb) = nRT . The coefficient of thermal expansion, a,
of any gas is defined as oz ( 1 )( v ) Therefore a for this gas is
v AT J,
R/
w 4. ®)  Rlasr. (C)  nRT+nb. D) -(—") .
(%752




Equations of State

Knowledge Required: Calculation of thermodynamic properties from a gas equation. ~~~~~ ~ = T

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

(2) - "((#;)");m[ !

nR .
or —nk% s ](T) . Cancelling the factors of n shows that

response (D) is the correct response.

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

A) (a_u) (B) (B_H) © (a_u (D) oP
ar ), oT ), av), (a—yl

Knowledge Required: Thermodynamic properties of an ideal gas.

Thinking it 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

. . i nRT
also incorrect as this derivative equals — T Response (C) is the correct response as the derivative is equal to

1. 3. A He gas thermometer at constant volume is

designed so that the pressure was 642.7 torr at

']
( P+ Lf)(y —nb)=nRT 32.38°C. What is the temperature of a system
4 for which P = 784.9 torr?
Which statement is true? (A) 250.18K (B) 312.69K
(C) 340.75K (D) 373.13K

(A) The term nb makes allowance for

attractive fi bet lecules.
ctive forces between molecules 4. A 10-L drum of ether at 18°C is open to the

na atmosphere (P = 760 torr) and contains 6 L of
(B) The term 7T makes allowance for the liquid. The top is sealed and the drum dented
so that it now has an 8-L capacity. If the vapor

I f 1 lecules. : p
volume of the molecules pressure of ether at 18°C is 400 torr, what is the

(C) The constants a and b have the same pressure inside the dented, sealed drum?
values for all gases. . . (A) 950 torr (B) 1120 tor
(D) If P and ¥ are expressed in atm and liters, (© 15200 (D) 232010

respectively, the units of 2 and b are
liters®-atm-mol and liter-mol™,
respectively.

2. The constant b 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.




Equations of State

S.

Given the relationship
ﬂ] =r(£] -p
ov ) aT )

au
select the expression that is equal to (a—v)
T

for a gas that obeys the van der Waals equation

of state,
__nRT__r'a
“Vv-nb V?
(A) _ nRT B) n‘_a
V -nb v?
©) nRT ®) nRT _nla
V-nb V-nb V?

In the van der Waals equation of state
__nRT__n'a
“V-nb Nz

the term, nb, will increase as the

(A) molecular diameter increases.
(B) intermolecular forces increases.
(C) temperature increases.

(D) pressure increases.

. The isothermal compressibility

<3 )%),

for the hard sphere equation of state

P(V -nb)=nRT
is given by
(A) -RT+b (B) -RT
T
© 1 (@) (R”r
r (%)
% +b

. The derivative of the enthalpy with respectto P

9
at constant 7, (—H) , for an ideal gas is
oP ),

A) o ®B) Co ®) p,

© e
x

9. The Joule-Thompson coefTicient will predict
whether

)
(8)

©

D)

an ideal gas cools or heats on expansion.

how much energy is required to raise the
temperature of a gas 1°C.

the entropy change for a gas on isothermal
expansion.

areal gas heats or cools on pressure
change.

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

)

(8)

©)
D)

the magnitude of the van der Waals a
constant only.

the magnitude of the van der Waals b
constant only.

the equation of state of the real gas.

the critical pressure, temperature and
molar volume.
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Laws of Thermodynamics and State
o Functions

In the study of thermodynamics, it is often convenient to draw an imagin?ry 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 called 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 heat and work, and the allowed
conversions of one form of energy into the other. The first law can be stated in terms of an absolute energy: “_The
Energy of the Universe is Constant”, or symbolically in terms of changes in energy: “AU_ =g+ w” where AU rs‘lhe
change in energy for a process; g 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 ¢ < 0 if heat flows out of the system into the surroundings while g > 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 AS > 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 =
dg/T where dgn is the differential element (infinitely small quantity) of heat transferred during a reversible
process at temperature 7.

The third law is best expressed in terms of Boltzmann’s definition of entropy: S = k In J#. For an infinitely
large perfect crystal at O K, there is only one arrangement of energy, so ¥ = | and S(OK, 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 heat capacity, C, that are derived from them, are not
state functions; though Cp and Cy are state functions because then the path is defined. Their magnitudes change
with the details of the process taken 1o get from one state to another.

Study Questions

LT-1. One mole of an ideal gas undergoes an isothermal expansion from 10.0 bar to 1.0 bar either
(1) reversibly,

(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
(A) W) =W, Sy (B) wy < wy <y

Wy Wy > Wy

<) w3 > >, (D)
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Knowledge Required: Expansion work is negative. The magnitude is the absolute value, the positive vaive of s~
negative quantity. PV-work is defined as —[ P, d ) where P,,, is the external pressure (:bppt:ls'li‘:\'gM:l?t::'::’;:p‘;::::::)::f :
Thinking It Through: The magnitude is related to the area under the P, - ¥ curve. The optimal (maximum
amount of) work is obtained when the external pressure and the gas pressure are nearly balanced, as in a reversible
process. When the external pressure is zero, as is the case when expansion takes place into a vacuum, then no
work is done in the process. Therefore situation (2) corresponds to an intermediate in terms of the work produced
The ranking of the magnitudes is that given by resp (D). Resp (A) would imply that work is a state ’
function, because the three processes go between the same states. Work is not a state funetion so response (A)
cannot be true. Response (B) would be true if the question did not ask for the magnitude. Remember that a
negative number with a larger magnitude is smaller than one with a smaller magnitude, ¢.g., ~2000 J is less than
—1000 J. It is also helpful to think of a number line. A number to the left of another on the line is the smaller one.
Response (C) fails to have the correct ordering and paths 1, 2, 3.

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

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

(B) The temperature of the gas will rise.
©) 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 of the 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, ¢ = 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 = [Cy dT 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
the 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 S° at 0 K will be nearest

(A)  0)K'mol" (B) 4.18 K "mol™
(€ 5.76)K'mol™ ®)  831)K"mol™

R';n;;ledge Required: The third law of thermodynamics. The Boltzmann definition of entropy, S=RInW(fora
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 3K "'mol™ at 0K 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 S° at 0 K should be appm‘xm!alely R
In(2) where R is the ideal gas constant, 8.31 3K " mol™". Because In 2 is about 0.69, response (B) which is about
half R is too small. The correct answer is response (C).
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LT-4. The enthalpy changes for combustion of s0, (g)

monoclinic and rhombic sulfur arc shown in the

figure. From these values calculate A for the AH = -

process 20683 10 -297.16.J
S(thombic) — S(monoclinic)

S(rhombic) + O(g)  S(monclinic) + O(g)

(A) 033K (B) -0.33kJ
© -296.83 k) (D) -593.99 k)

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

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

L S(rhombic) + O,(g) = SO:(g) AHP(1) = -296.83 kJ
I SO,(g) —» S(monoclinic) + Oy(g) AMP(IT) = +297.16 k)
Net: S(rhombic) = S(monoclinic) AHP(Net) = AH°(I) + AH°(I])

AHP(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 (C) 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-S. For the adiabatic process illustrated in the figure, Vermm Vecmn
which is true?

Sywan Symen
(A) g=0and AU>0 (B) g=0and AU<O0
©) g>0andAU=0 (D) g<0and AU=0

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

Thinking it Thr.ougll:. .For an adia!:alic process, g =0 by definition. The figure shows the system decreasing in
volume, thus w is positive by de.ﬁmlion. Since AU =g + w =0 + (positive) > 0. Thus response (A) is the correct
response. Response (B) has an incorrect sign of AU. Responses (C) and (D) have g # 0 and are thus incorrect.
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LT-6. When a lrans!‘ormaliOn occurs spontaneously at constant T and P, the signs of AG for the system and
AS for the universe must be
AGiuem ASniverne
(A) positive positive
(B) positive negative
©) negative positive
(D) negative negative

Rhowledge Required: Thermodynamic functions for spontaneous reactions.

Thinking It Through: At constant T and P, AG of the system indicates the direction of a reaction with

AG = negative, indicating the spontaneous direction. Thus responses (A) and (B) are incorrect. The second law
of thermodynamics states that ASvene 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
Co/(JK " mol™) = 3.02x1077 7°. How much heat does it take to raise the temperature of one mole of
diamond from 100 K to 300 K?

(A) % (3.02x107"X300° - 100%) (B) "% (3.02x107) {300° - 100°)
(©)  (3.02x1077) [1/(300)- 1/(100)) D)  %(3.02x107)[300’ - 100°)

Knowledge Required: Calculation of heat from heat capacity data.

Thinking it Through: The heat and heat capacity are related by ¢ = f’ C,dT . For this particular problem,

g =[5 "(3.02x107)7dT = (3.02x10”)( ;) (300 ~100*).. Thus response (B) is the correct response. The

alternatives do not perform the integral correctly.

LT-8. Given the heat capacity information above, what is the absolute entropy of diamond at
300 K?
A 0 (B) ¥ (3.02%107") (300)°
(©)  (3.02x107)/(300) D) % (3.02x107) (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 the previous problem is
given by

3 . T3 . Tl)w
Sio =S+ fm“c—;dhz.su.mor'-x" +(3.02x10")FLT?dT=2.38.I~moI"-K"+(3.02x10’)—3— )

=2.38)-mol”-K"' +(y3)(3.02 x 10'7)300’ . Thus response (D) is the correct response.
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LT-9. The equation relating the pressure-volume relationship for the reversible adiabatic expansion of an
ideal gas is P,V ]= P,V } The equation relating the temperature-volume relationships for the same

process is

Tz VI - V'r-l
n  E=t ® V=TV
(A) T 7,

%'v ’ C/Cv
© $=[5] ® & =('—')

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

Thinking it Through: The reversible process has £, ¥} = P, ¥ ]. Substituting the ideal gas equation of slate

A V' .
P= "R% gives ﬂl’}: ﬂV;which simplifies to i_LY: TV 1'=T,V ;" and response (B) is

Y, v, v, v,
the correct response.
LT-10. As the temperature approaches absolute zero, AG for any chemical reaction approaches
(A) AS. (B) AH. © T (D) zero.

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

Thinking It Through: The definition of AG = AH — TAS. As T goes to 0, the second term goes to0 0, thus AG
oes to the value of the first term, namely AH. Thus response (B) is the correct response.

1. AUP for the reaction 3. The efficiency o!'a process with g, occurring at
l A(s) + 2B(g) — 2 C(s) + D(g) ] Ty and q; occurring at T¢ < 7j; can be

calculated from
was measured at temperature T in a constant

volume calorimeter. AH® for the reaction is ) M ® M
approximately q |q.- |
(A) AL®-RT ©) |q=| (D) g
(B) A w I
(C) AL +RT

4. A measure of the maximum non-7V work that
(D) ALP +2RT can be performed by a process occurring at
constant 7and P is given by
2. Anideal gas undergoes irreversible isothermal

expansion. Which is correct? (A) AH (B) AS.
(A) AS=-AG/T  (B) AS=AH/T ©) AG (D) Ad
©) as=q/T (D) AS=AU/T

12
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S. A sample of water was placed in a refrigeration 9. The third law of thermodynamics can be
device and the temperature gradually lowered. combined with experimental data to provide an
Because there were no particles in the water to absolute value for
nucleate crystallization, the sample became
supercooled and did not freeze until a (A) enthalpy. (B) work.
temperature of -20°C was reached. When the (C) entropy. (D) Gibbs energy.
water froze at -20°C, AS,,,, A4S, __.,,,and
AS, were 10. Whicl.n is a graph of the analgy of

vaporization from the triple point (7;) to the
AS‘,,,O AS - AS,, critical point (7,)?
(A) a4
(A) - = -
(B) + + +
© 0 0 0 T, T T,
D - + +
® ®) o

6. The entropy change for a liquid heated from 7
to T; can be calculated from the area under the
curve obtained by plotting

(A) AH as the ordinate and 1/T as the abscissa.

© o

(B) Cpas the ordinate and In 7 as the abscissa.
(C) Gy as the ordinate and 1/T as the abscissa.

(D) CW/T as the ordinate and 1/7 as the
abscissa.

. . . ®) an
7. In acyclic process involving two steps, the first

law of thermodynamics requires that
A g +q|=|w|

(B) |‘In + qzl = Iwn + Wzl

©) g, +qy|>|w +w|
(D) |‘In +q,|<|W. +w,|

8. From the information

NH, (g) - N(g) + 3H(g) AR =11128K
H,(g) - 211(g) AH* =435930KJ
N, (g) - 2N(g) AH' =945.408 )

the enthalpy of formation of NH;(g) is
calculated to be

(A) +2554.138 kJ-mol™’
(B) +208.538 kJ-mol”’
(C) —46.2 KJ)-mol™

(D) -1172.8 kJ-mol™’
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Mathematical Relationships in
Thermodynamics

While chemistry is an experimental science. it is generally not 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 impossiblc to
measure. as long as it can be related (o more readily observed quantitics, we can determine its value.

Thermodynamics is particularly suited to these types of mathematical formulation. Thermodynamic
cxperiments arc certainly carricd out widely in scientific laboratorics 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 10 usc 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 perspeclive
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
concepts and cquations and the mathematical rules for manipulating them.

From the perspective of the mathematics itself, the majority of the manipulations that need to be carried out in
this type of test question involve the use of multi-variable differential calculus, particularly the manipulation of
partial differentials and cxact 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- -

MRT-1.  For a pure substance the partial derivative of G with respect to P, (e(;) is equal to,
oP /v

(A) H (B) -S © T (D) V.

Knowledge | Iiequired: Expression for exact difTerential of Gibbs energy. Definition of partial derivative. The
method for calculating partial derivatives.

Thinking it 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 T through:

dG = VdP - SdT
When T is constant the change in G is proportional only to a change in P:
dG = vdpr

éG .
which through differentiation with respect to P leads to (5) = V.. Thus response (D) is correct.
T

MRT-2. Which combination is not dependent on the path over which a thermodynamic process-proceeds?
(A) AU, AS, AG. AH (B) AU.q.AS
© AU, AH, AG, w D) g w

e I G or, 3233 | po

o At £
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Knowledge Required: The meaning of state function.

Thinking it Through: Heat, g, and work, w, are not state functions and therefore are path dependent. Responses
(B). (C), and (D) contain g, w, and ¢ 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) dU (B) dU+WdP
(©  dU+ VdP+Pdv (D) dU-VdP- PV

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

Thinking it Through: By definition H = U + PV meaning that H depends on U and PV where both, P and ¥ are
independent variables. The expression for the total differential d# gives the total change in H arising from changes
in both U and PV. The change in U is represented by differential dU and the change in PV is represented by the
differential d(PV). Since both P and ¥ are independent variables d(PV) is equivalent to VdP + PdV. Response (C)
contains all the required terms and therefore is correct. If you mistakenly define H as being equal to 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. Using the approximate equation of state for a gas, ¥ = # +nb AG associated with an isothermal
change in pressure from P, to P; is
i3 L]
(A)  nRTIn At nb(P-R) (B) -nRTn) -
1
R P,
(€  -nRTin| X |+ nb(P,-R) D) nRT In >
1 1
Knowledge Required: Calculation of thermodynamic functions associated with T and P changes, (g) =V for
all gases !
»( nRT P,
Thinking it Through: AG, = f VdpP= j: (T + nb)df =nRTIn F’- +nb(P, - P) Thus response (A) is the
1

correct response.

MRT-5.  ifthe effect of pressure on a reaction involving only pure solids is taken into account, then
AG(N=AG(N) + AV(P-P°).  Which statement is not relevant in deriving this equation?

(A)  dG=-SdT+ vdp (B) (—-aAG) =4y
or ),
© G &G -
3Por =arop (D) AV is independent of pressure

16
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Knowledge Required: Approximations made in calculating thermodynamic function changes on changes in T and |

. oAG
Thinking it Through: (?) = AV for all substances. This expression is then integrated from the standard
T

state to arrive at the desired result assuming that AV is constant (independent of pressure). Thus responses (B) and
(D) are relevant in deriving the equation. Response (A) is relevant in the derivation of (61\_6) =AYV . Thus
P T

response (C) is not relevant in the derivation and is the correct response.

MRT-6.  The differential for the Helmholtz function, 4, at constant composition is dA = ~SdT - PaV.
The correct pair of equations that can be derived from this equation are

oA 04 oA 94
A =] =7 and (—) =-P. (—) =-S and (—) =-P.
*) (as)v > ) ®  \er), =™ ov),
oA A oA A
—| =T and |—=| =V. —| =-S5 and |—=| =¥.
© (aS). (aPl ©® (ar]v - (ar),
Knowledge Required: Derivation of Maxwell equations from the definitions of thermodynamic functions.
Thinking it Through: (%4) =-S and (g—t) = —P after we take the derivative of A with respect to either T
v T

or V. For example, (B_A) =(ﬂ) +(ﬂ) =-S(1)+(-P)0. Thus response (B) is the correct response.
ar), or ), \Tar ),

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

o ol o
@ ' om, S.V.n, I on, T.Va,
©) u; [ a"']T.H.n. D) B; (a,,'_ pa

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

Thinking it Through: Al four responses have the differential part with the correct G 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+ Y pdn,.

MRT-8.  The total differential for Gibbs free energy, G, is
(A) dH-SdT (B) dH-TdS
(©) dH-TdS-SdT (D)  dH+TdS+SdT

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

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

R
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MRT-9. A differential expression for the internal energy is dU = TdS — PdV. The corresponding Maxwell

relation is
au U §) (01’)
w (5% o (%)%
2), (5 5%
© (TaF), (ar) ® (av AN

[ Knowledge Required: Derivative of Maxwell relations.

Thinking It Through: The Maxwell relations are a recognition of the equality of the mixed second partials. Here

the first partial derivatives are given by
T= (B_U) and -P = (6U )
as )y av

The mixed second partials are then given by

(FL%)) GEE) )

Eliminating the middle two terms shows that response (D) is the correct response.

MRT-10.
For a rubber band [BT L & . The length of the rubber band
al C BI
(A) increases with an increase in 7. (B) decreases with an increase in T.
©) stays the same with an increase in 7. (D) cannot be predicted with an increase in 7.

Knowledge Required: The relationships between T, /, Cy, and S. Signs of AT, Al, T, /, Cy, and S. Microscopic
changes in rubber organization with T.

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

as .
configurations is reduced. Thus (—a-l-) is negative and the temperature of the rubber band decreases while
T

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

actice Questions = [

1. The Maxwell relation 2. Given the change in entropy, AS®, and heat
s _ or capacily, ACy®, for a reaction at 298 K, an
av ). “\or ; estimate for AS® for the reaction at 50°C is

follows from (A) A4S, +AC;(323-298)
(C) -SdT+ vdp (D) -SdT- PdV. (B) AS,,+AaC, 'n(zs)

(©) AS;,+AC; In( )

(D) AS,,+AC,; In( )

8 - S~ N



Mathematical Relationships In Thermodynamics

3. Assuming that AP is independent of
OInK, ) _ A’
RT?

temperature, the expression (

can be integrated to yield the expression:

(A)

© ()= nlks ()] 2

(@) K, (T)]=In[K,(T.)]+ [

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

C, =4.73x10°7*(J)-mol" -K™*

What is the absolute entropy of diamond at
20K?

(A) 2.4x10°J-mol K"
(B) 0.019JmolK™'
(C) 0.13Jmol "K'
(D) 1.9Jmol"K*

5. Which partial derivative is always equal to zero

for an ideal gas?

“® "
aP ), ar J,
% "
v ), or ),

6. The relationship between the chemical

potential of a substance and the partial pressure

is

(A) H:p}RTIn(%.)
®) n ="R7E

du
© (&) -~

(@) dp, =-SdT-PdV

In[K,(T)]:In[K,(T;)]+[-A%)[%-%)
@ W{k)-nls @) -,l:)

7. Inderiving C;p - Cy, which equation is used

10.

. The proof that (6C )
oP

(A) dU=dg+dw

© (v
(&),

(B) H=U+Py

(D) PV =nRT

=0 involves which
T
argument?

oH
A G ( P )
(B) H=U+PV
(C) Hisa state function
(D) U= U(T) only for an ideal gas

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

[d_s) &
W \ar),"T

(B) 0=3 ndn,

K,, __AHf1 1
© '"[K_,..J‘ R(T, T.)
(D) G=H-T5

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

(A) p,=p,

® n=(% o
© w7

(D) p, is unrelated to p,
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Chemical and Phase Equilibria

For pure materials. the chemical potential p is equivalent to a molar Gibbs energy G... For materials in
solutions. the chemical potential of the ith substance p, is given by (3G/dn,)1p. It can be regarded as the Gibbs
energy contributed per mole of substance to the solution. Just as balls roll downhill secking a state with a lower
gravitational potential and electrons move 10 a slate of lower electrical potential, matter moves spontancously to a
state of lower chemical potential. The transformation of matter, both in phase changes and chemical processes, can
be understood in terms of a driving force to lower chemical potential.

When multiple phases are in equilibrium, the chemical 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 chemical potential in the two phases to the temperature: (3, /3T)p = -§,
duc to entropy differences in the phases. Pressure effects on phase equilibria arise because of differences in the
molar volumes of the phases: (Op; /OP)r = 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 are usually represented as P vs
composition at a fixed T or T 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 chemical potential for a substance under a general set of conditions of pressure and composition can be
expressed in terms of the chemical potential of a standard state and the activity of the substance referred to that
standard state: p, = p° + RT Ina, For gases, the standard state is taken as the idcal gas at | bar pressure, and
a(gas) = P/ | bar. For pure solids and liquids. the 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 states. One, called the Raoult's
law or solvent standard state, is based on the behavior of the pure liquid; the other, called the Henry's law standard
stale is based on the limiting behavior of a solute at infinite dilution, in which a solute molecule is completely
surrounded by solvent molecules.

The Gibbs free energy change AG for a chemical process, aA + bB = ¢C + dD. can be expressed as

< d
AG=AG" + ern["f"‘; )
apdp
where AG® 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 state of each term.
The ratio of activities is sometimes referred to as the reaction quotient, and designated Q. For a spontancous

process AG < 0. At equilibrium, AG = 0 and

0
a\as

J
aca;
AG® = —RTln( < "]
o
The ratio of activities at equilibrium is given a special name and symbol, the equilibrium constant, K.
The activities of electrolyte 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 state of

an ionic solution. At low concentrations, the mean ionic activity coefficient of an ionic solute in an aqueous
solution at 298.15 K can be estimated from the Debye-Huckel limiting law:

logy, = -0.509|z"z"| 1"
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where y, is the mean ionic activity coefficient of the solute with ionic charges z* and 2™ in a solution of ionic

strength /.

The electrical work performed during the operation of an electrochemical cell can be related 10 the AG of the
rocess taking place within the cell: AG = - nFE where n is the number of moles of elcc_lrons transferred. F is the
Earaday constant and E is the cell potential. The Nernst equation shows how the activitics of reactants and

products affect the cell potential:

< &
E=E°—RTI (aﬁa,:)

—=In
nF a,ay

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

CPE-1. At the two points, A and B, on the solid-gas phase
transition line on the phase diagram,
P
T
(A) the p's of the solids are equal. (B) the p's of the gases are equal.

©) the p of the solid is equal to the p of the (D) all the p’s are equal everywhere the two
gas at each point. 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 it Through: Both points lie on the same two phase line. At each point on a two phase line, the chemical
potential of one phase is equal to that of the other: p; = pj where 1 and 11 represent two different phases, therefore
response (C) is the correct one. Points A and B are at different temperatures and pressures, because chemical
potentials change with both T and P, (3, /8T)p = =S, and (3, /dP)¢ = V,, it is unlikely that the chemical potentials
of either the gases or the solids would slay the same for an arbitrary change in both Tand P, so responses (A) and
(B) would not be expected to be true in general. Response (D) also ignores the temperature and pressure
dependences of .

CPE-2.  Ar25°Cand P°= | bar, AG®, the Gibbs energy change for the transformation

I graphite = diamond

is positive. The volume change AV = ¥, - ¥, is negative. An approximate expression for the
pressure at which diamond will be in equilibrium with graphite a1 25° C is

W P -@GUan (B) o+ (aGAN)
© r @)  aGoav
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Knowledge Required: Conditions for cquilibrium: chemical potentials of two phases are cqual and s0 AG = 0,
Change in chemical potentials (and Gibbs energy change) with pressure: (9u/ 9P); = 1 and (OAG/ Py = A l’j
Thinking It Through: We can write a total differential for AG as a function of 7 and P:

dAG = A¥dP - ASdT

but since the process is isothermal, we need only consider the d/ term. If we integrate both sides of the equation
for the pressure change between /° and the cquilibrium pressure we obtain,

Mg,

[ daG = 'IAI"dI’
e r
and remember that AG = 0 at the new pressure we get
-AG® = AV (Pq- P°)
Rearranging and solving for the equilibrium pressure gives us

AG
’)ﬂ =—X’7+’”

The correct response is response (A).

CPE-3. Benzene and ethanol form an azeotropic mixture that is 60 mo!% benzene and has a boiling point of
341 K at 1 atm. The normal boiling points of pure benzene and pure ethanol are 353 K and 352 K,
respectively. Which statement best describes the behavior of benzene-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 benzene-cthanol solution of any compesition is richer
in cthano! than is the liquid phase.

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

(D) The solutions show negative deviations from Raoult’s Law.

23




Chemical and Phase Equilibria

Khoﬁlédje Ré_dulieli Vapor;li'Qﬁid édﬁilib?ié;"méiﬁing ol azeotrope. Raoult's Law and deviations of Raoult's
law.

#: First. it is helpful to have in mind a qualitative picture of the temperature (7) — composition
Zl\-l;l::::f J:ag;;”ﬁ)’:' lh';s":;'slem. Aprough sketch is given on the left below. The diagrz}m shows that the lowest
boiling point mixture in the T - x phase diagram will be the azeotrope. Whenever there is an azeotrope, c.omp!elc
separation of the two components is not possible, therefore response (A) cannot be correct. The two vertical lincs
in the figure show two possible liquid compositions, one on either side of the azeolro.pc..'l'he arrows show }hal !hc
vapor composition formed by each liquid approaches that of l.hc azeotrope - for ‘lhc.llquu.i on the ethanol-rich side,
the vapor is richer in benzene, for the liquid on the benzene-rich sndc., l.hc vapor is nc!ler in ethanol. Therefore,
response (B) cannot be correct. To consider responses (C) afld (D), it is l.lclpful to l!unk of lhc.: pressure -
composition diagram that would complement this one. Again, a qualllz‘n‘lvc s‘kcl‘ch is all that is needed. .The P-x
diagram can be constructed by remembering that a high lcmp.eralurc boiling liquid com:.sponds to one with a low
vapor pressure while a liquid with a low boiling point has a high vapor pressure. Applying lhz!l rule to lhf:
benzene-ethanol system, which has a minimum-boiling azeotrope, sh(?ws .lhal the azeotrope will have a higher
vapor pressure than either pure benzene or pure ethanol. The daslllcdllmc in the P - x diagram represents the vapor
pressures that would be found above ideal solutions. The arrows indicate that the vapor pressures of the real
solutions are above those of the ideal solutions (ones which follow Raoult’s law). Because the vapor pressures are
greater than those predicted by Raoult's law, we have a positive deviation. Thu.s. response (C) is the correct one.
An azeotrope with a minimum in the vapor pressure curve would deviate negatively from Raoult's law behavior
which is response (D).

Liquid

Liquid
Azeotrope

0 x(Benzene) 1 Y x(Benzene) 1

CPE4.  Choose the statement that describes the relationship between the solubility of AgClin 0.10 M KNO,
and in pure water.

(A) AgClis more soluble in 0.10 M KNO, because the thermodynamic equilibrium constant is
greater in 0.)0 M KNO; than in pure water.

(B) AgCl is more soluble in 0.10 M KNO, because the activity coefficients of Ag” and C1” are
smaller in 0.10 M KNO; than in pure water.

©) AgCl is more soluble in 0,10 M KNO, because the activity coeflicients of Ag’ and CI” are
greater in 0.10 M KNO; than in pure water.

(D) AgCl is equally soluble in 0.10 M KNO, and in pure water because AgCl and KNO, have no
ions in common.
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Knowledge Required: Solubility Constants; Mean lonic Activity Coeflicients and Debye-Fickel Activity ~
CoefTicient Relationships.

Thinking it Through: The reaction of interest is AgCl(s) = Ag’(aq) + Cl (aq) with the equilibrium constant
given by

While it is true that AgCl and KNO, have no ions in common, the mean ionic activity coefficients are affected by
the total ionic strength of the solution, /. / is a sum over all the ions in solution, so the presence of K* and NOy~
ions increases /. Both the limiting form of the Debye-Huckel relationship

logy.=-Alz'z7 |1

and the extended Debye-Hickel equation

logy __Alz z | 1"

' 1+ 1"

predict that the mean ionic activity coeflicient 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.) Asy, 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:

BN
O(g) + 2 Hy0()) + 4 ¢” — 4 OH (aq) 0.401
Oy(g) + H,0(1) + 2¢” = Oy(g) +2 OH (aq) 1.240
what is In Kp at 25°C for the reaction 2 O5(g) = 3 Ox(g)?
(A) 4F(-2.079v) (B) 2F(-0.839V)
RT RT
©) 4F(+0.839V) (D) 4F(+2.079V)
RT RT

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

Thinking It Through: We can get In Kp from -nFE° = AG® = — RT In Ky. We get AG® for the reaqtion by
combining the half-cell potentials appropriately. Because O, 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 halficell by two but
remember not to multiply the voltage.

EN
2(Ox(g) + H;0(l) + 2 € = Oy(g) +2 OH (aq)] 1.240
40H(aQ) >  Oyfe)+2H0MV+4 ¢ -0.401
Net  204(g) = 3 Ox(g) AG® = —nFE° = -4F(0.839V) = =323 KJ

Remember that half-cell potentials are intensive quantities independent of the number of eleclrpns.transferred, but
AG® 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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CPE-6. The thermodynamic solubsility product constant of silver acetate is 4.0%10™°, The solubility of silver
- acetate in a sodium nitrate solution is 0.094 mol-L™'. The mean ionic activity coefficient of silver
acetate in this solution is

(A) 0.063 (B) 0.188 ©) 0.67 (D) 1.49

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

Thinking It Through: The definition of the thermodynamic solubility product constant in terms of the ionic

activity coefTicients and solubilities is
K, =1, [Ae v, [Ac]

On substituting the data in the problem and rearranging slightly

—4.0x10” =045
e oy

and the mean ionic activity coefTicient is the square root of this number which is 0.67. Thus the correct response
is then response (C).

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 In(0.75) + 0.25 In(0.25)]
(©)  -R[6.0n(0.75) + 2.0 In(0.25)] (D)  R[6.0In(0.75) + 2.0 In(0.25))

Knowledge Required: Thermodynamic functions for mixing ideal solutions.

Thinking It Through: The expression for the entropy of mixing is AS = —RZ n, Inx, . For this mixture
6.0 2.0

———=0.75and =

60+20 N tee T (0420

AS = -R[6.0 In(0.75)+2.0In (0.25)] , 50 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.

= 8.0 mol, Xpeazene = =0.25. Substituting in the values gives

CPE-8. Two phases are considered to be in mutual equilibrium when
(A) both are at their critical temperatures.
(B) the mole fractions of all components are the same in each phase.

© lt;le temperature, pressure, and chemical potential of each component are the same in each
phase.

(D) molecules are moving across the phase boundary.

l(‘lmﬁédge Reguired: Conditions for equilibrium in multi-component systems.

Thinking It Through: Equilibrigm is reached when the change in Gibbs energy, AG, is 0. AG depends on the
lem_;:gra}ure. pressure, anfl 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

:(s:l. llilsecsponst: (D) is the nature of dynamic cquilibrium on the molecular level, response (C) is the correct
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CPE-9. Which statement about the reaction  Hi(g) + Dy(g) = 21ID(g) is correct?
(A) The driving force for the reaction is the enthalpy of reaction.
(B) The driving force for the reaction is the entropy of the reaction.

The driving force for the reaction is the difference in bond energics between products and

© reactants.

(D) The change in the standard Gibbs cnergy for the reaction is zero.
Knowledge Required: Driving forces for equilibrium, isotopic cxchange reaction.

Thinking It Through: In order for a reaction to occur there must be a driving force corresponding to a change in
AG for this process is given by AG = A#f~ TAS. An isotopic exchange reaction such as that in the problem will
be approximately thermoncutral, i.c. AH = 0. Thus response (A) must be incorrect. Response (C) is also an
answer bascd on bond energies or enthalpy which has been shown to be incorrect. Response (B) is correct since
the cntropy of the reaction must increase with the increased arrangement disorder of the 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 | atm, AH® = 1.90 kJ-mol™". The density of B is greater than
that of A at 25°C and | atm. The condition of temperature and pressure which favor the formation of
product B over reactant A are

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

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

kﬁhivlédéé i;;,;sz' ‘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 of the product is less than that of the reactant. This
implies that product will be favored at higher pressure. The correcl response is the combination of high
temperature and pressure; response (A) is the correct response.

- Practice Questions. - - = .. ... .. - .-

1. For many substances near the melting point of 2. The vapor pressure of pure water at 25°C is

the solid 23.76 torr. Which value represents the vapor
density of liquid < density of solid pressure of an aqueous solution of a

and the Clapeyron cquation (dP/dT) = (AS/AV) nonvolatile, weak monoprotic acid at a
can be used to estimate the effects of pressure concentration of xy = 0.010.
on the melting point temperature. Increasin,
the pressure ogni»uch a syglem by a factor ofg (A) 0.238tor (8) 23.38torr
two will cause the melting point temperature to (C) 23.52torr (D) 23.76tomr

(A) decrease.
(B) increase.
(C) remain the same.

(D) always increase by a factor of 2.
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3. The AG® values for n-butane and i-butane at 8. Select the thermodynamic criterion for a
’ 25°C are spontaneous process in a closed constant
. 1 pressure system immersed in a constant
4G/ kJ-mol’ temperature bath.
n-butane -15.7 (A) AU<0O (B) AG<0
iso-butane  -17.97 (©) A4<0 (D) AS>0

When an equimolar mixture of n-butane and

iso-butane is allowed to attain an equilibrium
state between the two isomers

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

(A) no iso-butane remains. bath.
(B) more iso-butane than n-butane is present. (A) AU<O (B) AG<0
(C) the pressure of n-butane is zero. (C) a4<0 (D) AS>0
(D) the exact amounts of the two isomers . R
cannot be determined from this 10. When “Te reaction, A(g) = B(g), reaches
information. equilibrium at a constant total pressure of 1 atm
and a constant temperature, T, the pressure of A
4. The standard Gibbs energy change, AG®, for a is twice that of B (£, =2F,). What is the value
certain chemical reaction is —10.0 kJ-mol™. of AG® for this reaction?
The equilibrium constant at 300 K is about (A) -RTIn6 (B) RTIn2
(A) 00181 (B) 1.00 (C) RTIn3 (D) RTIné6
(C) 4.20 (D) 55

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

to
(A) -Ad. (B) -AG.
(€) -AH. (D) -AS.

6. 1f a chemical system is at equilibrium at
constant 7 and P, what thermodynamic
function for the system must have a minimum
value?

A) G B H © G @S
7. When a transformation occurs spontaneously at

constant 7 and ¥, the signs of AA for the
system and AS for the universe must be

AMipces) ASivene)
(A) positive positive
(B) positive negative
©) negative positive
(D) negative negative
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Kinetic Molecular Theory

Physical chemistry dcals with many gaseous systems. in large part becausc they can be described using a
relatively uncomplicated model for bulk behavior in terms of the actions of atoms or moleculcs.A Thus. while
applications including solids and liquids arc important to think about in terms of molecular motions, the gas phasc
is normally the starting point for developing models capable of building this brAndgc. The kinetic molecular theory
of gases is used to describe the bulk behavior of gases based on molecular motions.

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

e  Gases are composed of particles in constant random motion.

e The volume of spacc between particles in a gas is much larger than the volume of the panticles
themselves, so their volumes can be ignored.

e Panticles in a gas do not interact with each other or the walls of their container except when they
collide and the collisions are elastic when they occur.

e The temperalure of a gas is related to the average kinetic energy of the panticles 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 the 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-1.  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?

(A) (B)

© ®
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Knowledge Required: Conceptual picture of arrangement of gaseous specics.

Thinking it Through: The fundamental assumptions involved in the kinetic molccular theory of gases require that
the gas molccules be evenly distributed throughout the container. The only response which has the molecules
evenly distributed in response (B), which must then be correct.

KMT-2.  The speed distribution 1
function, F(s), of a
given gas at four

temperatures is shown. 2
Which trace F(s)
corresponds to the 3
highest temperature?
4
s
(A) 1 (B) 2 © 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 + = and looks like

-m? /24 . .
(constant) x s*x e ™ ol Responses (B) and (C) are intermediate temperatures and thus not reasonable
answers. Trace | corresponds to a lower temperature than trace 4. In this problem, with constant mass, trace 4
corresponds to the higher temperature, and thus (D) is the correet response.

KMT-3.  For the hypothetical molecular speed

distribution shown, the relationship

between the most probable speed

Smp» the average speed s,, and the

root-mean-square speed Spm is Fs)

5

(A) Smo < Sav < Srms.  (B) Smo < Sms < Sy (C) Sop = Sev < Sy (D) Smp = Sav = Sron-

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 of the func'tion
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 of the function causes the root mean square speed to also have the value at the
maximum. Thus response (D) gives the correct response to the question.
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istributi lecular speeds can be written in the form:
KMT=4. The Maxwell distribution for molecular spe: b e
m 2 —(ms’ 12kyT)
= ds
F(s) 4x[2n.k,T) s'e

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 of a molecule can be calculated from the expression:

3/2 @ (B) 32w
) m J‘_‘_Jc-(»u)lu.T)ds anv| ™ Ixzc‘("‘"m'”d:
| Znkgr 2mkgT
3/2 ® (D) 3/2 @
© 4 m Is’c""‘"'"'r)d: 2m| - Is"c""“"“'”ds
2T ZnkgT

Knowledge Required: Evaluation of averages from a probability distribution.

Thinking is Through: The average of a probability distribution is found by evalualing !F(s) s ds over the range of
s. In this case, the speed the range extends from 0 to +w. Thus, the average speed is given by response (A).
Response (B) is incorrect for two reasons, there is an additional factor N in front of the integral, and s is raised to
the second power rather than s - sS=5 Response (C) is incorrect because of the factor of N ‘m f.rom of the
integral. Response (D) is incorrect because of the factor of m in front of the integral and of s° within the integrand.

KMT-5. At what temperature will the average velocity of He be equal to that of N, at 298K?
(A) (298 K) (4/28) (B) (298 K) (28/4)™
© (298 K)(428)™" (D)  (298K)(28/4)

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

srT\?
Thinking It Through: The average velocity for a molecule at a given temperature is given by ¥ = (W) .
where R is the gas constant, T the temperature in K, and M the molar mass in kg-mol™’. Setting the two average

2 172
- . 8RT, .
velocities equal we arrive at 8RTye =|—%| oron cancellation of terms
"My, xMN,

172

N T AR [ B) since th have the 4/28 raised to the ~'% rather th

He N, MN = 28 rresponse( )slncel € responses have the raised to the -4 rather than
X

+4.

KMT-6.  For O, at 300 K, which quantity is the largest?
(A) the average speed (B) the most probable speed

© 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 squa
temperature.

re speeds as function of mass and N

Thinking it Through: The most probable, average, and root mean square speeds are related by s, = (Mi)m
v ,

8RTY" 3RT)"
S, = ) and s = ) Because 3 > 8/r > 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.

© 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 of the 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 correct). The dependence on temperature is not a direct proportionality because it is inversely proportional
to the temperature in the number density term and proportional to 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 of direct 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 1-cm’ surface?

A) 107" (B) 10°s” © 10%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_p = (1/4Y(N./V)S where z_, is the number of collisions per unit time per unit area, (N/¥) is the number
density of gas phase molecules, and Fis the average speed. Since (V) is about 10" molecule cm™ for room
temperature and pressure, and the average speed is about 10° cm s™, z_, is about 10% ™ (response (C)).

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

(A)  Ne (B) Ar © 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.
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KMT-10. In the gas phase, a molecule of mass m has a mean kinetic energy proportional to
@w ® m © m* ®

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

Thinking It Through: The mean Kinetic energy is given brgr the average value of (%)ms?, or '/:)m:,,..,’. where s5.m,
is the root mean squared speed. Because sy, = GkaTim)'?, sems’ = (3kgT/m), and the average kinetic
energy = (“)m(3ksT/m) = (*/2)ksT. 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 the average kinetic energy of

A) kT B) (kT © (L) kT D (kT

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

Thinking It Through: In the last problem we showed that the average kinetic energy in 3 dimensions is (3/2)kgT.
Thus for each dimension, (Y4)kgT is 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 (*%)kg T"through the equipartition of energy.

1. A plot describing the distribution of speeds in a 2. Onthe plot, the 1
. 1Y dv most probable
gas is shown below, where F(s)= 5 speed is
i the Maxwell distribution functi s indicated by a, b
is the Maxwell distribution function. and the o
corresponding
Rs) / ? fraction of a
' ‘ molecules is 5.
' ' Increasing
5, 5 temperature s
s causes
The fraction of molecules having speeds (A) both g and b to increase.
betw d s, is gi
cen 51 and s, is given by (B) both g and b to decrease.
*) _[' F(s)ds (B) J" "SF (s)ds (C) atoincrease and b to decrease.

, (D) atodecrease and b to increase.
© [F(syes ® [sr(s)ds
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3. Consider the speed distribution shown. As the
temperature increases

Rs)

£
(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.

o

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

(A) m* (B) m
©) m* o) m°

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

w

(A)  Seoot mean square > Smean > Sost proable
(B)  Smou probabic > Sroot mean square > Smcan
(C) 51001 mcan square > Smost probable > Sencan

(D) Sroot mean square = Smost probable > Sencan

&

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

(A) (4"
© "

(B) %
D) 2
. The collision rate between molecules Kr and

Arinal 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.

. In collision theory for the gas-phase reaction,

A +B - products

the reaction cross section, g, is directly
proportional to the rate constant. 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) ::m of the van der Waals radii of A and
The most probable energy of a molecule in a
gas at temperature 7 is given by

(A) (372) koT.

(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.

Which set of (’
velations is true
concerning the 1
plot of the speed s
4

distributions in /—\
one dimension for hLFY

two gaseous s

samples 1 and 2 of mass M, and M,?

A
)
R
)
P
[}
’
MY
LY
0

(A) Mi>M,and T\ <T,
(B) Mi<M;and T\ =T,
(C) Mi=MandT,>T,
(D) M<MyandT)>T;
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Answers to Study Questions

1.B S.B
2.D 6. C
3D 7. A
4. A 8. C
- Answers to Practice Questions
1. A S.A
2.C 6. C
3D 7. A
4. C 8. C
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‘Transport Properties. .

The transport propertics arc those propertics involving transfer of molecules across boundaries. The idea of
transport of malerials in the gas phase. for example, has some familiar examples. On evcry trip you've ever taken
to the movie theatre you've cxperienced them because you smell the popcorn the moment you walk in, though the
snack counter is across the room. Somehow the molccules 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 the
concept of a boundary. even an imaginary one (somewhere between you and the snack stand - at least we can hope
it’s an imaginary boundary!)

Recall from kinetic molecular theory. that gas molecules are 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 propertics. Becausc of the random nature of molecular motion,
however. in most laboratory experiments the distance traveled between collisions is a variable and the most
cfficient way to describe the 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, it is also important that we
consider transport processes in liquids. Ultimately. chemical 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 the conductance and the Debye-Hickel theory for ionic solutions as
examples of transport properties.

s

Finally. because it is possible to take advantage of transport properties to separate components of a chemical

system we include a few problems that examine rates of processes involving the physical separation of materials.

TP-1. Which property of a gas depends on the mean free path of the molecules?
(A) the viscosity coefficient (B) the average molecular speed

©) the average molecular kinetic energy (D) the average momentum in the x-direction

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 correct response. The viscosity coefficient does depend on the mean free path () of
the molecules as n = (1/3) MA 5 [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) Im (B) 10°%m © 107m @ 10"m

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

Thinking it Through: The mean free path is given by A = (a(N/ ¥y within facuﬂs olehe square |'ooll of 2. _Il-‘or_?l‘lz
at room temperature and pressure (N/¥) = 2.5 x 10" molecules cm™ and g = 107 cm?, thus A = [(10"*) (10 y)|
=107 cmor 107 m. Response (C) is correct.
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The mean free path for a gas molecule depends on temperature T, molecular radius r, and pressure P.

TP-3. f T
The mean free path is proportional to

2 B L C L (D) I

(A) 7P (®) 5 ©) i 2

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

Thinking it Through: The mean free path is given by A = (o(N/ ¥))™" within factors of the square root of 2.
Substitution gives A = (n”2(P/RT))”" or in terms of r, P, and T, A is proportional to (PPITY"' or T/PP. Response

(C) is correct.

TP-4. Order the gases nitrogen, oxygen, fluorine, and neon from slowest to fastest rate of effusion at 1 bar
and 298 K.
(A) F2<0;<N;<Ne (B)  N;<0,<F,<Ne
(C©) Ne<N;<O0,<F, (D) Ne<F;<0,<N,

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

Thinking it Through: The rate of effusion is proportional to the inverse square root of the molar mass of the
molecule. Thus the rate of effusion of the 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 (correct
response) and response (C) from fastest to slowest (incorrect)

TP-5. At 25 °C the molar conductivity of Ag" ion is 61.90x10™ m>.ohm™'-mol”', while that of AgNO, is
133.36x10™" m*-ohm™"-mol™'. The transport number for the Ag’ ion is
(A)  71.46x107" (B)  0.4642
©) 0.5358 (D) 2.1544

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

Thinking It Through: The transference number / transport number is the fraction of the current carried by a given

. A, A
ion. Thus the transference number for the silver ion is A - Dae 6190

Ay *Ao, Ao, 13336

=0.4642 indicating that

response (B) is the correct response.

TP-6. When the reaction
. . AT +2X o BT+ YT
is Sll.ldlcd In pure water, aqueous 0.1 M NaCl, and 1.0 M NaCl, the apparent rate constants in these
media would be in the order

(A)  Kpure) > k(1.0 M) > k(0.1 M) (B) k0.1 M)> k(1.0 M) > k(pure)
©  K1.0M)> k0.1 M) > k(pure) (D)  Kpure) > k(0.1 M) > k(1.0 M)
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Knowledge Required: Effects of ionic species on rate constants, Debye - Hickel theory o ionic solutions. ~
Thinking it Through: The Dcbye-Hilckel theory for ionic salts predicts that the rate constant for a reaction in
ionic solution is given by

log k = log &° + 2Az,zp1'"?

This equation predicts that the rate constant will decrease as the square root of the ionic strength increases because

of a negative slope from the opposite charges. The correct decreasing order is repr d in response (D).
TP-7. The molar conductivities (in units of chm™' Substance A,
cm? mol ™) in infinite dilution (A) are given HCl(aq) 426.1
in the table. The value of A, for NaCl(aq) 126.5
CH;COOH(aq) in the same units is Na(CH,COOXaq) 91.0
H'(aq) 349.8
OH'(aq) 196.7
(A) 2145 (B) 390.6 ©) 517 (D) 643.6

Knowledge Required: lonic solutions, molar conductivities of multi-component solutions.

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

ACH;COOH) = Ao(H") + A(CH;CO0)
= Ao(H') + (A¢(NaCH;COO) — Ao(Na"))
= Ao(H") + A((NaCH;CO0) - (Ao(NaCl) - A«(CI"))
= Af(H") + Ao(NaCH,COO0) — Ao(NaCl) + (A(HCI) ~ Ag(H))
= Ao(H") + A(NaCH,COO) - Ao(NaCl) + AHCI) - A((H")
=91.0— 126.5 +426.1 = 390.6

Thus response (B) is the correct response.

TP-8. A particular --RNA molecule takes 80 ms to diffuse 1 um from the interior of a cell to the cell wall.
How long will it take to diffuse 2 um to the cell wall of a bigger cell?
(A) 40 ms B) 80 ms ©) 160 ms (D) 320 ms

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

Thinking it Through: Diflusion is a process characterized by a Gaussian distribution of the distance of the
molecules from their starting point. The distribution is characterized by the width of the distribution which is
equal 1o 2(Di/n)'?, where D is the diffusion coeflicient and ¢ is the time. Thus the distance diffused is proportional
to 7. 1f amolecule diffuses 1 um in 80 ms then it will take 4 times as long (or 320 ms) to diffuse 2 pm, thus
response (D) is the correct response.

TP-9. The rate of sedimentation of a molecule in an ultracentrifuge does not depend on
(A) viscosity of the solvent. (B) speed of the centrifuge.
() shape of the molecule. D) time.




Transport Properties

Thinking It Through: The sedimentation rate will depend on the viscosil)f of lh_e solvent by slowing down as the
viscosity increases, thus response (A) is incorrect. The speed of the cel}lr}fuge influences the fqrce on th_e )
molecules, which changes the rate of sedimentation, thus response (B) is incorrect. If you conaner a cyllmldncal
molecule, the rate that the molecule moves through the solvent will QePend on the area of the cylinder (if tilted,
this increases) moving down through the solvent, thus response (C) is incorrect. This leaves response (D) to be
the correct answer.

TP-10. If £ is the energy required to break up a cluster of molecules in a liquid, then the viscosity, n, of the
liquid is approximately
A proportional to €™, (B) proportional to "™

©) proportional to T°. (D) independent of temperature.

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

Thinking It Through: The probability that a molecule has energy greater than £ is approximately proportional to

¢ which eliminates the possibility of responses (C) or (D) being correct. E/RT will decrease as temperature
increases, thus e*'*" will decrease as temperature increases and € *'*" will increase as temperature increases.

Experimentally, the viscosity decreases as temperature increases, making the viscosity proportional to ¢*’* and
response (A) the correct answer.

. The transport number for H' in an aqueous

solution of HCI can be estimated from the data dependence of the molar conductance for dilute

iven as strong electrolytes?
Substance Ao
HCl(aq) 426.1 @ (®)
NaCl(aq) 126.5 A A
Na(CH;COO)}aq) 91.0
H'(aq) 349.8 7
_ c
OH (aq) 196.7 &
A) 03599 B) 0.562
“w (®) 03623 © ®)
(C) 0.8209 (D) 1.7783
A A
2. The mobilities of H* and CI” in water are
3.622107 cm® s -v"' and 7.91x10™

cm’:s"-V'I respectively. When a voltage is ¢ ¢
applied across an HCI solution, the percentage

of the current carried by the positive charge is 4. Which plot best ‘T

(A) 82.1%

©) 31.3%

(B) 50%
(D) 179%

represents the
concentration
dependence of the
molar conductivity
of a weak
electrolyte?

(A) A
© C

(B) B
(D) D

¢ A
i
A

't

i
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S.

The mean free path for a spherical gas
molecule is inversely proportional to

(A) the radius of the molecule.
(B) the diameter of the molecule.

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

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

. The units for heat flux are

(B) s
(D) Js'm?

(A) Js'm?
©) Js!'

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.

. The mean free path of the molecules in a gas at

1 atm pressure and 25°C is

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

(B) the same as at 10 atm pressure.

(C) inversely proportional to their collision
frequency.

(D) independent of their diameter.
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 this instance is

(A) collision diameter.
(B) root mean square velocity.

(C) mean free path.

(D) average molecular mass.

10.  Which of the properties of a gas depends on the

mean-free path of the molecules?

(A) the viscosity coefTicient

(B) the average molecular speed

(C) the average molecular kinetic energy
(D) the average momentum in the x-direction
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Phenomenological Kinetics

While we started our consideration of kinctics by thinking about how molecular level interactions oceur, it's
important 1o realize that the study of reaction rates actually began with experimental studies at the Macroscopic
level. Once a large number of experiments were conducted patterns began to emerge about ways that they might
be described. particularly in terms of mathematical models. Because these studies and the mathematics describing
them focus on the observable phenomena of reaction kinetics, they are categorized as phenomenological kineties.

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

The fundamental premise of a rate law is that the rate is proportional to the concentration of reactants raised to

some small. commonly integer. power.
Rate « (X]

where we are designating the reactant of interest as X and the exponent y is the small integer (or half integer.)
Thesc integers can only be determined by experiments, but once they are known, the rate law provides a wealth of
information about the time behavior of the reaction it describes. Given its utility it is not surprising that there are
actually multiple ways to determine the rate law and this chapter provides several questions to provide some
breadth of experience in this form of Kinetics problem.

The determination of a rate law is important mostly because once we know it we 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 are several ways that this might be accomplished. but perhaps the most common
is to determine the half-life of the reaction. The hall-life is defined to be the amount of time it takes for the
concentration {or amount) of a limiting rcactant to fall to one-half its initial value.

Concentration of reactants is not the only variable that can be manipulated in a Kinetics experiment, however.
Common experience also tells us thal temperature plays a role in how fast a reaction takes place. At higher
temperatures reactions usually proceed more quickly. At the macroscopic level, the temperature dependence of
kinetics is generally described by an equation attributed to Svante Arrhenius,

-k,
k=Ae ar

Our final questions look at Arrhenius behavior of chemieal Kinetics.

Study Questions = = . =
PK-1. For the reaction 2NOy(g) + Fx(g) —» 2NO,F(g) the rates of changes of concentrations are related by:
(A) (%) d[NO,)/dr = d[F,)/dt (B) (2) d[NO,)/dr = d[F,)/dr
©) d[NO,)/dr = d[NO,F)/dt (D) d[F,)/dr = —~d[NO,F)/dr
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Knowledge Required: Rate laws, definition of reaction rate

Thinking it Through: The definition of the rate is given by

1 de,
Rate = ——
ate v, dr

where the v, are the stoichiometric coefTicients for species i (positive for products and negative for reactants) and
¢, is the concentration of species i. Thus, for this reaction

1d[NO,] _ _1d[F,] _ 1dINO,F]
2 & 1 d 2 d

Rate =—

so that response (A) is correct. Response (B) is incorrect 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 of the missing
factor of 2.

PK-2. Initial rates, Ro, for a reaction A + B — products, (Ao [B)o (Clo Ro

which takes place in the presence of a catalyst C, were
measured at 298 K for different initial concentrations of 040 030 0.60 0.60

A, B and C (in mol dm™). Assuming that the rate 1.20 0.30 0.60 1.79

equation has the form 0.40 0.30 1.80 5.41
Rate = £ [A]*[B] [CT 120 0.90 0.60 1.79

The values of a, P and y are:

(A) a=1 p=0 y=3 B a=1 B=0 y=

© a=2 p=1 y=2 ® a=3 PB=1 y-=

Knowledge Required: Determination of rate laws from multiple experiments with concentration-rate data.
Thinking it Through: The form of the rate law is given in the problem. Identifying the four experiments as 1, 2,
3, and 4 from the top, we can write

Rate, _ k[A;,(BE,[CL,
Rate, K[AL; (BE,IC):,

where.lhe i, j.'s correspond to the different experiments. Selecting experiments 1 and 2 allows cancellation of the
terms involving &, (B], and [C] to give

129_(120y
0.60 \040

anda=1. Thus responses (C) and (D) arc incorrect. B 1S equal to 0 is both responses (A) and (B)) thus Yy must be
. .
used to difier entiate bet n the two responses. Selecting ex m i
v ) - experiments |
weel ! 8 experi n and 3 allows cancellation of the terms

541 _(I.BO ¥
060 \0.60

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 concentration-time data will produce a straight line for a zeroth order reaction?

(A) ¢’ against / (B) ¢ against { ©) ! against 1! D) in ¢ against ¢

Knowledge Required: Linearization of concentration-time data for various orders. _
Thinking it Through: For a zcroth order reaction, the time dependence (integrated rate law) is given by
c=co-kt

Thus a plot of c(y axis) against #(x axis) will be linear with intercept c; and slope -k. This leads to response (B)
being correct. Response (A) would be correct for a second order reaction, response (C) is always incorrect ("' on
x axis is not used), and response (D) would be corrcct 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?
In[A)
[}
(A) zero (B) first (©C) second (D) third

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

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

[A] 1 | 1 1 .
[A]-[A], =K1, In2=l=-ki, —=--—=ki, and ———— =3kr, respectively. Thus the plot shows
’ (A, (Al (Al (Al (AL
In[A] against 7 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.
) 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 it Through: The rate law for a reaction that is first order in both reactants is given by
Rate = k[A]' [B)'

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 l.hus the
correct response. In response (A), the small temperature changes typically do not affect the rate law and is thus
incorrect. In response (B), a catalyst typically affects the rate law by increasing the complexity of the rate law not
by making it pseudo-order, thus is incorrect. The equilibrium response of response (D) has nothing to do with the
rate law, and is thus incorrect.
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Femtosccond spectroscopy can be used to examine rcactions on the 107" second time scale. These

PK-6.
experiments are most useful for
(A) reactions that are faster than a single vibration.
(B) diffusion controlled reactions.
©) 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 107* 5. Response (A) compares this time with that of molecular
vibration (10" seconds). Response (B) compares this time with that of diffusion controlled reaction (107 - 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 107 seconds). The shortest of these time scales is that of response (A), which is the

correct response.

PK-7. The relationship between rate constant &, initial concentration co, and half-life r.;, for a zeroth-order
reaction is
(A) 1y = lkeo ®B) 1,=(n2)k (C) t,=kco D)  t=co2

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

Thinking It Through: The general definition of the half-life is the time required for the ¢ tration to d

to % of the original amount. For a zeroth order reaction, the time depend: (integrated rate law) is given by
c=co-ki

Substitution of c(1,,) for c(7) and 1 = 1,, gives
c2=co—kiy

and #,, = c/2k (response (D) is correct).

PK-8. Two first-order reactions have identical pre-exp ial factors; their activation energies differ by
25.0 kJ-mol™’. The ratio of their rate constants at 25°C is
(A) 50 @)  24x10* ©) 6.1x10 @)  1L.71x10%

Knowledge Required: Arthenius explanation of temperature dependence of reactions.

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

K, _ A.CAL“l.'
k, At

Since 4, = 4,, this ratio can be rewritten as
k_. =e""“ Fo1 M RT = e-:;,mml N4y 91y

k,

=24x10*

Thus response (B) is the correct response.

46




Phenomenological Kinetics

PK-9. For the concerted reaction A+ B — C+D E(forward) is 46 kJ-mol " and AH = —27 kJ-mol *
Therefore. E, (in units of kJ-mol ') for the reverse reaction is

(A) 19 (B) 27 ©) 46 (D) 73
Knowledge Required: Diagram of energy as a function of reaction coordinate. relations between energics of
reactants. products and the transition state
Thinking it Through: The conventional diagram of the energy () against reaction
coordinate (x) shows the cnergy dilTerence 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 cnergy for the reverse reaction when moving to the teft. In this case, the Reaction Coordinete
height of the barrier for the reverse reaction £,(reverse) = 46 KJ-mol™ + 27 kJ-mol™' =
73 kJ-mol”'. The correct answer is response (D). Response (A) corresponds to (46 — 27) kJ-mot™’, which is
incorrect. Responses (B) and (C) correspond to the two numbers given in the problem, also incorrect responses.

PK-10. The gas-phase reaction 2NO, + Oy =& N,Os + O, has the rate constant & = 2.0x10* L-mol™"s™' at
300 K. What is the order of the reaction?

(A) 0 (B) 1
(C) 2 (D) Unable to determine with the data given.

dlA . .
Thinking it Through: The rate law cxpression is given by %—] = -k[A] . Thus the units on the rate constant, &,
'

are mol-L "time ' /(mmol-L™")". Since the given units of the rate constant are L-mol™"s™' the value of x (the order) is
2, and response (C) is correct.

Practice Questions. -

1. When the time dependence of the reaction 2. The chemical reaction

A+B 5 C A+B - C
was studied at different [A] _[B) Rate is first order in A and first order in B. When
initial [A] and [B), the . € Ro the initial concentrations of A and B are both
relative rates were shown 2¢6 ¢co 4Ry equal to ¢, the initial rate for the reaction is
in the table. 2¢, 2co B8R, proportional to
From this data one cc_mcludes that the overall (A) aconstant. (B) co.
rate for this reaction is s 2
(©) co- (D) co.
(A) zero order. (B) first order.
(C) sccond order. (D) third order. 3. The chemical reaction, d(A]

A — products, is found & -k[A)

to have a rate equation
The half life for this reaction is

(A) independent of [A].
(B) proportional to 1/[A].
(C) equalto k.

(D) zero.
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4. Forthe

reaction

A = Bithe

concentration
of A varies as
shown. The

reaction must
be first order 0P @ I @& 9 O
with respect to 1

{A] because

(A) —

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

(B)

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

the half-life of the reaction is proportional
1o {A].

[A) is independent of the half-life.

©

(D)

. For 2H,0x(aq) & 2H;0(l) + Oy(g), which plot
confirms that the reaction is second order with
respect to H,0,?

(A) (B
%0,] \ upi0,] \
T ts
©) (D)
Mmo,)’ \ ufmo,) /
' A

. If the rate constant for a chemical reaction is ko
at 300 K, the activation energy is E, (ki-mol™"),
and the pre-exponential factor, 4, is not a
function of temperature, then the rate constant
at310K is

(A) koexp{~(EJRX1/310 - 1/300)]
(B) keexp[-(E/RY1/310 + 1/300))
(C) koexp{—(E/RX1/300 - 1/310)]
(D) keexpl(EJRX1/310 + 1/300)]

. Under what conditions will the temperature

dependence of the rate constant (d/d7) be
greatest?

(A) low temperature, small E,
(B) low temperature, large £,

(C) high temperature, small E,
(D) high temperature, large £,

48

10.

Which correctly expresses the ratio of the rate
constant at 30 °C to that at 25 °C?

kyo ! kpy =
(A) 3037'-298"'
®) 30" -25"'
(C) exp{-(E/RY(303™' - 2987"))
(D) exp(-(E/RY(30' -257)]
For a second order chemical reaction, the units
for the rate constant (k) are
(A) (concentration)time)'
(B) (concentration)(time)”’
(C) (concentration) (time)”’
(D) (concentration) '(lime)”'
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 of the reaclants and products
do not overlap?

(A)
(B)
o

The absorbance at the start of the reaction
The concentration of the starting material

The extinction coefficient or molar
absorptivity of each reactant and product

The absorbance of the reactant at two
difTerent times

(D)
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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 to be unimportant.
Nonetheless. stoichiometric depictions of reactions would seem to imply the involvement of many molecules at a
time in at least some reactions. This mismatch between collisions and stoichiometry implies that reactions must be
able to proceed in steps, something we refer to 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 that collide in them.
e One molecule involved — unimolecular
e Two molecules involved — bimolecular
e  Three molecules involved — termolecular

Mechanisms can be disproved by experimental evidence, but it is not possible to prove them to be true because
it is always possible that another mechanism could be devised that accounts for the same observations. There are.
however, important constraints that must be met for any mechanism 1o 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 stoichiometry, the mechanism must also be able to
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 state
approximation and the fast equilibrium approximation. Other problems reviewing rate limiting steps and
comparison of rate constants for elementary steps to simplify rate 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).

M-1. Consider the reaction mechanism |A - B> C I in which the rate constant for the first reaction is
very much smaller than that for the second reaction. At/=0, only substance A is present. Shortly

after the steady-state is initially established (both reactions are irreversible), which of the following
statements is correct?

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

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

Thinking it 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

itis quickly converted to C. This means that the concentration of B will be i
. zero or vel all after the t
reaches a steady-state, and response (B) is correct. e A TRdon
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M-2, The sequence 2 CH;NC -» CH;NC* + CH;NC k)
CH;NC* + CH,;NC - 2CH,NC k,
CH;NC* - CH;CN k;

is proposed to account for the first-order kinetics observed in the CH,NC(g) — CH,CN(g)

isomerization at high pressures. Which assumptions are made to account for the observed first-order

rate law,
d[CH;NC)/ dr = - k|CH,NC) 1 Apply the steady state approximation to CH,NC*
1 Assume &, [CH;NC) >> &,
Il Assume k, >> &,
IV Assumek,/k,>> 1
(A) 1 only (B) land 11 (C) 1,11, and 11} (D) LI, and1V

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 it 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:

dICH NC*) ,

————= 0 = k[CH,NCJ - k_ [CH,NC*)[CH,NC] - k,[CH,NC*]
dr

Solve this expression for the concentration of the intermediate:

t]
{CH,NC*] = lﬁ{—ﬁcNth .
Now write a rate expression for the change in concentration of CH;NC:
d[CH;NCY/ds = k,{CH,NC®).

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

dICH,NC]_ kA [CH,NC]'
& k,ICH,NC] + k,

If this expression is to be reduced to a first order expression, k; must be small in comparison to the 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
e = k, [EL (SI
Ky + (5]
As [S] becomes very large compared to Ky, the apparent order for the substrate is
(A) zero (B) one (©) two D) two-thirds

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

Thinking it Through: If K,y << [S}, the denominator of the rate expression is approximately equal to [S). The rate
law becomes rate = k [E],. This rate expression does not include [S] and is therefore zero order with respect to the
substrate, and response (A) is correct.
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M4. In the mechanism shown, Step 1 is irreversible. Step 2 is reversible. A—h 5B k c
At cquilibrium > &,
(A) [A]=0 B) [B]=0 © [C]=0 (D) [B]=[C]

Knowledge Required: Consecutive reactions, reversible reactions and equilibrium

Thinking It 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 the value of the equilibrium constant; they will not necessarily be equal in concentration. Therefore response

(A) is the best answer.

M-S, In homogeneous catalysis of a chemical reaction, the intreduction of the catalyst changes the
(A) AH for the reaction. (B) pathway between the products and
reactants.
©) cquilibrium position of the reaction. (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. Catalysts are not produced or consumed in a reaction and do not affect the stoichiometry of a reaction.
Therefore response (B) is the correct answer.

M-6. When dissociated single strands, SS, of DNA’s o
double helix recombine, the behavior shown in
the figure is observed. It can be inferred that the 1
reaction is initially order, and that at isS)
time 7,
t h
(A) first equilibrium is established. (B) first the mechanism has changed.
©) second equilibrium is established. (D) second the mechanism has changed.

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

Thinking it Thmug?l: l..inear plots of 1/concentration against time indicate that a reaction is second order.
'_The_rcft:.»re this reaction is initially second order. At longer times (longer than 1) the plot is no longer linear
indicating a change in mechanism. Therefore response (D) is the best answer.

M-7. A molecule has absorbed a photon. In general, which process has the slowest rate for decay?
(A) stimulated emission (B) phosphorescence
©) intemal 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 intersystem crossing occurs in

phosphorescence this process has the slowest decay rat i ily i i
D orpien once this y rate. The energy is trapped temporarily in the excited state of
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M-8. Which sequence of state-to-state transitions for a diatomic system is required for one to observe

fluorescence with a wavelength longer than that for the excitation photon?

(A) (B)
i 4
\‘ _/ singlet Triplet
N
/-
4 1 4
\\J// Singlet \\L / singlet
© (D)
/7’
\ { Triplet Singlet
\ \ h
t v -
VUL / singlet \[d / singlet
&/ W]

Knowledge Required: Fluorescence, cnergy diagrams, relationship between wavelength and energy

Thinking it Through: Siatc-to-state 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 excitation photons, because the transition begins and ends in the
same state. Figure (D) is the correct response. The fluorescence wavelength is longer (less energy) than that of the
cxcitation photon.

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

(A) 1=1 (B) In(/) = In(lo) - ki
©) 1=1-kt (D) 1=In(lo) + ki

Knowledge Required: Phosphorescence

Thinking It Through: Phosphorescence is first order with respect to intensity. Response (B) is the only answer
that corresponds to a first order process, and is therefore the correct responsc.
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M-10.

The photochemical reduction-dimerization of benmqhemne to benzpinacol in isopropyl alcohol
proceeds according to the equation with a quantum yield of 2.

') e

‘\ e hv | I —
— ———+ HO—C—C—OH + C=0
2 /C—O + /CI-IOH 300 350 B /

’ H,C ¢ ¢

The addition of a small amount of naphthalene to 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 state and prevents its photochemical
excitation.

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

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

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

Knowledge Required: Quantum yield, photochemical reactions

Thinking it Through: The reaction in question proceeds through the production of an excited state of
benzophenone. The addition of naphthalene with its large number of 1t electrons and relative high mass will
quench the excited state to the ground state. Thus response (B) is correct.

'R

Practice -Question:

For the reaction of A with B k 2. The hydrolysis of a certain
—a g

to form D, lhe_ first step A+B TC transition metal complex can be A-> B
fnvolves forming a reaction written schematicaily as shown.
intermediate C which is in
equilibrium with A and B. k A B
The overall mechanism can c+B b Which can t
be written as shown. be inferred
The rate expression for the production of D from the
from this mechanism is expected to be figure?
(A) (constant) [A]. 0 t (in) 50
(B) (constant) {A) [B]. ’

A B (193,) - (10 1=
©) [A][B](C). ' ’
(D) (constant) {A] {BJ. (B) Atleast onc intermediate is formed.

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

(D) The rate reaches equilibrium in 50
minules.
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3. The predicted rate law for

k
A+B==C

c—%5p

using the steady-state approximation is

(A) kkIANB)
k +k,

(B) k[C)
(C) k[A][B] - &,[C] - &(C)
(D) (kiky/k ) [A)[B]

. Using the mechanism for free radical
polymerization shown,

I - 2I k,
I-+M > P- k;

Py +M 5 P,, ky

P, +Pu = Pa., ke

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

(A) initiator ().

(B) monomer (M).

(C) polymer of chain length n (P,).

(D) total polymer radical chain concentration
(P, +Pu+..).

. A possible mechanism for the gas-phase
reaction
2NO,Cl - 2NO, +Cl;

is: | NO,Cl -» NO,+Cl (slow)
Cl+NO,Cl -» NO,+Cl, (fast)
The rate equation consistent with this
mechanism is:

(A) rate =k [NOCI)
(B) rate = k [NO,CI)?

(C) rate = £ [CI) [NOCI)
(D) rate = k [Cl;) [NO,J
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- The mechanism of an enzyme catalyzed

reaction of a substrate (S) to yicld products (P)
can be written

E+S=—ES——=EP—=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

. 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.

. According to the Langmuir model of

chemisorption of a gas on a solid surface,

(A) the amount of gas adsorbed increases
linearly with the partial pressure of the gas
up to 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) agaseous molecule striking a emply 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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9.

For the photochemically |1, +Av — 2I- 11.
driven reaction of H; with [1- +H; - HI+H

I,. a possible mechanism |H +1, —» I-+HI

is shown in the box. F+1 o Iy

With this mechanism the number of H1
molecules produced per photon absorbed is

(A) greater than 1.
(B) lessthan 1.

(C) equaltol.
(D) always a whole number.

Gaseous, unimolecular decomposition reactions
may proceed according to the 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—15A%+A
A*+A—S5A+A
A*—4 products
Using the steady state approximation for the
. d|A*
quantity [ o the rate law for the reaction

A — products becomes
-d [A)/ .k, [A]
dr” [A]+ k,
Under which conditions will the rate of the
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

56

For the mechanism
CH,COCH, —-+CH, -+ CH,CO-
CH,CO-—'CH, -+ CO
CH, -+ CH,COCH, —2CH, + -CH,COCH,
-CH,COCH, —+»CH, -+ CH,CO
CH, -+ -CH,COCH, —» C,H,COCH,
The rate of formation of CH,CO- is given by
the expression
(A) K [CH;COCH,) - &,[CH,CO")
(B) K[CH,COCH,) + k[CH,CO")
(C) k[CH;COCH;) + ky[CH;COCH;)[CHy')
(D) k[CH;COCH;] - &[CH,COCH;)(CHy')
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Reaction Dynamics

The concept of a reaction mechanism suggests that the observed rate of chemical reactions can bc explained in
terms of a serics of elementary steps. We might then take this reasoning to 'lhe next !cvcl and ask. “What happcns
in each elementary step?” This question requires that we think about chcmical reactions at l!\c level of atoms and
molecules. Consideration of kinetics at this level is referred to as the study of reaction dynamics.

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

If we consider the matter of chemical reactions further, we quickly conclude that not all collisions between
particles result in reactions. For example. under the normal conditions we encounter in everyday life. the
molecules of nitrogen and oxygen in air are constantly colliding with each other but not rcaclir_lg. The most
important component of reaction dynamics that explains this observation is that in order for a reaction to occur the
collision must have enough energy to overcome the activation energy for the reaction. The activation energy is
characteristic of a reaction and represents the minimum amount of energy that must be available to colliding
particles in order for a reaction (0 occur.

The activation energy of a reaction can also be related to structural changes that must occur in order to allow
the transition from reactants to products. These structural implications can be considered in several ways, including
the calculation of potential energy surfaces that map the energy of a system upon variation of structural variables
(such as bond lengths) in the reaction system. While these variables can be pulated in any . the

activation energy of a process is generally associated with a specific structure called the transition state.

This chapter includes problems that 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 encrgy
surfaces and trajectories on these potential energy surfaces are also tested.

Study Questions

RD-1. Which statement is NOT true for the behavior of a catalyst?

(A) A calalyst increases the cquilibrium constant and final produet concentrations.
(B) A catalyst reduces the activation energy for a reaction.
©) A catalyst speeds up the rate of a reaction.

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

Knowledge Required: Definition of a catalyst, T
Thinking it through: A catalyst speeds up the rcaction rate by providing a lower cnergy pathway for the reaction.

Catalysts increase the rates of reversible reactions in both directions. Comparison of the definition of a catalyst to
these statements indicates that response (A) is not true.

RD-2. In the derivation of “transition statc theory”, the assumption is made that the reactants are
(A) unstable relative to the products. (B) in equilibrium with the products.
©) in equilibrium with an activated (D) hard sphere molecules.
complex.
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Knowledge Required: Assumptions made in transition 's“l‘:-a-l_eﬂl'l‘\é&”y‘.ﬂ T
Thinking it through: Transition state theory assumes that every set of rcactants that cross a set point on the
potential energy surface (saddle point) progress to reactants. This theory also assumes that the molecules have a
Boltzmann distribution of energies. Application of these assumptions leads to the condition that the reactants are
in equilibrium with an activated complex. Therefore response (C) is the best response.

RD-3. The entropy of activation of a reaction may be oblained 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 coefTicients of the reactants and products.

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

Thinking it through: The Arrhenius expression relates the temperature dependence of the rate constant to a pre-

exponential factor 4 and the activation energy Ey: k = Ae¢™™ orink=InA - EukgT. A plot of In k versus /T
is linear with an intercept equal to In A. Using transition-state theory A and £, can be related to thermodynamic
properties of the transition-state; A = constant x T x exp (AS® /R). 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 not to the thermodynamics of the transition-state
(activation), ruling out responses (B) and (D).

RD4. The figure shows the reaction profile for

k
Am=p_f
Y
Identify the incorrect statement

 Froc Ecergy (G)

(A) AG<0 (:)) AG.} > AGy!

(o)} ko >k (D) The first transition state resembles B
more closely than A

knawltdge Required: Interpreting reaction profile diagrams.

Thinking It through: By comparing G values for products, reactants and intermediates, you can delermin.e that
responses (A) and (B) are correct statements, thus incorrect responses. The first transition-state is closer in energy
10 B than to A and therefore response (D) is reasonable. Response (C) is an incorrect statement, thus the correct
response. The reaction profile indicates thal the reverse of this statement is correct, as the barrier to the first
transition-state is larger than that to the second transition-state. :

VLR TG SR H T




Reaction Dynamics

RD-S. For the rcaction H + H-H —» H-H + H, which
point represents the transition state?

(A) 1 (B) 2 © 3 (D) 4

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

Thinking Ut 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 conrect 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,-Hy+F - H,+H,-F
are constrained to react in a collinear geometry,
the potential energy surface for the reaction is
shown. The energy contours are given in
keal-mol™'. Identify the conclusion that cannot be
drawn from this diagram.

(A)  The equilibrium H, — F bond distance is approximately 0.9 A.

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

© The reaction is exothermic by 29 kcal-mol ™.

(D) Much of the energy of the reaction is converted to translational energy.

Knowledge Required: Interpreting potential energy surfaces.

Thinking it through: Bond lengths and comparison of distances between atoms can be determined from the
potential energy surface since these distances are plotted on the x and y axes. This information can be used to
determine that responses (A) and (B) are correct. Response (C) is also a correct conclusion. The heat of reaction
<an be determined by comparison of the 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 rcaction 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) the rate of formation of encounter pairs.
©) activation energies. (D) diffusion of the solvent molecules.

s4
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Reaction Dynamics

Knowledge Required: Factors that contribute to reaction rates in dilfusion controlied réactions. =~
Thinking it through: Response (B) is the best answer. A reaction will only occur if the reactants can encounter
cach other. Therefore, the rate of reaction is determined by how fast the reactants diffuse towards each other to

form encounter pairs. The barrier to reaction in a diffusion 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, the collision rate between A and B usually exceeds the
reaction rate because the collision rate does not include the el¥ect of the

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

© molecular speed. (D) cross section.

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

reaction rate = (collision rate)(fraction of molecules with sulficient energy)(steric factor)
or

-,
rate = Z, e /"’p

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

RD-9. According to absolute reaction rate (transition-state) theory, the products of a reaction are formed
when

(A) the activated complex vibrates.
(B) the activated complex rotates nt radians.
©) one of the translational modes of the 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 — state theory).

Thinking it through: At the transition state (the top of the potential energy surface), the activated complex has a
number of vibrational modes corresponding to motions of the atoms. One of those modes (that along the 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 the endothermic

reaction
A(g) + B(g) = Products

is best approximated by

(A) the standard enthalpy change of the reaction.

(B) the larger of the bond dissociation energies of the reactants.
© the sum of the bond dissociation energies of the reactants.

(D) the difference of the bond dissociation energies of the reactants.
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Knowiedge Required: Changes in reaction coordinate diagram with AH, E,
Thinking it through: An cndothermic reaction must have poin‘l A lower !han poi{n
C. The lowest possible energy for the transition state (the minimum barrier at point
B going from C 10 A is zero) is thus the same energy as C. Thus the lower bound for
the forward reaction is the AH for the endothermic reaction, and response (A) is

e
C

A

Reaction Coordi

correct.
Practice Questions
1. In activated complex theory, a positive entropy 4. The rate of a chemical reaction is proportional
of activation yields a to the total number of collisions between
. reactant molecules per unit time. The collision
(A) large Arrhenius prefactor. rate is largest for
(B) small Arrhenius prefactor. (A) high collision cross scction and low
(C) large activation energy. molecular velocity.
(D) small activation energy. (B) high collision cross section and high
molecular velocity.
2. In collision theory. the steric factor is related to (C) low collision cross section and low
the molecular velocity.
(A) relative orientation of the colliding (D) low collision cross section and high
reactants. molecular velocity.
(B) atomic or molecular mass of each
reactant. S. The redox reaction between Cu® and
. I Co(NH,)sCI** has been studied in mixtures of
(C) highest vibrational frequency of each WALET (€xeer = 78.5) and Methanol (Eppuns =
feactant. 32.6) in the presence of an inert salt. The
(D) molecular polarizability of each reactant. reaction rate is expected to
.. i i d
3. Transition state theory predicts that the rate " ::zrr'e:;sa:lwnh added methanol and added
constant for a reaction is given by the .
expression. (B) decrease with added methano! and added
k=(l“‘—r)¢‘“""'¢~‘""’" inert salt.
h (C) increase with added methanol, but
Using EA=—( dink ) then £, depends on decrease with added inert salt.
(/7 (D) remain unchanged with added methanol,
but increase with added inert salt.
(A) aH'. (B) aHLT. .
(©) AH: ASt T ©) ast T 6. According to absolute rate theory, the pre-

cxponential factor in the Arrhenius equation is
related to

(A)

the enthalpy difference between reactants
and the activated complex.

(B)

the internal encrgy difference between
reactants and the activated complex.

(C) the internal energy difference between

reactants and products.

(D)

the entropy difference between reactants
and the activated complex.



7.

9

3

10.

A fundamental postulate of the theory of
absolute reaction rates is that

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

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

(C) the transition state contains one more
degree of freedom than the reactants.

(D) two molecules must collide.

. Simple collision theory provides a prediction

for the rates of gas phase reactions. Which
statement concemning 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-exponential factor obtained is
proportional to 7.

In activated complex theory, the Arrhenius pre-
exponential factor can be calculated using

(A) As® (B) AH?
(C) aG» (D) E,

In the Chapman mechanism for atmospheric
ozone destruction

1 01 +hv =20

2 0+0;, -0y

3 O+ 0) i d 201

4 0) +hy 50+ 01
the observed quantum yield can be greater than
1 because of step

@“a 1 @2 © 3 D) 4
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Statistical Mechanics

The study of chemisiry routinely requires the use of models at both the macroscopic and moleculas levels. 1n
some cases these two views are simply complimentary ideas that can be considered in some sense independent of
cach other. At other times. however. important insight is gained by relating the models at these two levels. The
machinery needed to forge these relationships falls in the realm of a 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 this field is that
macroscopic size samples of matter contain such vast numbers of particles that observations made at that level can
be determined based on probabilistic arguments. Thus, statistical mechanics is predicated on understanding the
laws of probability that explain the observations of matter.

A great deal of mathematical theory has been built up to explain probability. The key factor that allows us 1o
apply this machinery is the realization that the behavior of molecular systems can be understood in terms of the
probability distributions of the particles in quantum mechanical energy states. Partition functions are used to
describe this distribution. so much of introductory statistical mechanics is based on developing this concept and its
implications for molecules.

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

Study Questions

SM-1. Suppose two isomers, A and B, in equilibrium have the
energy levels shown. Then, =
E —
B
(A) A is favored at all temperatures. (B) B is favored at all temperatures.
©) very low temperatures favor A, very (D) very low temperatures favor B, very
high temperatures favor B. high temperatures favor A.

Knowledge Required: Relationship between the population of energy levels and temperature.
Thinking it Through: 1somer 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 (oncr encrg_y) because
there are no corresponding low energy levels for B. B will be favored at high temperatures (high energies) because
there arc multiple levels available, while A has only one available high energy level. Therefore the correct
response is (C).
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SM-2. Which figure cannot correspond to an equilibrium distribution of molecules between two quantum
states at 300 K?
-o-0-0-0 —eo— —
E 0000 —e— —o00— -so00-
(A) (B) ©) (D)

Thinking Il 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 thc upper
energy for the given system is then °/3, which is 2. Therefore, responses (A), (C) and (D) are reasonable
distributions. Response (B) is not reasonable, and is the correct response.

SM-J. 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

(CYR (B) 1 ©) the (D) o
temperature 7

Knowledge Required: Temperature dependence of vibrational partition function.

Thinking it through: The vibrational partition function has the form: l . At low temperatures this

_eqnuul'
function approaches |, therefore response (B) is correct.
SM4. Which partition function will be the same for gaseous H, and D, at all temperatures?
(A) translational (B) rotational
© 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 the nuclei of
the molef:ules z!nd therefore arc mass dependent. These partition functions will be different for H, and D,.
Elec.ll_'omc 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-s. 1f an atom has a dpubly degenerate excited state that is Ac cm™' above the non-degenerate ground
state, the electronic partition function at any temperature (7) for this atom is

(A)

2670 I

©) 14+ 2¢ %" (D) 2420 %

Knowledge Required: Correct form of clectronic partition function, inc luding degneracies.

l1';hlnlu'r|rg it (h_mugh: T.hc excited state is doubly degenerate, therefore a two should multiply its contribution to
¢ total partition function and a one should multiply the ground state’s contribution. This eliminates responses (B)

and (D). Response (A) can also be eliminated as the Boliz, i i
A mann constant should be in the dei tor of th
exponential. Response (C) is therefore correct. rominator ofthe
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SM-6. What is the molecular partition function for the ]
two level system shown? E —_————
—_—
A) pISUTLILNE YU (B) PRUTLILNPEINTN §
(C) e-h./l.! +e-h.“-f (D) e-h‘“-' PSRN

Knowledge Required: Functional form of partition functions, including degeneracy in partition functions.

Thinking it through: The partition function is: g = Zg‘e"-“»’ , where g, is the degeneracy of the ith state.
Response (A) is the only one that includes the degeneracy correctly and is therefore the correct response.

SM-7. The order in which various molecular degrees of freedom of 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.

©) vib > elec > trans > rot. (D) trans > rot > vib > elec.

Eﬁo;lédge Required: Relative importance of various molecular degrees of freedom to heat capacity. Temperature
dependence of various molecular degrees of freedom.

Thinking it through: 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
Ao
e -D
in which © is a characteristic temperature for the molecule. This equation predicts that
(A) Cy approaches zero as the temperature approaches infinity.
(B) Cy always decreases as temperature increases.
(©) Cy approaches R as the temperature approaches infinity.
(D) Cy increases without limit as the temperature approaches zero.

Knowledge Required: Understanding the temperature dependence of the vibrational heat capacity.

Thinking it through: The correct response is (C). You can get to this answer by taking the limit of the above
expression as T approaches infinity. This calculation is involved and would probably take too much time. Another
way to approach this solution is to recall that a plot of Cy versus 77 © approaches R as T increases; Cy approaches
the classical value of R for a diatomic gas.

SM-9. Consider a system of independent particles each | State Degeneracy Energy / J-mol”
of which can exist in two states, A and B. The A 1 0

energies and degeneracies are given in the table:

B 2 600
At approximately what temperature will the population in state A be equal to that in state B?
(A) 0K (B) S7K ©) 104 K (D) 273K
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Knowledge Required: The Bolizmann distribution for temperature dependence of states.
Thinking It through: The ratio of the populations is given by the Boltzmann distribution to be (and on
substituting)
1= Ny _8 orleo-eaVAT _ ge-(«n ot )(8314 2ot X7V)F
N, &, 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**Cl is 127.455 pm. Which statement is true at
300 K? The spacing between the rotational states

(A) issmaller for Hl, therefore Hl will have a higher value of gr.
(B) is larger for Hl, therefore H1 will have a higher value of gy.
(C) s smaller for HCI, therefore HCI will have a higher value of g,,,.

(D) is not enough information to determine which molecule will have a larger value of gy.

Knowledge Required: Rotational partition function (¢,) dependence on different factors.
Thinking I through: The rotation partition function, ¢, for a diatomic molecule is given by
ST 8mPuRk,T
R

Since the reduced mass for H'”’l and H**Cl are both approximately 1 g-mol™, E « RL g = R, and the spacing

2

will be smaller for Hl, and g,,, will be larger. This corresponds to response (A) being correct.

1. Consider the rotational contribution to the heat 3. The diagram depicts 12 molecules in a two

capacity of a gas. The rotational temperatures, state system at 300 K. If three more molecules
©,, for H,, O,, and CH; are given in the table. are promoted to state | the temperature would
At 120 K, which molecule will deviate most be
from the classical limit? -0-0-@ state |
Hz 0} CH.
e, 854 2.06 15 4.55x10% )
(A) All three are at the classical limit. — 900000006 st
(B) H;
(A) 300K
©) O, B) 600K
(D) CH, (

(C) infinite
2. The I, vibrational frequency is 6.42x10" s, D) thet 0 t be determi
What is the equilibrium ratio, N,/N,, of the ® emPperature cannot be determined
Populations of the first-excited and ground
vibrational states at 300 K?

(A) 0.036 (B) 0.36
©) 36 D) 36
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4. The ground electronic state of O, is °’E,". The
value of the electronic partition function is

(A) 1 because the orbital degeneracy is 1.
(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.

S. In a system composed of N particles behaving
classically according to Boltzmann statistics
the number of particles which would be found
in a state having an energy, ¢, and a
degeneracy, g, is directly proportional to

(A) % (B) ge.
© ge_%". ®) ge%".
6. At high temperatures, the rotational partition
limits to
(A)O0. B T (O o

(D) a value which depends on the molecule.

7. As T goes to 0, the molecular partition function
limits to

A) 0. @B L ©) gix (D) .

8. Above what temperature does the rotational
partition function become important for H,?

(A) 1K (B) 50K
(©) 300K @) 2000K

9. The |, vibrational frequency is 6.42x 102570,
The number of vibrational states with a
fractional population greater than 0.2 at 300 K
is

AL @® 2 ()5 (D 2.

10. The ratio of rotational partition functions for H;

andD;, M a1 1000K is

9o,

A) 1 ® 2 D) %

© 2

Whigh molecule has the largest value for its
rotational partition function at room
temperature?

(A) O:p)
(C) Nip)

(B) Hi(g)
(D) Cly(g)
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Answersto Study Questions

1.C 5. C
2.B 6. A
3B 7.D
4. D 8. C
Answers to Practice Questions
1.B 5.C
2.B 6. D
3. C 7. C
4. C 8B
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Scveral fundamental concepts permeate quantum chemistry discussions and the study of the spectroscopy of
atoms and molecules. The conecpts dealing with the origin of spectra and the size and shape of spectral peaks are
of fundamental importance. The development of Quantum Mechanics started in the late 19 and carly 20*
Centuries when classical physics could not explain blackbody radiation, the photoelectric effect, clectron
diffraction, or the luminescence spectrum of hydrogen.

Max Planck made the first breakthrough by assuming that the energy of the oscillators in a blackbody was
quantized by € = nhv where n1 is an integer, v is the frequency and / 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 of the photoelectric effect by
proposing that radiation itself existed as small packets of energy with € = hv, called photons. For hydrogen, first
Balmer and later Rydberg developed the empirical equation explaining the observed spectrum of hydrogen,

)

where Ry is the 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 2’—' =h . de Broglie
x

extended the Einstein equation for the momentum of a photon to any particle of matter by relating particle

momentum lo an associated wavelength, A = h = LA , called the de Broglie wavelength.
p mv

The early 20® Century saw the development of the Schrédinger equation, a partial differential equation
describing the wave properties of matter. Solutions to the Schrddinger equation are called wave functions. The
Schrddinger equation and solutions to various chemically relevant systems are discussed later. However, several
fundamental concepts that follow from the application of the Schrédinger 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
of the coordinates of two electrons results in a wave function with the opposite sign, e.g.

v(1.2)=-v(2,1)
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
Heisenbcrg to the Uncertainty Principle, AxAp, 2 %h . 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 particle-wave duality is the correspondence principle which says that classical and quantum
mechanical results merge in the limit of high quantum numbers.

Chenmists typically use Schrodinger's wave equation to create quantum mechanical descriptions of atoms and
molecules. The time-independent Schrodinger equation is Fiy = Ey where # is the Hamiltonian operator, ¥ the

wave function and E the energy. This equation has the form of an eigenvalue equa_tion. _Functions are S
cigenfunctions of an operator when the result of applying the operator to the function fiis the same as multiplication

of /by a constant a, ;1/' = af . The wave unctions and energies of systems are the cigenfunctions and eigenva.lues
of the Hamiltonian operator. The Hamiltonian is an example of an operator, a rule for changing one function into
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another function. The Hamiltonian is formed by adding together the operators describing the kinetic and potential
energies of the quantum mechanical particles.

All quantum mechanical operators, including the Hamiltonian, must be linear and Hermitian. A linear operator
i satisfies A(c,f +¢,8)= ¢, Af +¢,Ag , where fand g are functions and c, and c; are constants. A Hermitian

operator satisfies I f 'ﬁgdt = Ig[;if ] dt. (This restriction leads to some convenient properties for wave

functions and expectation values of operators.)

Because in molecules the electrons move more quickly than the massive nuclei, we assume that the nuclei are
fixed. This neglect of nuclear motion is called the Bom-Oppenheimer approximation. One consequence of the
Bom-Oppenheimer approximation is that we solve the Schridinger 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 the idea that nuclei are heavy and slow moving
compared to electrons. The FC principle states that because nuclei are much more massive than electrons an
electronic transition takes place in the presence of fixed nuclei.

The Schrodinger equation is a differential equation that can be solved for the particle wave function and the
energy of a particle. The exact Schrodinger equation depends on the potential used in the Hamiltonian. Not every
mathematical solution to the Schrodinger equation will be acceptable to a chemist. Most quantum mechanical
problems have boundary conditions that must 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 to indicate which solution is under consideration.

In addition to satisfying the 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 particle somewhere is
exactly 1. The probability density function, Y ydr, is commonly associated with probability of “locating” the
particle. The probability of the particle being in some finite range a to b can be found using

Probability = ]w' (x)w(x)de

Eigenfunctions of linear operators Torm orthogonal sets so that any two different functions in the set satisfy
[ wva=o0
ol pxe
Because all quantum mechanical operators are linear, including the Hamiltonian, the wave functions that are

solutions to a given Hamiltonian form an orthogonal set. Since wave functions must also be normalized, these sets
are often referred to as orthonormal sets.

Q_uanlum mechanical operators are used with the wave function to determine the average values of
experimentally observable quantities. The average value, or expectation value, of an observable corresponding to a
quantum mechanical operator 4 in the state described by v, is

(;l): I v, Ay dr
. olt ipe
Because 4 must be Hermitian, the value of this integral will be a real number as it should be if it is an

experimentally measurable value. If the wave function happens to be an eigenfunction of the operator 4, then the
only possible value that the observable can take is the corresponding eigenvalue, g,.

Ay, =ay,
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Study Questions

HC-1. De Broglic postulated that the wavelength of a particle is inversely proportional to its momentum.
The constant of proportionality is
(A) Planck’s constant, 4. (B) Boltzmann’s constant, g.
©) the speed of light, c. (D) none of the above.

Knowledge Required: DeBroglie’s relationship between the momentum and wavelength of a particle, A= %
where / is Planck’s constant.
Thinking it Through: Examination of the 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 of the electron, the molecular Schrddinger
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 Schrédinger equation.

©) 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 it 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 of the time independent
Schradinger 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 to find solutions to the Schrydinger equation; response (D) is incorrect.

HC-a. 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.
(©) both properties can be measured exactly.

(D) the product of the two uncertainties is 2 h/4x.
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o oired: The postulates of quantum mechanics, especially the Heisenberg statement of the
ﬁ:e'::ﬁ; ﬁ::g.fl: mt:z:z:;:)r:ewel:: c':;‘::::‘ilng opgrators);nd the observagbles they represent.
Thinking It Through: The commutator of operators X and ¥ is defined as [,\7, f] = [,\")" - )",\"] CIf [,{')7] =0,
the operators commute and the observables .Y and Y can be simultancously measured t_o any designated precision.
If [,\"i’] « 0. then the operators do not commute. The result is a reciprocal relationship between o, and o; (the
uncertainties in X and Y). The uncertainty in one observable can only approach zero as the ul)cenainly of the other
approaches infinity. Given the statement above the only correct response is (D), especially given the usual

- h .
application of the uncertainty principle to position and momentum, ¢,0, 2 re 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.

HC4. 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.
©) the Heisenberg Uncertainty principle. (D) Hund's rule.

Knowledge Required: Each of the named concepts included in the question.

Thinking It Through: In general chemistry you learned that the Pauli exclusion principle stated that no two
electrons in an atom can have the same 4 quantum numbers. In quantum mechanics this statement follows a
postulate that states that all electronic wavefunctions must be antisymmetric when the coordinates of two electrons
are interchanged. Clearly (A) is the correct response. Responses (B), (C), and (D) are incorrect for the 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 to the value of the
commutator for two operators representing pairs of observables, and Hund's rule refers to a method for choosing a
ound electronic state of an atom in terms of the largest multiplicity and highest total angular momentum.

HC-S. For electrons emitted due to the photoelectric effect, the
(A) kinetic energy and current are functions of intensity of the incident light.
(B) kinetic energy and current are functions of frequency of the incident light.

©) 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 the current is a function of intensity of the
incident light.

Knowledge Required: Failure of classical physics in particular, the photoelectric effect. Dependences of kinetic
energy and current on frequency and intensity in photoelectric effect.

Thinking it Through: In the photoelectric effect, light strikes a metal surface and electrons (photoclectrons) are
relcafod _from the surface. The measureable quantities are the frequency and intensity of the incoming light and
lhe_ kinetic energy and number (current) of the resulting photoclectrons. The photoelectric effect provided
evidence for light behaving as a particle with E = Av and the intensity related to the number of particles striking
t!u: surface. By conservation of energy, increasing the frequency of the incoming light will increase the energy of
the light and thus increase the energy of the resulting photoclectrons. while increasing the intensity of the light

(the number o_l' light particles) wilt increase the number of photoelectrons released, the current will increase. Thus
response (D) is the correct response.
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HC-6. In the Schrédinger equation the quantity, /7 (Hamiltonian), represents the
(A) wave function for the system (B) probability density
© momentum operator D total energy operator

Knowledge Required: The basic form of the time independent Schrodinger equation is an cigenvalue equation:
Hy = Ey, where A is the Hamiltonian operator, y the wave function and £ the energy. Physical observables,
such as the energy or the momentum, are eigenvalues of the corresponding operator.

Thinking it Through: Since the Schrddinger equation is an eigenvalue equation where the operator is /7 and the
| eigenvalue is the total energy, the Hamiltonian is effectively the total energy operator. The correct response is (D).

HC-7. The total energy of a particle (mass = m) moving in the x-direction with momentum p, is
(p.) 7(2m). The Hamiltonian operator for this system is

o) " (&
© _[;z’m)[%) ® -(8:—";)(;—:)

Knowledge Required: The conversion from classical quantities to the corresponding quantum mechanical
operator; the operator corresponding to the total energy is the Hamiltonian; how to work with complex numbers;
h ish/2n.

Thinking it Through: To find the Hamiltonian, write down the classical expression for the energy given in the

problem and then replace the classical quantity p, with the appropriate operator: -ih-:;- .

E= P
2m
. aleal
Halea x ax
2m 2m

It’s a subtle point, but notice that i)f 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 fis—1and k is h/2n yields the

final expression.
PR a_i'r.’a_’_-l(h)’i__ W )[a_’
2m dx o 2m &' 2m\2x) &° 8x’m J{ ox*

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 function in the region —®<x<®?
A) e (B) | © e o |y
x4+
|

T
ave= 2
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nowiedie Required: The requirerments Tor an acceptable wave function are that it be continuous and
f:n:;:of:ly d“i'lTerentiable over the range considered; single-valued; finite-valued; and able to be normalized.

Thinking it Through: Both ¢*and ¢" have infinite values in the range —© < x<®,at x = -o and x = +o -
respectively. Neither responses (A) nor (C) are thus acceptable wave functions. The function x is also not finitely

valued on the range indicated and is not continuously differentiable. The function t,l“ , meets all the

requirements. It is not 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 that

(A)  2p, is not an eigenfunction of L, , thus there is no definite value.
(B)  2p, is an eigenfunction of L, , with eigenvalue 0 % .
(C)  2p, isan eigenfunction of l:, , with eigenvalue 1 k.

(D) 2p, isan eigenfunction of L, , with eigenvalue -1 ki .

operators. Hydrogen orbitals designated p, and p, are linear combinations of eigenfunctions of I:, .

Thinking It Through: Applying the l:, operator to the 2p, function yields

iv, =l:'[(v,..\*/'§'vn.-))

i)

2
_ (+1hv, +(-1R) w1
B V2
(Vm 'Vn-l)

=h
32
# constant x ,IZ(V,.. +¥,,)

Since the result of l:, acting on 2p, is not a constant multiplied by the 2p, function, there is no definite
eigenfunction. The correct response is (A).

HC-10.  The quantum mechanical operator for velocity is given by

@w .4 ® d_’,+ g © K ®  _ihd
o dx i dv, m 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 ik i

Thinking it Through: Replacing p in the expression for velocity with the appropriate quantum mechanical

X

operator yields
)
vob e o
m m m a
Response (D) is correct.
Practice Questions
1. The Bom-Oppenheimer approximation states 3. To describe the wave nature of matter, de
that Broglie proposed that A= A/mv . In arriving at
(A) the Schrddinger equation is solved this equation, he did NOT use
assuming that the nuclei are stationary.
ing nuclei are nary. W) Ep =hv
(B) wave functions are written so that they are
antisymmetric with respect to exchange of (B) Ay=Ey
electrons.
C = 2
(C) conjugated organic molecules are © Ersn = e
approximated by considering only their D) c=M\v
electrons.
(D) nuclei are assumed to be stationary during 4. Two wave functions, y, and v, are orthogonal
an electronic transition. if
. A . -
2. The commutator of two operators, @ and B, ) ] Vivde=l
[a_ ﬁ] equals 0. The physical properties 4 and (B) [yiv,dr>0
B associated with the two operators. © ]V “2y,de=0
(A) are coupled together by an uncertainty
relationship. @) [yiv,de=0
(B) may be simultaneously determined with .
unlimited precision. 5. There are many mathematically acceptable
. solutions for the Schrédinger equation for any
(€) cannot be determined at all. particular system, but only certain ones are

(D) are equal.

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 must be eigenfunctions of the
momentum operator.
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. A nodal surface is best described as a surface
(A)
(B)
©

where the wave function approaches .
across which a particle does not move.

separating regions of different sign for a
wave function.

where the kinetic energy of a particle is
zero.

(D)

. An cigenfunction of Ihe operator, % ,is

(B) -
D)

(A) ax
(©) cos(ax)

. Which statement is true?
@ VY is said to be normalized if Ivd; =1,
where the integration is over the complete

range of all coordinates of y.

The only mathematical requirement for a
valid stationary-state wave function, ¥,

(B)

for a system is that y be a solution to
Schrddinger's time-independent equation
for that system.

(C) A sum of two degenerate eigenfunctions

for an operator is still an eigenfunction for
that operator.

(D) Vv, and v, are orthogonal if IV.V,dT =1.

. If y(x) is the normalized wave function for a
particle in one dimension, the average value for
the momentum can be calculated using the
momentum operator, p, , from the integral
W fo(x) bv(x)ax

(B) Iv' (x)p dx

©) Iﬁ_v(x)dx

®) v’ (x)w(x)p.ax

78

10. Which function is an acceptable wave function

over the indicated interval?

(A) e over the range @ to —®

(B) ¢ over the range 0 to @

(C) e 'overtherange Oto —

(D) covertherange 0 to

In a photoelectric effect 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)
(B)

the intensity of the light hitting the metal.

the angle at which the photons hit the
metal.

(C) the wavelength ofithe light hitting the

metal.

(D) both the intensity and wavelength of the

light hitting the metal.
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Simple Analytical Quantum Mechanical
T Model Systems

The particle in-a-box (PIB) is perhaps the first modcl encountered in
quantum chemistry. The 1-D model shown has L for lhn_: Ien_glh of a box and TANYA j"‘i\
infinitely high potential energy barriers holding the particle in the b.o_x. _ .\) LAY
Within the box the potential energy, V, is zero. You should be farplhar with
the energies, wave functions, boundary conditions, _and ficgeneraclfs fora
number of simple model systems including the particle in the box in one and AN ’ N PN
three dimensions. The PIB wave functions arc orthonormal with energy s N LA

IS S 1
=—=n"—
levels E, YT L
The PIB model is significant because we use it to understand UV-vis & g | n=2
spectroscopy of molecules containing alternating double and single bonds. eI s
For such a system the particles are the 1 electrons in the conjugated part of n=1
the molecule. It is important to distinguish between an energy level and the

difference between energy levels for the PIB. AE between a HOMO and

LUMO is the energy required by a photon to cause the electron to jump from rv'fv:“’”ﬁ L‘:L('( ))
the HOMO to the LUMO. Probability densitics, ( ~------- )

The PIB model can be extended to boxes with various types of potential For clarky. eneryics are mot fo scale
barriers. As seen for the barrier on the right, the probability distribution =)

extends into the forbidden region, i.e., the region where the potential barrier
height is higher than the energy of the particle. This is known as tunneling.

Tunneling has important applications for chemistry and is used to 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 ¥ = Vakx*. 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 Harmonic Oscillator
I ]

functions, boundary conditions and degeneracies.

The solution for the harmonic oscillator gives quantized energies with
quantum numbers v

171
E=h(£) (\Hl):hm(\n l) where v =0,1.2,...
n 2 2

In the figure on the right we sec that the energy levels are equally spaced,
there is a zero point vibrational energy when v =0, and £ goes to infinity
as v goes 1o infinity. This model. based on a quadratic potential, docs not
account for the fact that real chemical bonds dissociate when stretched.

The probability densities describe the probability of locating the oscillator
at various extensions. These functions show that only certain extensions of
the oscillator are very probable and others not probable. In the ground state
the most probable position is the normal equilibrium distance. tn the first
excited state this distance is not probable at all. As v increases the maxima
of probability along the various extensions of the oscillator get closer X 0
together so that at very large values of v the quantum mechanical
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Simple Analytical Models

oscillator behaves like a classical oscillator. An important observation is that the quantum mechanical oscillator has
a small but finite probability to extend beyond the classical limit. This feature of the harmonic oscillator wave
functions is also tunneling.

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 the potential (this
expansion of the exponential involves terms of many powers. Notice that the
observed frequency is directly proportional to k™ and inversely proportional to p* Morsc Potcntial
where £ is the force constant of the bond and p is the reduced mass. Force constants
tell us how stiff a bond is. E

A better potential energy function for the vibration is the Morse potential. The K|
Morse and harmonic oscillator potentials resemble each other closely at the bottom §
of the energy well. Solving the Schradinger equation using the Morse potential gives ™
energy levels that get closer together as u increases leading to dissociation at the
plateau region of the potential. The Morse potential also has a zero point energy
when v =0.

T o

For a line to appear in the IR spectrum the transition dipole 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 Av = 1.

In the microwave region of the 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 of 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 internuclear distance remains constant as the molecule rotates. l
l I |
v

The quantized energy levels of the rigid rotor are shown to the right k)

r.l
E=J(J+)3;

and where J 2 |m| ,where J is the angular momentum quantum number and m is
the z component of J. Rotational states have 2/ + 1 degenerate energy levels.

1
The diagram of the energy levels in units of ;_I shows how the energy

increases with increasing J.

Only one component of angular momentum, the M, component, can be
determined in quantum mechanics. The operator for this component is
N o 2
M, =-ih— K e
o9 E/ 2l
Interpretation of the J states yields some interesting insights. WhenJ =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
¢ are equally represented. WhenJ = 1, the molecule is rotating. The rotation _—n
is such that only 3 planes of rotation relative to the z-axis are allowed, those
corresponding 1o 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 @ this rotation can have. While the z component of angular ——. A

momentum must have specific values, those of x and y are undetermined.
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Allowed spectroscopic transitions require a non-zero value for the transition moment integral
ny = [V RY] sin@dode
so that the dipole moment of the molecule cannot equal zero and the allowed quantum state changes are
AJ = £1 and Am, =0,11
Absorption of microwave energy produces a transition between rotational energy levels given by
2
hv=hci=2(J, +|)% or ¥=28(J, +1)

gl b
where T 20 8%l

and J, is the original rotational level of the transition and B is the rotational constant. From B we can determine the
moment of inertia, /, and the internuclear distance using / = pr’ .

SAM-1.

N\ NS A
Which sketch in the figure on the right does not
represent a possible wave function for a one- B
dimensional potential energy well of finite
height? 4

D

A A () B © ™ D

Knowledge Required: The properties of wave functions and that probability density functions that are obtained
from the product of the wave function with its complex conjugate.

Thln{dng it Through: First look at the figure and observe that responses (A), (C), and (D) represent wave
functions for the n =1, n=2 and n = 4 energy levels of a box with finite barriers. Response (B) does not represent
a wave (unction; 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 = 1. Response (C) has one node so it must be the wave function for energy
level where n= 2.

SAM-2.  The energy of a particle in a three dimensional box with equal sides is given by
hl
E ..= (nf +n} +n} )(m) where n,, n,, and n, are the quantum numbers defining an

independent state. The degeneracies of the first, second, and third energy levels are
Ay 1,23 (B) 1,3,1 ©) 1,3,3 (D) 1,2,2

T SR e nant



Simple A nalytical Models

Knowledge Required: The encrgy of the energy levels increases as the qd;ﬁﬁ'r;ﬁ;ﬁiﬁg}&};s;ﬁﬁn_gl—he—lé\?k-w
increase; the permutation of the integers 1, 2, and 3 over the n,, n,, and n, qQuantum numbers leads to degencracy
of energy levels.

Thinking it Through: Each n can vary independently and all three quantum numbers can have the same value
n.=1.n,=1,and n, = | defines the lowest cnergy level. There is only one unique state for the lowest encrgy
level. The next level has one of the 7 values equal to 2. There are three ways to get this energy state, namely, 2
1,1, 0r1,2,1,0r1, 1,2 making this state threefold degenerate. The next highest energy state is given by the‘se;
of quantum numbers 2, 2, 1. This, t0o, has three possible states with the same energy, namely those described by
quantum numbers 2,2, 1,0r2, 1,2, 0r 1, 2, 2. The correct 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 with finite walls at x = 0 and x = L, which one of the
following statements is true?

(A) The probability of finding the particle in the lefi-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.

©) In the lowest energy state the probability of finding the particle in the 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 of a particle
in a box.

Thinking it Through: Let’s look at this question by eliminating wrong responses. First eliminate response (D)
because in the equation for the AE we find that since mass (m) is in the denominator the spacing of energy levels
decreases as m increases. Also eliminate response (C) b the 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
cnergy levels of a 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 % 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 of a molecule is that

(A) all SHO levels are evenly spaced.

(B) there is only a finite number of SHO levels.

©) SHO levels do not change with polarizability.
(1)) the SHO model only allows symmetric stretches.

Knowledge Required: The simple harmonic oscillator model is based on a simple quadratic function
representation of a bond between two atoms. This model gives equally spaced energy Ievels,.and represents the
harmonic vibrations of real bonds especially well in the region of the minimum in the potential.

Thinking it Through: The solutions to the Schrddinger equation for the simple harmonic oscillator model are a
series of functions identified by quantum numbers v 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 does not
consider bond polarizability as part of the model. C: quently only response (A) is correct.
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SAM-S.  Eor a harmonic oscillator, v (x) = yzlu' and the wave function is v, (x) . If an anharmonic energy

term is given as 1 *(x)=- %u.x’ . then the cnergy for an anharmonic oscillator is
A) }/zhw» jv;(x)[—}‘/sax’]w,,(x)d.r ®) Iv;(.\')[}éux’]v,(x)dx
©) }é’“” IV;(x)[}éh'-}éu.r’]v,(x)dx D) }/zhv+ J[—)éux’]dx

"Knowledge Required: One can include an anharmonic term in the Hamiltonian of the Schrbfiir;ggr equation foran
oscillator and then separate the parts to obtain the solutions. Including an anharmonic term is a sanpIe example of
how perturbation theory is used to obtain more useful wave functions from the Schrédinger equation.

Thinking it Through: First write the Hamiltonian for the anharmonic oscillator, H= I:Io + I-7, , where
A =- %u’ . Next write the Schrddinger equation £ = Iwu (x)( H, - %ux’ )w,, (x)dv and expand the integral

toobtain £ = E, + Iv, (x)(—%a.x' )v, (x)dr where £, = }éhv . After examining the choices we see that the

correct response is (A). Response (B) neglects the E, term; response (C) includes an extraneous cubic potential
term; response (D) is missing the 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
= J(J+l)(%n)

If J = 2, the possible values for the z component of the angular momentum arc (in units of %n)

(A) 2,1,0,-1,-2 (B) 1,0,-1 © 0 (D) 2,1,6

Ehn;u}ieyée Regquired: The relationship between the eigenvalues of the total angular momentum squared opera-u; B
I* and the z-component of angular momentum i, and between quantum states described by / and m;.

Thinking it Through: The total angular momentum squared, the eigenvalue for s given by
r=J(J+ I)( %") - The quantum number J labels the rotational quantum state. Each quantum state has a

degeneracy of 2J + 1. The eigenvalues for the z-component of the angular momentum states ranging from +Jto
—Jarecalled my. Thus whenJ=2, m;=2,1,0, -1, -2. Thus the correct response for this question is (A).
Response (B) corresponds to a state with J = 1: response (C) corresponds to a state where J = 0. Response (D) has
no relationship to rigid rotor quantum states.

SAM-7.  Inunits of k’/2/, what is the energy separation between adjacent rotational levels Jand J +] of a
frecly rotating lincar molecule?

)  J(+) (B) (27+1)J(J+1)

© [(2J+l%J]J(J+l) ®  2(J+1)
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Knowledge Required: The relationship between quantum state energies and the peaks seen in a spectrum.
Thinking it Through: The peaks in the microwavc spectrum for a diatomic molecule are due to transitions
occurring between rotational energy level of a molecule. The energy for each energy level is given by
Iy - ?
E=J(J+ I);—l - The energy for a transition between states is given by AE = hv = 2(J + l)l'— and the allowed
2 2/

transitions have AJ = £ 1. Thus the correct response is (D). Response (A) is found as part of the angular
momentum eigenvalue. Responses (B) and (C) do not have the correct form for an answer to this question.

SAM-8.  The intensities and peak positions shown here ‘

were computed for one branch in the rotation- s
vibration spectrum of HCI molecule in the ;
microwave region using the rigid rotor model at ! 1

298 K. When the temperature is increased to

1000 K we would expect the spectrum to change ! \

so that o l L1

L] o 2 ® » B
Separstion fra bead origia, c”

(A) the maximum intensity would occur for a peak at a higher wavenumber.

(B) the spectral lines corresponding to a given transition shift to wavenumber.

(©) 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.

_I(ri;;vledge Required: Ro-vibrational spectra appear in the infrared region of the electromagnetic spectrum. Such
spectra consist of a series of nearly equally spaced lines, these lines vary in intensity because of consideration of
the Boltzmann distribution and the degeneracy of each state.

Thinking it Through: The spectrum in the question clearly shows a series of equally spaced lines in the correct
frequency range. By just considering the 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 Boltzmann 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 the molecules have more
energy so that higher energy states would become more populated at the expense of the 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 states that
only temperature is increased.
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SAM-9. A portion of the ro-vibrational spectrum of HF at some temperature T is shown in the choices. The
appearance of the spectrum at a high temperature could be

(A) 0 Scparation from band origin, cm! (B) 0 Separstion from band origin, cm'

i

© 0 Separstion from band origin, cm™! (D) 0 Separetion from bend origin, cm”

| Knowledge Required: The reasons for line heights and their spacing in ro-vibrational spectra.

Thinking it Through: One branch of the infrared spectrum of a diatomic polar molecule looks like a set of nearly
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 states, 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 the decrease in intensity and
increasing separation between lines that occurs at higher frequencies. Therefore, response (D) corresponds to the
| higher temperature as the decrease in intensity for the high J lines is not seen and is the correct response.

SAM-10. In the rotational spectrum of DCI, the rotational line spacings compared to those of HCI are
approximately

(A) Halved. (B) Doubled. ©) 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 28 where B =

il and the moment of inertia / = pr’ with p being the
[

reduced mass and r the internuclear distance.

Thinking it Through: B =< % and thus B a« % . First evaluate p for both HCl and DCI. The result is p,, =1
B
and py, = 2. Thus %m = y_,_ or By, =« (yz)Buc-- The correct response is then (A). Response (B) with

. B . . . .
ratio, ”%m » is the inverse of the 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 HCl and DCI differ by a factor of 2.
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Practice Questions
I the box length for a particle in a onc-
dimensional box is doubled the energy will be
(A) 2 times the original energy.
(B) 4 times the original energy.
(C) Y ofthe original energy.
(D) Y of the original energy.

. A particle confined in a one-dimensional box

has a lowest energy of E,. If the mass of the
particle is doubled. the lowest energy will be

(A) zero. (B) doubled.
(©) E\/2. (D) E,/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 to the lowest-unoccupied
orbital?

(A) 7.78x10" Hz
(C) 1.24x10" Hz

(B) 1.00x10" Hz
(D) 1.11x10" Hz

S. Which is not spectroscopie evidence for the
anhar_monicily of the potential energy as a
function of internuclear distance?

(A) unequal spacing of the rotational fine
structure of infrared absorption bands

(B) the existence of overtone bands in the
infrared absorption spectrum

(C) uncqual spacing of the vibrational fine
structure of UV-visible absorption bands

(D) observation of combination bands

Gl

Compare the force constants for the bond
strength in HCl and DCI.

(A) A(HCI) >> K(DCl)
(B) k(HCI) << k(DCI)
(C) KHCI) = K(DCl)
(D) 2k(HCI) = k(DC)
7. Given the figure
which describes
a Morse potential W)
for a diatomic
molecule,
identify 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.

(C) This region is for a bound state of the
molecule, but repulsive forces are pushing
the atoms apart.

(D) This region is indicative of a highly
activated molecule, experiencing
attractive forces, but only weakly bound.
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10.

For a diatomic molecule considered as a rigid

H
rotor, E=(2—I)J(.I+l). WhenJ =1,

(A) the angular momentum vector has only
one possible orientation.

(B) the molecule is in the lowest energy state.

(C) the magnitude of the angular momentum
is K(2)% .

(D) the magnitude of the angular momentum
depends on the value of m,.

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

Ceo has 60 electrons from p orbitals not
involved in the sigma bonding. If you model
the electrons as particles on a sphere, what

value of / is that for the highest occupied
molecular orbital?

(A) 5 (B) 6 (C) 30 (D) 60
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Answers to Study Questions

S. A 9.D
6. A 10. A
7.D
8. A
Answers to Practice Questions
S. A 9.C
6. C 10. A
7. A
8. C
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Atomic Systems

From the perspective of a chemist, the hydrogen atom is.pcrhaps the most important moc!cl problem in )
quantum mechanics. One-clectron systems are the only atomic or molccular_problcms for whlch.lhc electronic
Schrodinger equation can be solved exactly. The hydrogen atom wave func.uons Whl.Ch are soluut_)ns to the
Schrodinger equation provide a mathematical basis for approximate numerical solutions ft_)r multi-¢clectron atoms
and molecules. Finally, the hydrogen atom wave functions are a powerful language chemists can use to
qualitatively describe the electrons in atoms and molccules.

'Model Quantum Mechanical :Pkpblem§: |

The time-independent, non-relativistic Hamiltonian for a onc-clectron hydrogen-like atom is given by
n? , W, Zé

Hee—e—— V3 -—Vi-
2(my +m,) * 2 Ang,r

where my is the mass of the nucleus, m, is the mass of the clectron, V*is the Laplacian. R is a vector giving the
coordinates of the center of mass of the atom, y is the reduced mass of the electron and the nucleus, 7 is the
distance between the nucleus and the electron, Z is the charge on the atom, e is the charge on one clectron, and ¢, is
a constant called the permittivity of vacuum. The first term in the Hamiltonian describes the kinetic energy of the
cntire atom moving through space, the second term describes the kinetic energy of the clectron moving within the
atom and the third term describes the potential energy of the attraction between the nucleus and the electron.

The details of the hydrogen atom solution are not shown here. Ultimately, the cigenfunctions consist of a
radial component, normally designated R, and an angular portion designated as ¥,_(0.9). 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

cigenvalue 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, = £1). Chemists often use real valued versions
of the p orbitals constructed by taking the linear combinations of p, and p_,. This can be done since any linear

combination of degencrate solutions is itself a solution with the same energy. The d orbitals can be treated
similarly.

The wave functions, or the corresponding probability density functions (w;_\y,,_) ar¢ sometimes graphed as

surlta.ccs of equal clectron 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 the hydrogen-like atom
depend only on the principal quantum number, », and are given by

=Zpe' 1
w
Note the energies are the same as those obtained from the Bohr model.

I'I_lough the hydl_'ogcn-li_kc atom model does not explicitly include electron spin. it can be introduced by
assnlu_mr_ig that the spin Hamiltonian can be separated out 5o that the spin part of the wave function can just be
multiplied by the solutions to the electronic Schradinger equation. The complete wave function for a one-electron
atom including spin thus has the form

Vo (1.0.9)a or v, (r0.0)p

There is a spin angular momentum quantum number m, associated with each spin function, + ! for ¢ and - 1
2 2

forfd . i} )



Model Quantum Mechanical Problems: Atomic Systems

Many clectron atoms are significantly more complicated systems from the perspective of quantum mechanics,
The mathematics becomes sufTiciently complex that analytical solutivas are no longer possible. Instead a serics ol“
approximations are introduced. Understanding the quantum nature of many-clectron atoms ultimately requires the
understanding of these various approximations.

The many electron wave function is generally written as a product of one-electron wave functions. It is

possible to use solutions to the hydrogen atom problem in this role. Commonly, the one-clectron functions are
written as Slater orbitals of the form,

l.(xu) l,(xt) ll(xl)
V(X X0y ) = (M) % VRIS % (x,)

l.(xx) l,(;‘,v) ll(;‘n

One feature of Slater orbitals is that they are antisymmetric with respect to the exchange of any two electrons.

Multi-electron atomic energies depend not only on the principal quantum 4\
number, n, but also on the angular quantum number, /. The familiar pattern of —_— -
orbital energies and electron configurations are as depicted in the figure. 4 3d
3
In addition to this change, things like orbital occupancy, and splitting by E T
external magnetic fields can be addressed. The spin-orbit coupling, arising ]
from the interaction of the electron’s magnetic moment and its orbital motion  (§ 2—p

about the 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 states can be split further by the application of
an external magnetic field via the Zeeman effect. Thus, as degeneracies are
removed, an electron configuration, such as np, 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.

AS-1. Of the five orbitals in the d subshell of a hydrogen-like atom, only the angular wave function for the
m=0(d ) orbital is real. How are the other four real orbitals (d,,, d,, d,» and d, _ ; ) generated?

(A) Using the variation method
(B) Including the spin wavefunctions
©) Applying the Heisenberg uncertainty principle

(D) Taking linear combinations of the imaginary functions

15




Model Quantum Mechanical Problems: Atomic Systems

S Res . itals i -li hat is, they all have the same
ledge Required: The d orbitals in a hydrogen-like atom are dege.nerale, that is, the I T
En':::y Agny IiJe:r 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 Schrédinger
equation, but the solutions for hydrogen-like atoms are exact, so we can dnscard response (A). 1.‘he spin wave
functions are not functions in real Cartesian space, so multiplying wave functions by spin fnncnpns will not
change the Cartesian part of the function in any way, so response (B) cannot be correct. The Heisenberg
uncenainty principle addresses simultaneous measurements of properties, not the Yalne§ of wave fnnf:lnons. S0
response (C) is not correct. Since any linear combination of the degenerate d solutions is also a solm.non, 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, Ra,, can be depicted
in a variety of ways. Given the figure, the y-axis
identification is

N—
(A) R ® R © rr o R

Knowledge Required: Be able to accurately sketch the 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 of the 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 7 = 0. Graphs of either 7R or R’ would have a node at
r =0, therefore neither response (C) nor (D) is correct. A graph of R? 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 Is 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 states described by different quantum numbers but
having the same energy. The orbital degeneracy of any hydrogen atom energy level depends on the principal
qQuantum number, . The electron spin degeneracy of any given orbital is two, corresponding to spin angular
momentum quantum numbers of +%: and ~%.

Thinking .il ﬂmmghi The orbital degeneracy of the » = 1 configuration is !. This orbital has two possible spin
slates, }vhlch are orc!lnanly degenerate. [n a magnetic field, the spin states are no longer degenerate, so they would
have different energies. The comect response is therefore (B).

ASH4. A certain hydrogen-like atom (with only one electron) emits light with a frequency of 2.2x 10" Hz

associated with the n= 2 to n = [ transition. What frequency light will be emitted for the n= 3 to
n = 2 transition?

(A)  3.08x10" Hz (B) 3.70x10" Hz

(€©)  4.11x10"Hz (D)  7.40x10"Hz
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Knowledge Required: The frequency of light emitted as a result of a transition between iwo States isdirectly
pr.opc.)monal to the energy difference between the states. The energy of a state in a hydrogen-like atom (any atom
with just one electron) is inversely proportional 10 the square of the principal quantum number n of the state.

Tlllnkln_g it Through: Because the energy of a stale is inversely proportional to the principal quantum number, the
states will be more closely spaced in energy as » increases. Thus, the energy difference between states = 3 an‘d
n =2 will be less than between states # = 2 and n = 1, and the frequency of light emitted will be smaller. Using the
relationship between principal quantum number and energy. write
AE(n, > n)=E, -E,
1 1

non

H 2
mnon
Because v o AE, the ratio of the frequencies is the same as the ratio of the energy differences. Using the
relationship between the energy differences and the principal quantum numbers yields

constant X(lz - l)
3y 2

= constant X(L - l]

Vier _

\Z =—V
v l l )2 11
1= constant x(z—: - l_’) 2

The frequency of the n = 3 to # = 2 transition thus should roughly be % of the n = 2 to n = | transition, response

(C) is correct.

AS-5. The square of the wave function, \vf_ , for the hydrogen |s orbital has
(A) A maximum atr=0 (B) A minimumatr =0

(C) A maximum atr = a, (D) A minimum at r = g,

Knowledge Required: Graphical representation of hydrogen Is orbital and densities.

Thinking It Through: The square of the hydrogen Is wave function decreases exponentially from 7 =0 to r = @.
There is a maximum a1 r = 0, thus response (A) is the correct response. Response (B) would be correct for 7 v‘,',.

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.
© The total number of nodes in a wavefunction is equal to twice the principal quantum number.

(D) The 3d,, orbital has one angular node and one radial node.

Knowledge Required: Facts about the hydrogen atom.

Thinking It Through: Response (A) is the correct response; the energy only depends on the principal quantum
number (n) and not on the angular momentum (/) or azimuthal (m;) 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 1 not 2n, response (C) is incorrect. The 3d,, orbital has zero radial nodes and two angular nodes;
response (D) is incorrect.
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AS-7. Consider the full Hamilionian for the hydrogen atom P n . 'Y \ Ze?
i

decoam ~

2 rom

2M, i dne,r

After the coordinate transformation, the electronic kinetic energy term bccomcs
3 r 2
A ———v, ® -—V

i Meiecuca ]

ze
© -— (D) None of the above
r

Knowledge Required: Mathematical solution of the hydrogen atom, Schrédinger equation, coordinate
transformations.

Thinking It Through: The Hamiltonian for the hydrogen atom is correctly expressed in the stem of the problem.
Following the coordinate transformation the Hamiltonian becomes

- N, M_, Z

H=-—V, -—V_ -

M 2u " dneyr

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 p is the nucleus/electron reduced mass. Thus the correct response is response (B).

AS-8. How would you calculate the probability of finding the 15 electron for a hydrogen atom at r > a,?
A [R(1)R,(r)rar ®  [R(r)R,(r)er
- LN
©  [R.(r)R,(r)dr ®  [R.()R,(r)rdr
- a

Knowledge Required: Calculations of properties.

Thinking It Through: The probability is associated with an integral of y'y (appropriate volume element) over
the proper range. In the case the range for r is a, < r < o; thus responses (A) and (C) are incorrect responses. To
separate response (B) from (D), we look for the appropriate volume element which is r2dr for the spherical
coordinate system of the hydrogen atom problem. Thus response (D) is the correct response.

AS-9, The wave function for the lowest excited state of the helium atom is proportional to
(A)  1s(1) 15(2) {a(1) B(2) - B(1) a(2)}
(B)  {1s(1) 25(2) - 25(1) 1s(2)} {a(1) B(2) - B(1) a(2)}
©  {1s(1) 25(2) + 25(1) 1s(2)} {a(1) B(2) - B(1) a(2)}
@ {1s(1) 25(2) - 25(1) 1s(2)} {a(1) B(2) + B(1) a(2)}
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Knowledge Required: Form of the wave function for multi-electron sy'sAt'e‘ﬁ‘i;;hS-)-fﬁiﬁfel}y properties of wave
functions.

Thinking It Through: Response (A) is a correct wave function in that it 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 anti-
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 state having the antisymmetric
spin functions while response (D) would be that for the lowest excited triplet state having the symmetric spin
function. Since the triplet is lower, response (D) is coirect.

AS-10. The splitting between the two lines in the yellow for the Na atom is due to
(A) splitting between 3p,, and 3p,. (B) spin-orbit coupling.
©) 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 (586 and 589 nm). Both transitions
arise from a transition from the 3s' ground state configuration. The two spin-orbit states resulting from the 3p'

configuration, ! Py and ? P% , are closely spaced; response (B) is correct. Response (A) is incorrect because the
m; quantum number is not a good quantum number for multi-clectron systems. Response (C) is incorrect because

the splitting is too large, and because no 3s — 3d transition is allowed. Response (D) is nonsense as relativity is
not a factor for atoms as light as sodium.

R NG, ey o
1. What is the expectation value of r, (F) , for the

electron in the 1s orbital of hydrogen, where 3. In the presence of a magnetic field in the z

direction, the ordering of the energy states of

)
1 (2Y .. an atom is
the wave function is w=T = | e
R

% (A) E, >E, > E,, .
A =
* Iv'rvdr ®) E, <E, <E,, .
’ (C) E’-l = Eh = E’-. "
® .
.[ vrydr (D) indeterminate.
©) = 4. Measurement of the z component of angular.
IV'V dr momentum for an electron in the 2p, state will
° yield
(D) %% | A) +1h B) -1h
) I”v ryrisin0drdode “) (
eoo ©) 0k (D) zlh
2. In the absence of a magnetic field, the order of S. Which graph would be best used to .explain
the hydrogen atom energy levels is why the average electron-nucleus distance for
the s state of the H atom is 0.529 A?
(A) Ell > Ell > Ezp > E;,. )
(A) Ragainstr (B) R against

(B) E\,<Ey=Ep<E,,.
(C) E,<Ey<Ep<ky
(D) E,,>En=Ep>E,

© R against r (D) v against 7

vy
i
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6. The average value of the angle ¢ for an
electron in a H atom 1s orbital is

(A) 0. (B 2. (©) . (D) 2n
7. The Na atom has 2 lines in the yellow region of

the spectrum. These arise from transitions
between which energy levels?

(A) 3s- 3p (B) 3s > 4s
©) 3s—- 3d D) 3s-> 4
8. The Hg atom has a long-lived excited state

which emits at 253.7 nm. The likely transition
causing this emission is

(A) 65755d"'S, » 6575d"'S,.
(B) 657s5d"°’°S, —+ 6554 'S,
(C) 6s6p5d° P, —» 6535d"'S,.
(D) 6s6p5d'P, — 6s%5d" 'S,
9. What factor in the quantum mechanical

equations of multi-electron atoms makes them
50 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 44 orbital of
a hydrogen atom?
(A) 3 angular nodes
(B) 2 angular nodes and 1 radial node
(C) | angular node and 2 radial nodes
(D) 3 radial nodes




Atomic Systems

tum Mechanical Problems:

Model

Q<m0
LG KR

m |
as

VLO<«V
Wi G e od

AmoA
e




Symmetry considerations allow chemists to organize informali(_)n about the complex shapes of molec_ules apd
orbitals in a compact form. Information about the symmetry (_)f orb_llals and rpolcc_ulcs can al_so help predict which
spectral transitions will be observed. Finally, symmetry considerations can s_lmph_fy calculation of lhg rpolccu!ar
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 po.ml (or
symmetry) groups are C,axes (an n-fold rotation axis); o, (“vertical” plane of symmetry that contains the
principal rotational symmetry axis); o, (“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 of a molecule is typically found in your textbook.

Because the molecular symmetry operations commute with the Hamiltonian, the wave function must also be an
eigenfunction of the symmetry operators. One consequence of this is that molecular orbitals will be either
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 the electric dipole does (typically
indicated by x, y, z in the far right hand column of a character table are IR active. Modes which transform as the
polarizability does (indicated by X%, )%, 2%, 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) yiclding a character of
I or asymmetrically (changes direction under the operation) with a character of —1. Match the list of characters so
generated with those of one of the irreducible representations in the table. The number of normal modes is 3NV - §
for linear molecules and 3N - 6 for non-linear molecules, where N is the number of atoms in the molecule.

Atomic and molecular terms symbols provide a summary of the possible detailed electronic configurations and
energies as well as a quick guide to allowed transitions. In general a term symbol has the form **' ¥ , » where 25+1
is called the spin multiplicity. S is the sum of the spin angular momentum of each electron. Note that opcrationally
only open subshells need to be considered in computing L or S. X is a letter indicating the maximum value of the
total orbital angular momentum L. ForL=0,X=S;L=1,X=P;L=2,X= D; etc. The possible values of L for
an electron configuration range between [/, +/,[2 L 2|1, -1,|.

) When writing electron configurations of atoms correctly one also uses Hund’s maximum multiplicity rule
wh_lch states that an atom in its ground state adopts a configuration with the greatest number of unpaired electrons.
This generality arises out of the more specific Hund's rules which assign relative energy to spectroscopic states
!)aseq on S, L, and J values. Summarizing these, the state with the largest S is most stable and when there are
identical S values for two or more states then the largest L is used to determine the most stable state. Finally for

states with the same S and L, the lowest energy state is chosen using the smallest J when the shell is less than half
filled or the largest J for a shell that is more than half-filled.

Transitions between atomic states de
atoms the electronic selection rules are

AJ =0,£1(J =0 — J =0 is forbidden)
AL =0t

AS =0

Al =+)

pend on the selection rules for electronic transitions. For many-clectron
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S-1. What are the possible values of the term symbols for the 15*2s' configuration of helium?

A 's’s (B) Sonly ©) 's.’p D) 'Sonly

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 thiscase L=/, +/,, =0+0=0; L = 0 states
arc designated S. If both spins are paired S = 0 and the spin multiplicity is 1, alternatively the spins could be
unpaired, in which case S = | and the spin multiplicity is 3. The two possible terms are thus 'S and ’S; (A) is the
corrcct response.

S-2. What is the symmetry of BF,?
@A G (B) (&% ©) Cs o) Dy

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 it Through: BF, 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 Dy,
symmetry. The molecule must have the same symmetry, so response (D) is correct.

S-3. z
Using the orientation shown, choose the \ /
irreducible representation representing the
vibrational mode in the figure y

—

C;, representation E (&) o, oy
A, 1 1 1 1 7,37
A, 1 1 -1 -1 xy
B, 1 -1 1 -1 X, Xz
B, 1 -1 -1 1 ¥, )z
A) A, (B) A; © B ® B

Knowledge Required: The effect of symmeltry operations; the convention that the s, plm is the !nolecular plane
(This can be determined from the character table, which notes that yz transforms symmetrically with respect to

c.').

Thinking It Through: Applying E, the identity element yields a character of 1, which cannot help discriminate
between irreducible representations. Applying C; reverses the motions, so the character is —1, and the
representation must be either B, or B;. The motions are unchanged by reflection in the molecular plane (o), so

.’ has a character of 1. The irreducible representation of this vibration is B, the correct response is (D).

S-4. A molecule is in an initial state characterized by B, symmetry. What is the symmetry of the final state
when an electric dipole transition in the z-direction is allowed?
A) A (B) A; ©) B, D) B,




Symmetry

1

[ Knowledge Required: Using the character table for a symmetry group to d spectroscopic transitions.
Thinking It Through: An electron dipole transition can occur when the integral I\y,i y, dtis non-zero. The

integral can be shown to be 0 using symmetry considerations. We examine the symmetry table given for the
previous problem to sce which symmetry gives a non-zero integral for

[w, 4B dx= [w,B dc
which implies that y, must have A, symmetry and response (A) is correct.

S-5. To which symmetry group does cyclopropane (C;Hy) belong?
@A G (B) Dy ©) Dy (D) Ts
Knowledge Required: The str of cycloprop the basic symmetry operations and how to use them to

determine the symmetry group of a molecule.

Thinking it Through: Cyclopropane has a Cj axis through the center of the molecule. There is a plane of
symmetry through the molecular plane, therefore the molecule has Dy, symmetry. The correct response is (C).

S-6. The °P, state of the oxygen atom has the 15252p" configuration. To which excited state is an
electronic transition allowed in the electric dipole approximation?

A) 15252, %P, (B) 1s252p", 'D,
© 19252 's, O  12529°3p" P

Knowledge Required: How to translate a term symbol into the correct L and S values; the electronic dipole
transition selection rules.

Thinking it 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 A/ = 0, and is
forbidden. Response (D) is correct,

S-1. The planar methy) free radical, CH, is in the Dy, symmetry group. In this symmetry group, how
many planes of symmetry are there?
(A) 3 (B) 4 ©) 6 (D) 7

Knowledge Required: Structure of molecules, visualization of molecular shapes from structure, determination of |
symmetry elements for molecules.

Thinking 1t Through: There is actually an abundance of information given in this problem. The H
molccule is shown with an clectron in a p orbital perpendicular to the plane of the molecule. That \C—H
is what puts the molecule in the D;, symmetry group. There are three o, symmetry planes

perpendicular to the plane of the molecule containing each of the C-H bonds. In addition, thereis H

ag, platj l(;;le plane of the molecule). Thus, there are four planes of symmetry, and the correct response is
response (B).

S-8. The combinations of atomic orbitals used in constructing appropriatc molecular orbitals for BeH,

(A)  must have the same principal quantum number 7.
(B) must have the same symmetry as the molecule.

©) must have the same angular momentum quantum number, /.
(D) must be orthogonal.
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'k}ioi&l}?ﬂg’e‘k_éﬁir?d?'Cbﬁs’i’rucrioh of symmetry adapted molecular orbitals, molecular orbitais as combinations
of atomic orbitals, molecular orbital formation from atomic orbitals if similar energy.

Thinking It Through: The principal quantum number for the valcnce (bond forming) electrons of beryllium is 2;
while that of hydrogen is 1; 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 of the 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 of the same symmetry, thus response (B)is
the correct response.

S-9. Trans-1,2-dibromoethene possesses which elements of symmetry?

@A) Go, (B) G0, © 3,0, 0 (D) C,, O, i

Knowledge Requi’re?f Shape of trans-1,2-dibromocthane, symmetry elements relative to molecular shape.

Thinking It Through: Trans-1,2-dibromoethane is a planar molecule, and it contains a center C; symmetry exis
of symmetrv (/) at the middle of the C=C bond. Thus responses (A) and (C) are incorrect. Br. ® H
The C; axis is indicated on the figure (which is perpendicular to the page and runs through \C=C

the middle of the C=C bond). A o, plane would contain the C; axis, while a g, plane would / \
be perpendicular to the C; axis. For this molecule a o, plane (the plane of the molecule) is H Br
present, thus response (D) is the correct response and response (A) is incorrect.

S-10. In the molecule allene, the C=C=C group is linear and the
terminal CH; groups are at right angles to each other, i.e. H /H4 x
tt, and H, lie in the yz plane and H; and H, in the xz H;""’""C,=C¢=C,

plane: \H, —
/5

The double bond between C, and C; is best described as involving the set of atomic and hybrid

orbitals:
(A)  Cy(sp"), Colsp), Cilpo), Cops) (B)  Cy(sp), Csp), Cilpy). Colp))
©  Ci(sp) Cotspd), Ci(po), Calpy) D)  Cy(sp). Csp), Ci(pa), Calpy)

| Knowledge Required: Formation of molecular orbitals from atomic orbitals.

Thinking It Through: A double bond is formed from an sp? hybrid orbital on C, and an sp hybrid orbital on C; in
the bond and a p orbital perpendicular to the hybrid orbital from each atom. Thus we look for the response that
has C, sp’ orbital and C, sp orbitals. Only response (A) meets that criteria, so it must be the correct response.

v

1. The water molecule belongs to the C;, 2. A molecule of Cy, symmetry is in an initial

symmetry group which contains only state characterized by A; symmetry. What is
. . the symmetry of the final state when an IR
(A) 290 and 180 degrees rotation axis. ransition in the x-direction is allowed? The
(B) a 180 degrees rotation axis, two reflection character table for Cy, point group is given in
planes, and the identity operation. study question S-3.

(C) a 180 degrees rotation axis and the A A B A (©8B OB

identity operation.

(D) areflection plane and the identity
operation.




Symmetry

3. Wave functions and electronic states of
heteronuclear diatomic molecules are not
labeled “ungerade” or “‘gerade” 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 internuclear axis.

4. The molecule in the same symmetry group as

NH;, is
(A) BF; (planar) (B) CH,
(C) CH;OH (D) CChLBr
5. In this configuration,
ferrocene does not @
contain which Fe

symmelry element? @

(A) o, (B) Cs ©) i (D) o
6. Which molecule has energy levels described by

an asymmetric top?

(A) CH, (B) HCCly

(©) CH; (D) BF,
7. How many normal modes are present for

H;O_\?

(A) 4 (B) 6 © 7 (D) 12
8. Molecules of the point group Ds, cannot be

chiral. Which symmetry element rules out
chiral molecules in this point group?

(A) i B C (O (Do

9. Molccules in which point group exhibit a C,
axis?

A T, (B) O, (C) D,

(D) none of these exhibit a C, axis.

10.  The number of nondegencrate irreducible
representations for the C», point group is

(A) O B) | (C) 2 (D) 4
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Molecular Orbital Theory

The solutions to the Schradinger equation for the hydrogen-like atom are _imponanl to chemists bef:ausc they
are the building blocks, both conceptually and mathematically, for wave functions of molecules. As \vnlh_ the one-
clectron atoms, we begin with the Schrodinger equation, but bccal_lsc it cannot be solved exactly for multi-clectron
systems, we must make some approximations. The full Hamiltonian for a mol.cculc has the form
g =17 2 +V

H =T porrens + Toater + Vosstssetsroms + Veecomsetecaron + Vet 1t

The electron-electron repulsion term, l7,,""_, tears » IS What makes the problem impossible to 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 chemists to simplify molecular problems. Under this approximation the
Hamiltonian for the electrons becomes

+V

a4 | e

H pwome = Tteiiroms + Vectcretectroms + Vetectoont cctrom

where the potential term involving only the 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 the ground state hydrogen atomic wave
functions

Y = N(‘Vm + Vnn)
where N is a normalization constant and A and B denote the two hydrogen nuclei. This function exhibits a larger
clectron probability between the nuclei than on the perimeter of the molecule and is therefore considered
“bonding”. This molecular orbital (MO) is ofien designated as 156, , where o indicates the electron density is
symmetric around the bond axis, the 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 state of H; is Wk
N(W\m “ Wi ) 2p0‘.
typically designated I1so | . This MO has a node in the electron density between the —_— il 2pn’
atoms, hence it is characterized as ungerade (odd) and is antibonding (indicated by —_ ¢
the *), Bl __—%
ﬂ .
- . - . m 2:6-
Approximate wave functions for higher energy states of H, can be
constructed similarly. We can generate a molecular orbital energy diagram from 250,
the results. Just as a (slightly modified) hydrogen atom orbital energy diagram is — Iso,
used to predict the electron configurations and properties of multi-clectron atoms, ‘
this MO energy diagram can be used for multi-clectron diatomic molecules. A Iso,

molecular wave function can be constructed from the orbitals, but it is a non-trivial
process and gc_ncrally !-cquircs the use of a computer. Despite this, molecular orbital diagrams can be used to
correctly predict the triplet nature of O, and the instability of He,. Bond orders can easily be estimated using
bond order = # of bonding ¢~ ~ # of anti-bonding ¢
2

Useful as the LCAO-MO conceptual framework described can be, it does not give the full functional form of
LI'!c molecular wave function from which we could extract the total electronic energy or other properties. such as the
“:I"::)cl: :‘l:::l:::;l Thlclrc are many approachc; which can be used 1o find a complete molecular wave function. One
o pses na ':.l.:"aisy frl(_)m the fra_mc\?'ork Jjust dcvc_lopcd uscs lht{ Slater determinant to construct a wave function
riviiaidi wav‘c hy arll_lsylrnmcmc with respect to nm-r;h;nm‘_gc ol !hc clectrons. Ior example, consider a Slater
spatial oA nction for I-Ic_:. Each entry in ll'_lc determinant is a product of a spin function (a or p) and a
p O. The number in parcntheses designates the electron the function is describing.



Molecular Orbital Theory

o (Na o (1B o (Na o (1)p
9,(2)a o,(2)B o (2)a o (2)p
o (3)a o, (3B o (3)a o (3)p
o (4)a o, (4)p ol(d)a o (4)p

Yie, =

The variational theorem can be used to find the best approximation for this form of

wave function by finding the set of LCAO coeflicients (the ¢, c; etc.) that give the 1‘
lowest energy. Clearly this is a computationally demanding task even for small

molecules!

LCAO-MOs can be constructed for polyatomic molecules as well. MOs g .fl_
describing the n orbitals of a conjugated polyene can be built from the appropriate
set of p orbitals. Consider the r orbitals of allyl anion

([ H,CCHCH, ] ) shown at the right. Note that the lowest energy linear m _1.‘_

combination has only one node (in the plane of the molecule). It is generally true
that as the number of nodes increases, so does the energy.

Study Questions

MO-1. For the H, molecule, which spatial molecular orbital has both covalent and ionic terms? Note that
V.. (1) represents electron 1 in the 1s orbital of hydrogen atom A.

(A) CVia (')Vnﬂ (2)
(B) C.V.“(I)V.., (2)+€M.4(2)V...(|)
©) “Nm(')%n(')*"‘awm (Z)Vm (2)

(D) clVlM(')vlll (2)"' GViu (Z)Vm (') +OViu (')Vm (2)"' cAVuJ(')VM (2)

Knowledge Required: lonic contributions will be distributed asymmetrically over a molecule, by having multiple
electrons on a single atom.

Thinking it Through: Each of the 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 correct response is (D). Response (A) only contains a single term and is not a valid wave function.

MO-2. In which diatomic molecule are all the electron spins paired?

(A) CO (B) NO © O ® FO
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‘I'('nmi'ledgeikeq‘l;lréd:rﬁe pﬁ'né'iblé-éﬁfal'i‘di&'ea in filling an ciccl?dh_diaérdﬁ;ﬁ ‘the Aufbau B_ﬁﬁéiﬂé ('_ffll i'idn?'ihé'
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 i 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
(Iso )I (Im' )‘Y (Z.ro‘ )‘ (2.\'0' ): (2pn ) (2 po, )I which has all the electrons paired, so the correct response is

A . M N

response (A). The electron configuration of O: is (150, )1 (150, )1 (250, )I (250} ): (2pm,)' (2ps, )' (2pn; ): where

the highest occupied level is degenerate with one electron in each orbital, and unpaired spins. You might also
have recalled the common picce 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 Regquired: 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 5 electrons, so we can immediately reject responses (B) and (C).
Examination of the MO energy diagram for diatomics reveals that Li, has a configuration of

(lsc‘ )2 (I.\‘o: )z (Z.ro. )I , 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 of the diatomic
boron molecule, we would predict that

(A) B’ will have unpaired electrons. (B) B, will have all electrons paired.

©) B, will have unpaired electrons. (D) Bi' will havc unpaired electrons.

Knowledge Required: The principles followed in filling an eleclron.dTaé}E__

Thinking it Through: B has the configuration (150, )' (1so; )' (250, )' (250 )' , therefore all the electrons are

paired and respanse (A) is incorrect. B, has the configuration (lso‘ )1 (lscr: ): (Zso‘ ): (Zso,', ): (2pr, )' where the

electrons in the 2pm, level are unpaired. Therefore response (C) is correct and response (B) is incorrect. Adding

:;vct:’ elec:rons 10 the neutral molecule will fill the 2pm, level and all electrons will be paired, so response (D) is
mrect.
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removed from O, the O-O bond shortens. The most important factor involved in this difference
between nitrogen and oxygen is that

MO-5. When an electron is removed from N,, the N-N bond lengthens; whereas when an electron is T
(A) oxygen is more clectronegative than nitrogen.
(B) the bond distance in neutral nitrogen is shorter than in oxygen.
() the electron comes from an antibonding MO in oxygen but from a bonding MO in nitrogen.

(D) oxygen has a higher ionization potential than nitrogen.

Knowledge Required: The principle followec ling an clectron diagram; bond order calculations.
Thinking it Through: Referring to the homonuclear diatomic molecular orbital diagram given in the introduction,
we see that N, has a bond order of 3 and an electron would be removed from the 2po, orbital (a bonding orbital)
while O; has a bond order of 2 and an electron would be removed from the 2p 1 ' orbital (an antibonding orbital).
Removal of an electron from N; will decrease the bond order; lengthening the bond, while removal from O, 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 the atomic

orbitals that describe the 1t electron system in o, M M ®

butadiene; shaded areas are positive — unshaded 2
areas are negative. Which of these diagrams

would be expected to represent the highest energy

molecular orbital? o, o,

A o B o <« & ® 9

Khé;vledge Required: How the number of nodes Jlanges with increasing energy.

Thinking it Through: For atomic and molecular systems, the energy increases as the number of nodes increases.
This cffect is seen in atomic systems with increasing n and /. Here we look at molecular systems. All of these
molecular orbitals have a node in the plane of the molecule, so we are left to count nodes perpendicular to the
molecular plane. The wave function @ , has 3 nodes perpendicular to the plane; ® ; has zero; ®; has 1; and @
has 2. The energy ordering of these wave functions is then @, < ®; <®,<®; sothat @, is the highest energy
and response (A) is the correct response.

MO-7. Which expression is the best choice for the spatial part of a molecular orbital wave function for the
ground state for H;? (y for the 15 atomic orbital of atom A containing electron one is wrilten as

1sa(1).)
(A) 15, ()1, (2)+1s, ()15, (2) (B) 15, (1)1s, (2) - 155 ()15, (2)

© 1525, ()1s(2) o [+t 0] (2)+15(2)]

Knowledgeiie'ﬁl_reﬁ?i’;;ﬁl’gf the LCAO wave function for H,.

Thinking It Through: The ground state wave function has an asymmetric spin part; whicl_\ eliminates response (B)
as incorrect. Response (C) is also incorrect by having the incorrect form with multiplication of two wave
functions for each electron. Response (D) includes both covalent and ionic terms, so it is incorrect. Thus the
covalent only expression given by response (A) is correct.

¢
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Because the nuclear motions are much slower than those of the electron, the molecular Schridinger

Mo equation for the electron motion can be solved by assuming that the nuclei are at fixed locations.
This is
(A)  the Bon-Oppenheimer approximation.  (B) the time-dependent Schrodinger equation.
©) Russell-Saunders coupling. (D) the variation method.

 Knowledge Required: The meanings and application of the various terms.

Thinking it Through: The Born-Oppenheimer approximation separates nuclear and c‘lcclronic‘molion; and thus
the correct response is response (A). Response (B) is a correct theory name bul.descnbes the time depende:m:c of
the wave function. Response (C) describes the coupling between orbital fmd spin angular momentum and is thus
incorrect. Response (D) is related to performing calculations and is thus incorrect.

MO-9. For the r electrons in a polymethine dye having this formula, H_ , < R
the simple Hickel molecular orbital method has the secular }N:c\ /N<H
determinant equal to K L=C0

H H

x 1 00 x 1 0 0 1

1 x10 1 x10 ol
(A) 0 1 x 1 0=0 (B) 01 x 1 o=0

001 x1 00 1 x 1

0001 1001 4

x 100 x 1111

1 10 1111
©) 0 1 x 1 0=1 (D) 11 x 1 1f=0

001 21 [ I P |

0 00 1 11 11 o

Knowledge Required: The form of the Hickel wave functions.

Thinking it Through: A Huckel wave function has x along the diagonal elements connecting to neighbor atoms
are |; with all the other being 0. Thus the correct form corresponds to response (A).

MO-10. A molecular orbital of ethylene is shown. This orbital is

A) = (B) . © o
Knowledge Required: Orbital designations within bonds and their shapes.

Thinking it Through: The orbital is a x orbital because it extends above and below the plane of the molecule.
There is a center of symmetry making this a gerade (g) orbital. Thus the correct response is response (A).
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Practice Questions

According to molecular orbital theory, which
molecule should be least stable?

(A) Liy (B) Be: (C) N: (D) C;

. The clectronic ground state of the O,

molecular ion may be described the molecular

orbital configuration (Iso, )2 (1sq; ): (250, )2

(250, )’ (2ps, ): (2pn,) (207 )) where the
superscript denotes an antibonding orbital. The
bond order for O; would therefore be

(A) 1 (B) 2 (€) 32 (D) 512

. The diagrams represent the n molecular orbitals

of trans-butadicne formed from linear
combinations of the carbon p orbitals. The
algebraic sign of the p orbital is indicated by
shading. Which molecular orbital is the lowest
unoccupied molecular orbital (LUMO) of
trans-butadiene which has 4 r electrons?

(A) (B)

©) (D)

T4
1

. The highest occupicd molecular orbital for

benzene with 6 x electrons is best described by
which figure?

(A) (B)

© D)

&
&

. Which molecule has a bond order which is

different from the others?
(A) NO (B) Oy
(C) N (D) CO’
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The Cr; molecule has a bond length of
0.16 nm. What is the bond order?

(A) 0 (B) 1 © 3 D) 6

. The ground state of the NO molecule is a *I1

state. What is the clectron configuration for
this state?

(A) ..3¢ in' Iz 36"
(B) ...3¢° In* In" 36"
©) ..3¢° 17 In" 36"
(D) ...30° In* In™ 36"

. Distinguishing features of a o orbital

compared to a 6 orbital include
(A)
(B)

both are dclocalized.

both have nodal planes perpendicular o
the bond axis.

both have cylindrical symmetry about the
bond axis.

the antibonding orbital is asymmetric
about the bond axis.

©)

(D)

. You have just obtained the photoelectron

spectrum of O;. When compared with the
vibrational frequency of the O precursor, the
vibrational frequency of the resulting O; " is

(B) less.
(D) unpredictable.

(A) greater.
(C) the same.

Which molecule will have the highest first
ionization energy?

A C (B N (C) NO (D) O:
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Answers to Study Questions

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

Answers to Practice Questions

bwe =
Toaw
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- .Spectral Properties

Understanding spectra is an important reason for studying quantum chemistry. Typically you lcam 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 of the electromagnetic spectrum where the lines
associated with transitions between quantum states are observed. Here we summarize some of the concepts
underpinning observed spectra.

Microwave spcctra arc due to transitions between rotational quantum states. Typical spectra of diatomic
molccules show a series of equally spaced lines with varying intensity. The distance between energy levels of rotor
quantum states increases with increasing./ 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 the 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 of atomic isotopes or the presence of a magnetic
ficld. Selection rules tell us that a vibrational transition can only occur when
the change in quantum number between two states, Av ist1. Simultaneously

the change in quantum number for rotational states associated with the two
vibrational states is restricted to AJ = 1. This produces two branches in the
typical IR spectrum: an R branch with A/ = +1 and a P branch with AJ=-1.
The lines in the spectrum are nearly equally spaced on either side of the Q
branch. There is no Q branch unless A/ = 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 of the
electronic state. Each electronic state has its own potential energy curve characterized by v,, D,, and D,. One can

see a progression corresponding to transitions from v* =0to v' =0, 1,2, 3... or a series of lines withAv =0, i.e.
v°=0-v'=0,u"=1-v' =1 ... depending on the change in internuclear distances of the two electronic states.
The intensity of the lines is determined by Franck-Condon factors which are proportional to the product, or oyerlap.
of the wave functions in the ground and excited states. There are selection rules that govern electronic transitions
of atoms. AL = 1, AS =0, and A/ =0, 1, where L is the orbital angular momentum quantum number, S is the
total spin quantum number, and J is the total angular momentum number. Allowed transitions include S - PP+
D. and D ~ F. Forbidden transitions include S «— S (AL =0) and S «— D (AL = +2). As atomic numbers increase,
the selection rules break down and atomic spectra become more complex as weak lines appear that are due to
forbidden transitions.

Raman spectra consist of sets of lines due to an exchange of energy between a molec_ule and the incident
exciting frequency during the scattering of the incident beam. Most of the incident light is scattered at the ongmal
frequency. Some is scattered at higher frequencies (anti-Stokes lines) and some is scattered at lo“_rer frgquencnes
(Stokes lines). Stokes lines are typically more intense than anti-Stokes lines. Rotational Raman lines lie close to
the exciting frequency while vibrational Raman lines lie further from the exciting frequency because of the larger
energy gap between the two vibrational states. For a molecule to display Raman spectral lmes_, the mode of
vibration must be polarizable by the electric field of the incident radiation. Molecules possessing a center of
symmetry will have vibrational frequencies that are either Raman active or IR active but not both.
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SP-1. The intensity of an absorption line is typically determined by
A) the wavelength of the transition.
(B) the value of the transition moment integral.
©) only the lifetime of the final state.
(D) only the population of the final state.

Knowledge Required: Factors governing the appearance of a spectral line and determining the line intensity for
various spectral types. Appearance of a line requires that the transition moment be non-zero. The selection rules
for various types of transitions between quantum states. For transitions between electronic quantum states the
Franck-Condon Principle, that the transition integral be non-zero, applies and determines the intensity of a peak.
The transition integral depends on the overlap between the vibrational wave functions of the 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 correct 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 of the initial state controls the probability of a transition, the population of the final state 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 ©) 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 of the electromagnetic spectrum respectively.

Thinking It Through: Response (D) is incorrect because X-rays are very energetic and can ionize atoms and eject
electron§ from the inner shell of an atom or molecule. Response (C) is incorrect because this is the energy range
for exciting a molecule from one electronic state to another. Response (B) is incorrect because this is the
frequency range that matches the AE between vibrational quantum states. Response (A) is correct. This
frequency range matches the energy level separation between the rotational states of a molecule.

SP-3. A Raman spectrum of liquid carbon tetrachloride was obtained using the 331.0 nm line of a He/Cd
laser as the excitation source. The maximum of the first band on the 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.
© It arises from a vibrational transition.

(D) It arises from an electronic transition.

TR osn T 12
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Knowledge Required: Know roughly the wavelengths of the varidﬁgribt:-éfiéi 'i;gi-dlirs.'_cg_l‘li—is'froﬁi 20010
4000 cm'. To be able to calculate the frequency of the transition produced by the incident beam. Th;l the
observed linc is due to a transition from an energy level given by the difference between the frequency of the
incident light and the frequency of the observed spectral peak.

Thinking it Through: First compute the AE betwecen the incident beam and the observed spectral line. This is
1 1
3310x10° m  339.7x10° m
region. Thus response (A) is not correct. Response (B) is not correct because 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

because the frequency of the observed line corresponds to a AE, for the energy difference between two
vibrational states.

givenby v= =773 cm™'. The frequency computed for this line is in the IR

SP-4. (Y]
04
The figure represents a medium resolution UV- 03
vis absorption spectrum of I(g) at 70 °C. The 4 0z
structure of the absorption band is due to
transitions from ol
00
00 520 540 360 S0 &0

A

(A) the lowest vibrational level of the ground electronic state to several vibrational levels of
several excited electronic states.

(B) the lowest vibrational level of the ground electronic state to several vibrational levels of a
single excited electronic state.

©) several vibrational levels of the ground electronic state to several vibrational levels of a
single excited electronic state.

(D) several vibrational levels of the ground electronic state to the lowest vibrational level of a
single excited electronic state.

Knowledge Required: The visible region corresponds to transitions between electronic states of a molecule. Ina
medium resolution UV-vis absorption spectrum one sees fine structure arising from vertical transitions from the

v® =0, 1,2 vibrational states of the ground electronic state to higher, v' = ... 25,26,27 ... vibrational states of
the excited electronic state.

Thinking it Through: The figure shows a series of spectral lines characteristic of a UV-vis spectrum for I, frpm
multiple vibrational levels of the ground state to multiple vibrational levels in the excited state. We can eliminate
response (A) because it says that all peaks are due to transitions that originate at v* = 0. Response (B) also )
discusses several different excited states and this too is incorrect. Likewise response (D) is incorrect. The series
of lines in a progression are due to excitation to the several vibrational states of the excited state. Response (C) is
the correct answer.

o R
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SP-S. For a diatomic molecule a part of the pote.mial
energy diagram is shown with the approximate
W curves superimposed on the lines indicating
the energy values for states. Which of these 1 ¢
transitions would have the highest probability v ®
according to the Franck-Condon principle?

iterwucionr distancs, 7 —p-

(A) E—- A (B) E-> B ©) E-C (D) E->D

Knowledge Required: That the two figures represent the potential energy curves for two different electronic states
of the molecule. The figures show the vibrational levels for each electronic state and the probability density for
each level. The Franck-Condon Principle states that the most intense line would be given by the greatest overlap
between the ground state v = 0 function and one of the excited state functions.

Thinking it Through: The figure shows the potential energy curves for two different electronic states of a
molecule. The ground state appears to the right and below the excited state. Only the v " = 0 wave function of the
ground state, labeled E, is shown since this would be the most populated vibrational state 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 v " = 0 function and one of the excited state’s probability densities.
Examine the figure and draw a vertical transition line up from the maximum in the 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 comect response is thus (D).

SP-6. What is the correct ordering for typical gaps between adjacent energy levels?
(A) AE,, > AF, > AF, > AL pscrm s
(B)  Afucvmic > AEmcica swn > A wbeaionn > AE,
© AE yiew som > AE, > AE, ) > AE,
(D) AF octea win > AF rouionat > AE, > AE

Knowledge Required: The size of the energy level separations for each type of quantum state transition. It doesn't
take 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.

17_llnklng it Through: F'irst “'rrite down the order of energy level spacings given the information above. Starting
with the Iarggst .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 the normal electronic emission spectrum of an atom?

{ A) 23 1s (B) 2s > 3p ©) 3d- 2p (D) 5d - 2s

14 - - N v o em e
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Knowledge Required: The selection rules for electronic transitions between cnergy levels of atoms,

Thinking it Through: The selection rules that govern electronic transitions of atoms are AL = +1_ AS = 0, and
AJ=0. £1. In response (A), the L for each state is 0; AL is 0 and this transition is not allowed. In response (B), L
is 0 and | for each state respectively; AL is +1 and the transition is allowed. However this is an absorption
transition. Response (B) is not the correct answer. In response (C) we have a value of AL = —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 AL = -2,

SP-8. A transition between two states with wavefunctions v, and v, is said to be electric-dipole allowed
with polarization in the x direction if the dipole transition integral
(A) is 1. (B) is 0. (©) is non-zero. D) is real.

Knowledge Required: The intensity of a transition between two states is proportional to the square of the absolute

value of the transition integral, “‘l’; xy, dxi .

Thinking it Through: Since the intensity is proportional to the square of the transition integral, then any non-zero
value for the 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 must be that it 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 of a molecule?

(A) Microwave (B) Raman © Infrared (D) Ultraviolet

Knowledge Required: The general rules governing the appearance of spectra in the various parts of the
clectromagnetic spectrum.

Thinking It Through: Selection rules are determined by evaluation of transition moments which in turn depend on
the dipole moment or polarizability of a 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 the IR, the mode of vibration must have a changing dipole moment. For
example, CO. has three modes of vibration. Two of these have changing dipole moments during the vibrali9n and
thus CO, has two observable IR modes. Thus response (C) is also incorrect. Spectra appearing in the UV-vis
region correspond to electronic transitions with different charge distributions for each state connected by _lhe )
transition. For transitions in the UV-vis region the transition dipole depends on the overlap of wave fungllons in
the ground state and the excited state (known as Franck-Condon factors), the redistribution of electrons in the
excited state relative to the ground state, the parity and the symmetry of the ground and excited states. The correct
response is (B). Raman spectroscopy requires a changing polarizability.

SP-10. Which one of the following molecules does NOT absorb in the infrared?
(A) L (B) CCl, ©) NH, (D) HI
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Knowiedge Required: Gross selection rules for infrared (vibrational) transitions. -

( i ibrati itions is that the molccule must have a
Thinking It Through: The gross selection rule for vibrational transitions is t - ;
char’:gir’:ég dipole molecule during the transition. Both responses (C) and (D)-arc molecules with a_dlpolc moment;
thus they will absorb in the infrared. Response (B) (CCl,) does not have a dipole moment, bgl_wnll experience a
dipole moment in certain asymmetric modes of vibration and will thus have an infrared transition, 1, can not

develop a dipole on transition; thus response (A) is correct.

Practice-Questions
The most intense
transition for the
UV-vis spectrum
of a diatomic
molecule for
which the two viy
electronic
potential energy
curves arc shown
here is

—

Py ———
(A) vV'=0 > v =0
B) v'=0 - v'=2
©) v'=0- v=4
(D) v'=0-v=6

. 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=110J=2,Av =0

(B) HF molecule, rotational transition from
J=l10J=2,Av =0

(C) Nimolccule, vibrational Raman transition
fromv =0to v =1

(D) N:molecule, electronic transition from the
'Z; statetoa ‘M, state

- Which cnergy 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 C,H..

(D) The ionization encrgy of a hydrogen atom.
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4. How many of the fundamental vibrational

modes of the non-linear SO, molecule are IR
active?

(B) one
(D) alt

(A) none
(C) two

. Given that the energy of an electron in a

hydrogen atom is —R, /1’ , the energy of the

photon that can excite an electron from the
ground state to the first excited state is

(A) (374)R, (B) R,

© (11a)R, (D) (5/4)R,

In the harmonic oscillator approximation only a
single line appears in the absorption spectrum
for common molecules. Reason(s) for this
include

(A) the encrgy levels are equally spaced.
(B) the selectionruleis Au = +1.

(C) the molecule has a changing dipole
moment.

(D) all of the above.

. The O atom has scveral emission features.

Which will have the longest lifetime?
(A) 2p''D - 2p*’P

(B) 2p''S » 2p*'P

(©) 2p’3p°P - 2p*°P

(D) 2p"3s’P - 2p*°P



10.

The O atom has several emission features.
Which will have the lowest frequency?

(A) 2p''D - 2p*°P
®) 2p''s 5 2p''P
©) 2p°3p°P > 2p*°P
(D) 2p°3s°P 5 2p* P

. The CH, radical is planar. Which mode is not

infrared active?

(A) 4 (®) H
" !

.

C H H

N

© "' D) - ill
C

WO, N

Which has the longest lifetime?
(A) electronic fluorescence
(B) electronic absorption

(C) intersystem crossing

(D) vibrational emission

—_Spectral Properties _
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Answers to Study Questions

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

Answers to Practice Questions
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Advanced Topics:
Electronic Structure Theory and
Spectroscopy

While exact solutions may elude the chemist, 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 Hamiltonian as the sum of a Hamiltonian for which a solution is known
and a small correction or perturbation to the known system. The energy and wave function of the perturbed system

are written as a power series in terms of the unperturbed solutions, {wf"’} . The series are typically truncated at
some small n. The first order correction to the encrgy is
EM = wa"’ 'y de
s a perturbation approximation for the i energy to first order would be
E=EP4+EW - g, J‘W("’.f./'w'b'df
Finding the perturbed first order wave function is somewhat more involved, since it often involves the infinite sum
©F 1704
v.xy"+Y | R ©
- LBV (U

Perturbation theory has the advantage that it may be generally applied to excitcd states, and so is of particular use
in spectroscopy.

Variational approaches begin by constructing a trial wave function that satisfies the boundary conditions of the
problem. The full Hamillonian is used and an estimate to the energy is given by

_ J."p:mll:l‘Puuld‘
Fovamt = [@r0i®,.dt :

As long as an appropriate trial wave function satisfying the general requirements for wave functions, such as
normalizability, and meeting the boundary conditions for the problem has been used, the 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 of the
quality of the trial wave function, the lower the energy, the closer the solution is to the exact value. If the trial wave
function includes an adjustable parameter, the best wave function of that form can be found by determining the
value of the parameter thal minimizes the variational energy. Linear variation theory creates a trial wave function
from a lincar combination of appropriate functions, ¢.g.

Qv = ZC,q), =G, @, +c.9, +constant
'

cunt

Generally, variation theory can only be applied to ground states.

Computational chemistry encompasses a wide variety of quantum mechanical electronic structure lhcorjcs. as
well as important methods based on classical mechanics. A passing familiarity with the basic principles behind
cach method as well as the associate acronyms is required for modern chemists.

MM (Molccular Mechanics). Though it draws on the harmonic oscillator model, MM uses classical
mechanics for computing the energy of a moleculc based on its molecular geometry. Searching for the geometry
that gives the lowest energy yields a prediction of the molecular structure. Different force ficlds have been
designed for diferent classes of molecules. A force ficld is defined by a set of force constants, atom types and the
form of the equation used 1o estimate the energy. MM description depends on the bonds spcmﬁ-:d_by the user and
cannot describe bond- making or breaking processes. The quality of a structure and energy dclcltmnncd b'y MM
depends on the quality of the force field used, and ultimately on the quality of the experimental information used 1o
parameterize (choose the force constants) in the force ficld. MM methods are extremely fast.
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MD (Molecular Dynamics). MD uses Newton's cquations of motion to solve for ll_le lrajec_:lory of a molecule
or set of molecules (the movements of each atom) over time. The_ energy can be dclerrr_uned using mo_lecular
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 lh_e sort that can be done by a persislv.fnl
student on a napkin (Huckel MO theory) to those requiring large computing resources. The common thread in these
methods is that they ignore some contributions to the electronic structure (suc_h as non-valence clectrons apd_
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 to the true energy.

ab initlo methods. Ab initio methods do not rely on any experimental information other than the values of the
fundamental 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 the wave function has the form of a Slater
determinant, where each orbital in the determinant is a linear combination of basis functions. The size and
flexibility of the basis set controls the quality of the 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 sclf-consistent field (SCF)
algorithm, which finds the best set of coefficients for cach occupied molecular orbital in the average field of the
other orbitals. While computationally effective, this method fails to account for all of the energy resulting from the
correlated movements of the electrons. Post-HF methods have been developed which do a better job of computing
this electron correlation energy, including Cl (configuration interaction) and MP (Meller-Plesset) methods. The
computational requirements for a HF calculation go up with the number of electrons and basis sets. Post-HF
calculations are 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. Different functionals have been developed to describe
the effective potential energy in which the electrons move, including B3LYP and Becke 88.

Lagers (light amplification by stimulated emission of radiation) are an example of practical quantum
m_echamcs. 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

141444

A YAYAY A
(0 s oAl (] AARF
100% reflective mirror partially reflective mirror

The l.asmg mcdiurp is_conﬁr}ed in the cavity. The pump source excites the target molecule or atom in the cavity,
frez:(ulr:‘g a population inversion. As_molcculcs return from the excited slate, some of the emitted light is reflected
oack through the medium, stimulating further emission. The stimulated emissions arc in phase with the light waves

already reflecting inside the cavity. A coherent beam of light i iti i i
. - ght is produced. exiting through th tially reflect,
mirror. Lasers are a standard too) for spectroscopists. P & gh fhe partially reflecting
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" Study Questions =~ -

EST-1. According to the variation principle, an improved approximate wave function is obtaincd by
(A) minimizing the clectron density. (B) maximizing the clectron density.
©) minimizing the cnergy. (D) maximizing the cnergy.

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 function. A frequently chosen definition of the quality of the
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 the exact answer.
The lower the encrgy predicted for a wave function, the better 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 molecular mechanics studies of molecular structure, which has the largest force constant resisting
structural change in a molecule?
(A) torsion angle twist (B) bond angle bend
©) bond length stretch (D) change in position of the center of mass

Kh;;l;:ig;-kequired: The basic terms included in a molecular mechanics force field; the relative energies of
difTerent modes of molecular vibrations.

Thinking it Through: A change in position in the center of mass corresponds to translation of the molecule.
Molecular mechanics does not consider translational motion. Resp (D) is therefore incorrect. The magnitudes
of the force constants for molecular vibrations occur in the order torsion angle twist < bond angle bend < bond
stretch. Bond stretches have the largest force constants; response (C) is correct. Note that MM force 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

© should contain f~orbitals (D) self-consistent field

]no&liil}é Required: Acronyms used to describe quantum mechanical calculational methods.

Thinking it Through: SCF stands for self-consistent field. Response (D) is correct.

EST-4. The exact ground state energy of He is ~79.0 eV. Using the variation method, you calculatean
approximate encrgy to be -83.0 eV. You must have made an error because variation method energies
must

(A) lie above the ground state
(B) be positive
© cqual the exact ground state energy

(D) be at least twice the exact ground state encrgy
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Knon;li}l_g‘e_ké);;alieﬁ} Kﬁpliéﬁi&?\;f variation method to real calculations. Relative energies for calculations and
tnic energies.
Thinking it Through: The variation method can be expressed lhr?ugh this variation theorem which states
[ o H Wit
[veavaudt

i ies given i = E hat the trial energy is less than (more
Comparing the two energies given in the problem, -79.0 and 83.0, we see tha :
mgam) slan 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.

E

"act{war) < Eanl =

EST-S. The first three vibrational encrgy levels are
marked A, B, and C on the diagram for the
molecular potential energy curve for a diatomic
molecule. From this information, the best
estimate for the vibration frequency of the
fundamental transition is

0 " 2 n i
as 10 L5 20 25 30 35

(A) (B-A)/h (B) (C-B)/h ) (C-A)/h (D) (B-A)/2h

Knowledge Required: The selection rules for vibrational spectral transitions; the Bohr frequency condition,
AE = hv,,, where AE is the energy difference between two quantum states. The v =0 — u = | transition is
called the fundamental while other transitions from the u = 0 state are called overtones.

Thinking it Through: We can eliminate response (C) because it corresponds to an overtone. Response (B) can
also be climinated because although it satisfies the selection rule it is not the fundamental transition. Response (D)
is incorrect because of the factor of 2 in the denominator which is not present in the Bohr frequency condition.
Thus the conect response is (A).

EST-6. Conliguration interaction calculations account for

(A) correlation of electron motion

(B) correlation of nuclear motion

©) shielding of a nucleus by inner shell electrons in a molecule

(D) the momentum increase of electrons in a molecular orbital as they approach the nucleus

‘K"‘;';I‘dg‘ R‘q“lffd: The terms involved in calculated mﬂhodsj“—" T =

nlnlflng it ﬁrqngh: Configuration interaction calculations include multiple determinants in an attempt to better
describe the motion of electrons. The motion of nuclei is associated with the Bom-Oppenheimer approximation;
response (B) is incorrect. Response (C) is not the best answer because configuration interaction calculations

account (or more than inner shell electrons. Response (D) is incorrect because the momentum changes throughout
the description. Thus resp (A) must be correct.
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EST-7. Molecular mechanics calculations use
(A) a classical model based on the harmonic oscillator.
(B) an LCAO-MO approach using hydrogenic orbitals.
©) 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 with
experimental values.

Knowledge Required: Differentiation between calculational methods for molecuies,

Thinking it Through: Molecular mechanics relics on a classical mechanics description of the 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 of the vibrational absorption bands for a gaseous diatomic molecule is observed
to increase with increasing temperature. This transition is likely to be
v=0-3u=1 v=0->vu=2 v=lou=2 v=0-3vu=])
(A) (B) ©) (D)

Knowledge Required: Temperature dependence of spectroscopy. o
Thinking it Through: Three of the four responses involve transitions involving v =0. The other involves v = 1,
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 | and 2 for a diatomic
molecule with the z axis along the intenuclear axis, which intregal expression must be non-zero?

W Jvizwde @ Jvivde  ©  fvifwdr @) feizv,de

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 2 operator. Response (C) contains the * operator, which is incorrect. Response
(D) has the same function s, in the integral.

EST-10. The mo_lecular orbital wave function for H; is e. (0. (2)+ o (e, (2)+2. (e, 2)+9.2)e.()
proportional to the function ]
where ¢_and o, 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;, H;H,’,,and HAHB'
B) H,H, and H_H;.

©) H,H,.
(D) the set in (A) plus additional valence bond structures.
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Knowledge Required: Nature of terms in a molecular orbital wave function.

Thinking it Through: The first term corresponds 1o both electrons on atom «, the second term to both electrons on

atom b, and then rem

ining terms correspond 1o one electron on each atom. Thus response (A) is the correct.

Practice Questions
When the variation theorem is employed to
estimate the energy for a system, the energy, E,
is calculated using a trial wave function, ¢. If
E, is the correct energy of the ground state,
then the energy calculated using v is

(A) E20 (B) E2E,

© E-=E, (D) EsE,

Which basis set will result in the Hartrec-Fock
calculation having the lowest energy?
(A) STO-3G (B) 3-21G
(C) 6-31G (D) 6-31G*

. At room temperature the vibrational transition

in HBr (gaseous) from the v = | state to the

v =2 stale is much less intense than that for
the transition from the v =0 statetothe v =1
state. The primary reason for this is that

(A) the former transition is forbidden while
the latter is allowed.

(B) the dipole moment of the v = 0 state is
larger than that for the v = | state.

(C) the Bolizmann thermal distribution is
unfavorable.

(D) the v =0 state has more rotational states
than the v = | state.

. For two atomic orbitals to combine favorably

to form a bonding molecular orbital in a
heteronuclear diatomic molecule where the =
axis is the internuclear axis, they must have
identical

(A) principal atom quantum numbers and
about the same energy.

(B) zcomponents of orbital angular
momentum and about the same energy.

(C) orbital angular momenta and about the
same energy.

(D) energies.
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. The spatial portion of the molecular orbitals for

H; can be expressed as

y(1,2)= ¢, {Isalsp - Isplsa) +
{154 255 — 254158} +
C3 {15a25p + 2s15p) +
calsalsa+ ...

In the Hartree ~ Fock expression for the
wavefunction for the bound molecule,

(A) the term containing ¢, dominates for the
equilibrium intemuclear distance.

(B) 2=¢3=¢4=0.
(C) aa=o.

(D) the term containing c, corresponds to an
ionic state.

. The spatial portion of the molecular orbitals for

H; can be expressed as

y(1,2) = ¢ {Isalsp - Ispls\} +
¢2{lsa 25p — 255158} +
¢y {1sa2sp + 25158} +
CyIsalsa+ ...

In the Hartree - Fock expression for the
wavefunction for the bound molecule,

(A) the terms involving ¢, and ¢, are excited
states.

(B) the term containing ¢, represents an ionic
state.

(C) the c; term is a triplet state.

(D) all are correct.

Which method of calculation is not variational?
(A) Configuration Interaction

(B) DFT

(C) Martree-Fock

(D) MINDO
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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

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 set

(D) MP2 calculation with 6-31* basis set
Which model system provides molecular

orbitals composed of the fewest number of
atomic orbitals for a diatomic molecule?

(A) Gaussian orbitals

(B) H,' orbitals

(C) Slater orbitals

(D) symmetry adapted orbitals
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Answers to Study Questions
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