) |

| &

T i

MOLECULAR SPECTROSCOPY

= 4 4 & K &




FEHEFRFRERHFLF

N F N i
18
MOLECULAR SPECTROSCOPY

(FEEPR)

Jeanne L. McHale

Univeesity of Idaho

a4 4 % K @
o



EF .01 -2002-2770 &

nE &N

EHAFEBEGEHTEREADZ—.

FHRELEERE TREW T TAERERSNAGER AREE
THRFOLHE FahtE Rt &m0, P iTe TR T4
. FBAARRHE T NZREAT, RAENE TR PR B
AR SRR EHEHFEE, B TIRERRNER,

EHR AL SRR B EBIE TR REREREB A B
A HBETKOBBILEES S,

English reprint copyright © 2002 by PEARSON EDUCATION NORTH ASIA
LIMITED and SCIENCE PRESS.

Molecular Spectroscopy, 1% ed. by Jeanne L. McHale, Copyright © 1999

All Rights Reserved.

Published by arrangement with the original publisher, Pearson Education, Inc. ,
publishing as PRENTICE HALL, INC.

This edition is authorized {or sale only in the People’s Republic of China
(excluding the Special Administrative region of Hong Kong and Macau) .

EBIERSE (CIP) X1

BFHi/(E)ETEBI/R(McHale,]. L.)FE . —EEB .—JL5. Bl
KAt 2003

(PEREEARERFA B /AFILER)

ISBN 7-03-010882-5 .

L. 0.3 0. 07F-u-mRs-8m-3% V.0561.3

w4 P54 CIP 3088 57 (2002) 58 067268 5

Fritg s, TEM AR E R
WAL 45 A& AHEX

@4 5 & B o IR
bR s AR 16 Y
WER 4RF:100717
http:// www . sciencep.com

& & ® # S HR
B R RAT SRS

*

003 LAS — M FFA:BS(720%1000)
2003 4 1 AF—WEIRI  E19.30 174
¥ - 1—3 000 F$:760 000

Er:45.00 3T
(AN 3 i & ) R, TR 5 3T (B )



(PEMERAR RN BR% 2

x
BIELE.

& A A
KR F
 RFE
B 1 #k
# g

& s
t 30

# R ERE AW

“tx& X
A

K miB A
IAY® R =

5 58 3

o B3

ChERERCHS BBV R E N RS S

F R 24k

Bl RHw

ﬁ §: %f&,‘é’;

RXE xR KEE THX



(P EBERET RN

A2l e inE, TEAR HFaOEEXRaI: P
EDARZIIF (PEHAFEATERFAD)— X E5
XKITERFRFHERAFE AZLFHFN S F o odH
TAEFMOE T, MEXEABY LR, AA—ZEE L
SHATEEMTRGE S A RIALLEKFTRAEALEL
ARG HBAHIER

Q0L BRAFHAKAIFAR, ABREGH L,
HEFRAERAZFRRGREEN T RATBEYH D,
BAGFRELARRAGEERDIN T, v REE 2 W4
CENNESF EALRBHEENGESL, —2B £
HENGELAZRECHTBAGRHBALTGE S HAE,
AEZRAE2 HRIMAREAFEAXE R THER
R Bk, ROLA-FR ALK G B = PR
AEZERFPFRZER, A TR AR LR TER
XK. ERKR . EHMEeR2 AN 45854546494
HREF, ARBLEABIFHRFOANY - A+ % ER
Ko 6 B eg 1 4

TEMNFRAMEAKRED A A FESHHRG L L H
RERRF O, EERZMARNH T HERRBEAL F %4
NEEE, KABKRAMN AR T ML GERS, RET
PAMBEL S AREHTF HAAKEGGHLY, &6
FIAr, FHIEAFRAAHRRYBRE, AR EEA T
BT e A, A, FPEAFRELERRBLZERE
EETFYEASFREE N ERT AL GIETR, A
AR B PR A AK-FAF 0T Lk fo R 5 HH AT




LREEWGRE, mEARAERT, EHERFIEA
FRALRN, ERAARRAKRBHFEARREZHHAR
PR B E ARG R, A B KRR E R KR F
ZAE A

BMERARERFTHAS LPORIMAALABARS
REMAEDAZERKFT U ER L5, AR L &M ER2
ROMRABFIHATH —NEELH L, T4
ARE, B KREATAEMGIETRHE THALALARKT Y
R, ATRTEIAMBFA, PEA S aE T AP
G, RN LA A a R FE RO AR EREH T L
B, ARERAFT LTI FOAR LR G B, 2
BIBEFGH, bm—Fadm 21 etk A v E
HERBEH[KFOFARERFLS, AAFHES
KEAFFMN LG olab B Rk FATIS N, # 54
EATRERFALFAGE 24 GHF Eaiir, 4
RGNS RAFARLYGN G, IEFHTAEARER
BARESGTARKAREF IR, LT UEHSEHK
A L ARTAR T hfoE @ iEdH,

“BETT, TAORME KA, @ TEHFE—n
HERGFIME(TEREEATEELFABR XA
AREARE K TR — KSR, LHREAWET, B £
¥FEFTHCH, N G FGRE, T ER,
CALERATAEEFTHRAEE S ETETH#,

ARt



PREFACE

This book is the crystallization of the lecture notes I have been compiling since
1981, the year I first taught a graduate course in spectroscopy. At the time, I
was disappointed to learn that Ira N. Levine’s Molecular Spectroscopy (John Wiley
and Sons, New York, 1975) was out of print. Since then, I have made use of
several excellent texts, but I felt that the time had come to mainstream the topics
of condensed phase spectroscopy and time-dependent theory into the conventional
introductory spectroscopy course. I wanted to write a book that would bridge
tradition and innovation, that would present the necessary theoretical foundations
and help students acquire the intuition needed to solve practical problems in the
spectroscopy laboratory. | wanted the book to be rigorous, but not at the expense
of clarity. T didn’t want to follow the typical style of a foreign-language textbook,
where students learn all the fine details of gender and verb conjugation, only to later
visit a country where the language is spoken and find that they can’t get around,
having failed to learn words like “upstairs” and “outside.” I wanted to write a book
that would enable students to “get around” in the field.

Spectroscopy is very much the study of applied quantum mechanics. This book
assumes that the reader has previously taken a one-term course in quantum me-
chanics; at the level of Levine’'s Quantum Chemistry (Prentice-Hall, Upper Saddle
River, N.J., 1999) or P. W. Atkins’ Molecular Quantum Mechanics, 2nd ed. (Oxford
University Press, New York, 1983). Some previous exposure to statistical mechan-
ics, as in an undergraduate physical chemistry class, will also be helpful. Chapter
1 summarizes the necessary background in these two subject areas. Even for the
student with a very strong background, I recommend Chapter 1 as it will help
establish some notation and recurring themes that appear throughout the book.
Chapter 2 discusses both the classical and quantum mechanical theory of electro-
magnetic radiation, and Chapter 3 describes the electric and magnetic properties
of matter on which the light-matter interaction depends. Time-dependent pertur-
bation theory, the foundation of spectroscopic theory, is developed in Chapter 4,
and in Chapter 5 I discuss the use of time-correlation functions in rotational and
vibrational spectroscopy. Applications of the time-correlation function formalism
are further described in Chapters 8 and 12. Chapter 6 describes the connection

xiii



xiv Preface

between theoretical quantities, such as the electric dipole transition moment, and
experimental observables, such as the intensity of absorption, emission and scat-
tering. Chapters 7 through 12 take up specific types of spectra and applications:
Chapter 7 develops atomic spectroscopy in order to introduce electronic transitions,
Chapter 8 covers rotations and internal rotations, vibrational spectra are considered
in Chapters 9 and 10, and molecular electronic spectroscopy is covered in Chapter
11. Chapter 12 unifies the topics of Raman and resonance Raman spectroscopy,
and provides a brief introduction to nonlinear techniques. Group theory is used
extensively in Chapters 10, 11, and 12, and is reviewed in Appendix C. While it
is assumed that the reader has had some exposure to group theory, particularly
molecular symmetry, the basic tools required for working problems are presented
in Appendix C. Appendix A covers some necessary math skills and Appendix B
presents some details of doing calculations in electrostatics, particularly relevant
to Chapter 3. For a general review of helpful math skills, I recommend Applied
Mathematics for Physical Chemistry, 2nd ed. (Prentice-Hall, Upper Saddle River,
N. J., 1998) by James R. Barrante. I have made a strong effort to use consistent
notation throughout the book, and I place great emphasis on the power as well as
the limitations of approximations. A Solutions Manual for this text is available to
adopting instructors (ISBN 0-13-920083-5).

In addition to the many students who helped to shape my early lecture notes
and rough drafts of this book, there are many people to thank for critical reading
of all or part of the manuscrupt. At the University of Idaho, my colleagues Phil
Deutchman, Dan Edwards, Dave Marshall and Pam Shapiro reviewed chapters and
contributed many suggestions. Special thanks are due to Luke Emery and Doug
Daniel for critical reading of the entire book, and countless helpful comments and
criticisms. The following Ul graduate students used the manuscript as the text for
the course and made helpful corrections and suggestions: Xuan Cao, Connor Flynn,
Brian Keller, Scott Larkin, Ron Mallery, John Streiff, Robert Tolbert, Husheng
Yang, Bai Yin, and Mike Wojcik. I am also indebted to my good colleagues, Frank
Baglin of the University of Nevada and Nina Veas of Michelin, for careful reading
and thoughtful comments on several chapters. I am very grateful to the following
reviewers for their helpful suggestions: Robert R. Birge, Syracuse University; David
Farrelly, Utah State University; H. Bruce Friedrich, University of Iowa; Daniel
P. Gerrity, Reed College; Darla K. Graff, Los Alamos National Labs; Bruce S.
Hudson, Syracuse University; Fred Northrup, Northwestern University, Thomas B.
Rauchfuss, University of Ilinois - Urbana/Champaign; David J. Simkin, McGill
University; and Michael Trenary, University of Illinois at Chicago. I owe much
to my teachers Jack Simons and Bill Guillory at the University of Utah for their
inspiration. I would also like to acknowledge my editors Deirdre Cavanaugh and
John Challice at Prentice-Hall for their guidance. Of course, it is customary to thank
someone for doing an excellent job of typing. I only wish I could do so! Instead, I
express my deepest gratitude to Robert Tolbert and John Jegla for patiently helping
me in my struggle to learn IATEX. This book would not have been possible without
their advice. Finally, my biggest debt is to my husband, Fritz Knorr, not only for
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his constant encouragement and support during the writing of this book, but more
importantly for creating all the drawings. I literally could not have produced this
book without him.

I continue to welcome comments and suggestions from readers. Throughout the
chapters that follow, you will notice that I chose to use the first person plural. Who
are “we?” We are the author and the reader together. It is my strong hope that the
reader will follow along with me when we consider a topic, and when we show that
something is true. As an active participant in uncovering the working formulas of
spectroscopy, readers will surely discover a few new tricks of their own. In this way,
we make contributions to future developments in spectroscopy.

Jeanne L. McHale
Moscow, ID
Jmchale@uidaho.edu
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