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Preface

Although this book was conceived as a second edition of Introduction to Modern Vibrational Spectroscopy
published by the author in 1993, it really is not a second edition, but a completely rewritten monograph on
a subject that has changed so much in 20 years that the old edition appears seriously antiquated. In fact, few
other areas of spectroscopy have undergone such radical changes in the past two decades as vibrational spec-
troscopy has: subjects that then were cutting edge technology have become so common that they have been
part of undergraduate physical chemistry core laboratories for quite some time, and areas that were not even
thought about 20 years ago are on the verge of commercialization. This enormous progress was spawned by
a fortuitous co-incidence of many factors, such as instrumental advances that allow the collection of 10000
infrared spectra within a few minutes, or the collection of Raman spectra of samples in the picogram regime
in a few hundred milliseconds. The ready availability of pico- and femtosecond tunable laser sources has
made routine acquisition possible of several nonlinear spectroscopic eftects, based on excitation of short-lived
vibrational states. Last not least, the enormous increase in computational power over the past 20 years has
opened entirely new avenues for data processing and statistical analyses of the plethora of data collected in
short times. In fact, the increased computational power is certainly one major enabling factor of an area of
vibrational spectroscopic imaging, in which between 10 000 and 100 000 individual pixel spectra are collected
through specialized microscopes and converted to pseudo-color images based on the vibrational spectroscopic
features. This increase in computational power can easily be felt considering that in 1993, a top-end personal
computer (PC) incorporated less than 1 MB of RAM, and was still based on Intel 386/387 processors and
much of the scientific programming was carried out using FORTRAN compilers. Twenty years later, work-
stations with between 16 and 48 GB of RAM and multicore Pentium type processors are routine and available
for a similar dollar amount required for the purchase of top-end PCs in 1993. The accessibility of thousands
of routines for data processing and analysis, and being contained in the MATLAB environment, have offered
sophisticated statistical and analysis routines even to the non-expert. Finally, theoretical developments have
solved some puzzling aspects of vibrational spectroscopy; the prime example here is the understanding of
the theoretical foundations of surface-enhanced Raman spectroscopy (SERS). In 1993, an overall agree-
ment on the theoretical foundations of this effect had not been reached. Furthermore, the field seemed to
be plagued by low reproducibility, which disappeared once the theory of surface enhancement was properly
developed.

The need for inclusion of new techniques in vibrational spectroscopy, as well as the shifting research
interests of the author, contributed to the very new format of this book, and the material contained herein.
Furthermore, the strategies for teaching concepts of vibrational spectroscopy have changed both at the grad-
uate and the undergraduate levels. Finally, the intended readership of this book has changed since the first
edition addressed an audience of first year graduate students in chemistry while the present edition addresses,
in addition, a readership interested primarily in the medical imaging and diagnostics fields. For these readers,
the theory sections have been streamlined, and imaging aspects have been added. The first edition still con-
tained a detailed discussion on how to perform empirical calculation of molecular force fields and vibrational
frequencies. This subject has gone the path of dinosaurs, since such calculations are now all performed at the
ab initio molecular orbital level. In addition, methods of data handling and analysis have been added that are
necessary for both students and researchers in modern vibrational spectroscopy.
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All these changes have forced a total rewriting of the book. Part I of the reworked monograph contains
the theory of vibrational spectroscopy, presented both from the view of classical mechanics as well as from
quantum mechanics. Although the later parts of the book deal mostly with large biological molecules, a
short review of the group theoretical foundations of vibrational spectra of small molecules is included, as
well as basic instrumental aspects. New techniques —surface and nanostructure-based spectroscopies, nonlin-
ear effects, and time-resolved methods — are introduced as well. Thus, Part I represents a short course into
“Modern Vibrational Spectroscopy” and is somewhat comparable to the first edition.

Part II deals with biophysical, medical, and diagnostic applications of vibrational spectroscopy. It starts with
a review of the biophysical applications of macroscopic vibrational spectroscopy, a field that has produced
ten thousands of papers on biomolecular structure, dynamics, and interactions. Subsequently, vibrational
microspectroscopy (also referred to as vibrational microscopy) will be introduced. Although infrared and
Raman microspectroscopy were certainly known and applied in 1993, their relevance was relatively low, and
they were not included in the first edition. In contrast, both techniques are so prevalent now that they con-
tribute to about 30% of sales in Raman and infrared spectral instrumentation. Both these techniques present
their own challenges in instrumentation, data manipulation, and analysis, and are discussed in detail.

Vibrational microspectroscopy allows the detection and analysis of individual bacterial cells. In 1993, a
few brave souls had embarked into this field and found that infrared spectra proved phenomenally sensitive
in distinguishing different bacterial species [1]. The analysis of cells and tissue has undergone an explosive
expansion during the past decade, and is now on the verge of becoming a major diagnostic and prognostic
tool. Specialized journals, such as Biospectroscopy (now part of Biopolymers) and the Journal of Biopho-
tonics are devoted to the application of (mostly) vibrational spectroscopy toward biological sciences and
medicine. Many journals that used to concentrate on classical analytical chemistry have devoted entire issues
to the emerging field of spectral diagnostics (see, for example, Analyst, Volume 135 and J. Biophotonics,
Volumes 3 and 6).

Thus, the author hopes that this book will provide a detailed background, from the quantum mechanical
foundation to the specific applications, for researchers in, or entering, the exciting and re-emerging field of
vibrational spectroscopy.

In the years since the first edition was published, several new books have appeared discussing in detail
several aspects of vibrational spectroscopy, such as D.A. Long’s book on Raman theory [2], L.A. Nafie’s book
on Vibrational Optical Activity [3], volumes on Quantum Mechanics or Group Theory [4], monographs on
microspectroscopy, and many more. The present book can impossibly compete with these specialized books
on the details presented, since it still was conceived as an “Introduction” to modern vibrational spectroscopy.
Therefore, the subjects discussed here are more appropriate for a researcher entering this field, or for advanced
undergraduate students in Chemistry or the Life Sciences.

Finally, the author herewith apologizes categorically for one aspect in this book that is presented inconsis-
tently throughout the chapters: the presentation of spectra from left to right and from right to left. Historically,
Raman spectra have been presented mostly from “left to right,” that is, from low to high wavenumber. Infrared
spectra were originally presented from high wavenumber to low wavenumber, or from “right to left.” Of
course, this was due to the fact that the wavelength increases from “left to right” in this presentation. Although
there are some recommendations by IUPAC on the representation of spectra— Raman spectra from “left to
right” and infrared spectra from “right to left” — too many researchers have not abided by this rule; conse-
quently, spectra are displayed in the literature both ways. Since many figures in this book are taken from
the work of many researchers, these figures could not be reversed to a standard theme. Thus, the reader is
reminded to pay particular attention to the direction of the wavenumber scale in the figures.

Boston, July 2014
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Preface to Introduction to Modern Vibrational
Spectroscopy (1994)

The aim of this book is to provide a text for a course in modern vibrational spectroscopy. The course is
intended for advanced undergraduate students, who have had an introductory course in Quantum Chemistry
and have been exposed to group theoretical concepts in an inorganic chemistry course, or for graduate students
who have passed a graduate level course in Quantum Chemistry.

There are probably a dozen or so recent books in vibrational spectroscopy, and a few classical texts over three
decades old. This large number seems to discourage any efforts to produce yet another book on the subject,
unless one is willing to pursue a novel approach in presenting the material. This is, of course, exactly what
was attempted with the present book, and the approach taken will be outlined in the following paragraphs.

There are two classical and comprehensive texts on vibrational spectroscopy, Molecular Spectra and Molec-
ular Structure. 1l. Infrared and Raman Spectra of Polyatomic Molecules by Herzberg [1] and Molecular
Vibrations by Wilson et al. [2]. Both of these books are absolutely essential for an in-depth understand-
ing of vibrational spectroscopy, and devote hundreds of pages to theoretical derivations. However, due to
the rapid progress in instrumental techniques and computational methods and due to the fact that thousands
of molecules have been studied since these two books were written, the practical aspects of these books
are certainly limited. However, the value of these classic books for the serious vibrational spectroscopist is
immeasurable, since they provide many of the fine points needed for a detailed understanding of the subject.

Among the more recent books, the reader will find either very specialized works dealing with one or a few
specific topics of vibrational spectroscopy, or books that are more a compilation of data than a comprehensive
text. The more practically oriented books often emphasize correlations of observed spectra with molecular
structural features, and may contain large compilations of spectra and group frequencies, and only cursory
treatment of theoretical principles. These books are essential for researchers who wish to employ vibrational
spectroscopy as a qualitative structural tool.

However, neither of these could be used as a text book in a course, nor could they be used by a researcher
who wants to gain insight into modern aspects of vibrational spectroscopy. Thus, the author was faced with the
challenging task of writing a text that incorporates some theoretical background material which is necessary
for the understanding of the principles of vibrational spectroscopy, in addition to computational methods,
instrumental aspects, novel developments in vibrational spectroscopy, and a number of relatively detailed
examples for the interpretations of vibrational spectra. Since the scope of this book is much broader than any
of the aforementioned specialized texts, some of the theoretical material needed to be adjusted accordingly.
Thus, the quantum mechanics of molecular vibrations, time-dependent perturbations, transition moments,
and many other topics are only summarized in this text, and detailed derivations are omitted. For details,
the reader is referred to specialized books, such as any one of the many available text books on Quantum
Chemistry (see, for example, Levine, Quantum Chemistry, Volumes (I) and (II) [3]). For a detailed theoretical
background on symmetry aspects, the classical book (Cotton, Chemical Applications of Group Theory [4]) is
recommended, and the aforementioned books on vibrational spectroscopy for a more thorough treatment of
theoretical aspects of molecular vibrations.
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Thus, the present book does not supersede any of the classical texts, but is a further extension of them, and
intends to bring the reader to a more practical and up-to-date level of understanding in the field of vibrational
spectroscopy. Subjects such as Raman spectroscopy, which has become a major area of research in vibrational
spectroscopy, is not treated as an afterthought, but experimental and theoretical aspects are discussed in detail.
Items of historical significance, such as the Toronto arc for excitation of Raman spectra (which was actually
mentioned as a viable source for Raman spectroscopy in a recent text), or the manual solution of the vibrational
secular equation, have been banished from this book. Instead, modern experimental aspects, such as multi-
channel Raman instrumentation, time-resolved and resonance Raman techniques, nonlinear Raman effects,
and Fourier transform infrared and Raman techniques are introduced. In addition, computational methods for
the calculation of normal modes of vibration are treated in detail in this book.

One chapter is devoted to the biological applications of vibrational spectroscopy. This is a rapidly developing
field, and perhaps the most fascinating, for the molecules are often very large and difficult to study due to
low solubility and solvent interference. It is in this area that the enormous progress of modern vibrational
spectroscopy can best be gauged, since this field is not even discussed in the books of 30 or 40 years ago.
The final chapter is devoted to a new branch of vibrational spectroscopy carried out with circularly polarized
light. The new techniques introduced here combine principles of vibrational spectroscopy with those of optical
activity measurements of chiral molecules. Applications of these techniques to biological molecules, and to
simple chiral systems, are presented.

The author would like to thank his colleague, Prof. John Lombardi from the Department of Chemistry,
City University of New York, City College, for his encouragement about this book, and for correcting a large
number of errors in the original manuscript. The Graduate Spectroscopy class (U761) at the City University of
New York in Spring, 1992, also was instrumental in pointing out inconsistencies in the manuscript, when an
early version was used for the first time. The author is grateful for the input he received from these students.

New York, January 1993

References

Herzberg, G. (1945) Molecular Spectra and Molecular Structure, Van Nostrand Reinhold Company, New York.
Wilson, E.B., Decius, J.C. and Cross, P.C. (1955) Molecular Vibrations, McGraw-Hill.

Levine, L. (1970) Quantum Chemistry, vol. 1 and 2, Allyn & Bacon, Boston.

Cotton, EA. (1990) Chemical Applications of Group Theory, 3rd edn, John Wiley & Sons, Inc., New York.

PR



Contents

Preface
Preface to ‘Introduction to Modern Vibrational Spectroscopy’ (1994)

I MODERN VIBRATIONAL SPECTROSCOPY AND MICRO-SPECTROSCOPY:
THEORY, INSTRUMENTATION AND BIOMEDICAL APPLICATIONS

L1 Historical Perspective of Vibrational Spectroscopy
1.2 Vibrational Spectroscopy within Molecular Spectroscopy
References

1 Molecular Vibrational Motion
1.1 The concept of normal modes of vibration
1.2 The separation of vibrational, translational, and rotational coordinates
1.3 Classical vibrations in mass-weighted Cartesian displacement coordinates
1.4 Quantum mechanical description of molecular vibrations
1.4.1  Transition from classical to quantum mechanical description
1.4.2  Diatomic molecules: harmonic oscillator
1.4.3  Diatomic molecules: anharmonicity
1.4.4  Polyatomic molecules
1.5 Time-dependent description and the transition moment
1.5.1 Time-dependent perturbation of stationary states by electromagnetic radiation
1.5.2  The vibrational transition moment for absorption: harmonic diatomic molecules
1.5.3  The vibrational transition moment for absorption: anharmonic diatomic molecules
1.5.4  The vibrational transition moment for absorption: polyatomic molecules
1.5.5 Isotopic effects: diatomic molecules
1.6 Basic infrared and Raman spectroscopies
1.6.1 Infrared absorption spectroscopy
1.6.2 Raman (scattering) spectroscopy
1.7 Concluding remarks
References

2 Symmetry Properties of Molecular Vibrations
2.1 Symmetry operations and symmetry groups
22 Group representations
23 Symmetry representations of molecular vibrations
24  Symmetry-based selection rules for absorption processes
2.5  Selection rules for Raman scattering
2.6 Discussion of selected small molecules
2.6.1  Tetrahedral molecules: carbon tetrachloride, CCl,, and methane, CH,

xv
Xix

b = -

39
40
44
50
54
56
57
57



viii

Contents

2.6.2  Chloroform and methyl chloride

2.6.3  Dichloromethane (methylene chloride), CH,Cl,

2.6.4  Dichloromethane-d, (methylene chloride-d,), CHDCIl,
References

3 Infrared Spectroscopy

3.1
32

3.4

General aspects of IR spectroscopy
Instrumentation

3.2.1  Sources of infrared radiation: black body sources
3.2.2  Sources of infrared radiation: quantum-cascade lasers,

nonlinear devices
3.2.3  Transfer optics
3.2.4  Color sorting devices: monochromators
3.2.5 Color encoding devices: interferometers
3.2.6  Detectors
3.2.7 Read-out devices
Methods in interferometric IR spectroscopy
3.3.1 General instrumentation
3.3.2  Optical resolution
3.3.3  Zero filling and fourier smoothing
3.3.4 Phase correction
3.3.5 Apodization
Sampling strategies
3.4.1 Transmission measurement
3.4.2  Specular reflection
3.43 Diffuse reflection
3.4.4  Attenuated total reflection
3.4.5 Infrared reflection absorption spectroscopy (IRRAS)
3.4.6  Fourier transform photoacoustic spectroscopy (FT-PAS)
3.4.7 Planar array infrared spectroscopy (PA-IRS)
3.4.8 Two-dimensional FTIR
3.49 Infrared microspectroscopy
References

4 Raman Spectroscopy

4.1
4.2
43
4.4
4.5
4.6

General aspects of Raman spectroscopy

Polarizability

Polarization of Raman scattering

Dependence of depolarization ratios on scattering geometry
A comparison between Raman and fluorescence spectroscopy
Instrumentation for Raman spectroscopy

4.6.1 Sources

4.6.2 Dispersive Raman instrumentation and multichannel detectors

4.6.3 Interferometric Raman instrumentation
4.6.4 Raman microspectroscopy
References

64
67
68
69

71
71
73
73

75
76
76
79
82
84
84
84
86
86
88
91
92
92
94
95
97
99
100
101
101
102
102

103
104
105
107
111
114
116
116
116
121
122
122



Contents  ix

5 A Deeper Look at Details in Vibrational Spectroscopy 123
51 Fermi resonance 124
5.2 Transition dipole coupling (TDC) 128
53 Group frequencies 129
5.4  Rot-vibrational spectroscopy 130
5.4.1 Classical rotational energy 130
5.4.2  Quantum mechanics of rotational spectroscopy 132
5.4.3 Rot-vibrational transitions 137
References 141

6 Special Raman Methods: Resonance, Surface-Enhanced, and Nonlinear

Raman Techniques 143

6.1 Resonance Raman spectroscopy 144
6.2 Surface-enhanced Raman scattering (SERS) 146
6.3  Nonlinear Raman effects 149
6.3.1 Spontaneous (incoherent) nonlinear Raman effects 149

6.3.2  Coherent nonlinear effects 152

6.4  Continuous wave and pulsed lasers 159
6.4.1 Einstein coefficients and population inversion 160

6.4.2 Operation of a gas laser 162

6.4.3  Principles of pulsed lasers 163

6.4.4  Operation of pulsed lasers 163

6.5  Epilogue 164
References 164

7 Time-Resolved Methods in Vibrational Spectroscopy 167
el General remarks 167
7.2 Time-resolved FT infrared (TR-FTIR) spectroscopy 168
7.2.1  Experimental aspects 168

7.2.2  Applications of TR-FTIR spectroscopy 169

73 Time-resolved Raman and resonance Raman (TRRR) spectroscopy 171
7.3.1 Instrumental aspects 171

7.3.2  Applications of TRRR 173

7.3.3 Heme group dynamic studies 173

7.3.4 Rhodopsin studies 174
References 175

8 Vibrational Optical Activity 177
8.1 Introduction to optical activity and chirality 177
8.2 Infrared vibrational circular dichroism (VCD) 179
8.2.1  Basic theory 179

8.2.2  Exciton theory of optical activity 180

8.3  Observation of VCD 181
8.4  Applications of VCD 185
8.4.1 VCD of biological molecules 185

8.4.2  Small molecule VCD 185



x Contents

8.5
8.6
8.7

Raman optical activity

Observation of ROA

Applications of ROA

8.7.1 ROA of biological molecules
8.7.2  Small molecules ROA
References

9 Computation of Vibrational Frequencies and Intensities

9.1
9.2

9.3
9.4

Historical approaches to the computation of vibrational frequencies

Vibrational energy calculations

9.2.1 Classical approaches: the Wilson GF matrix method

9.2.2  Early computer-based vibrational analysis

Ab initio quantum-mechanical normal coordinate computations

Vibrational intensity calculations

9.4.1 Fixed partial charge method for infrared intensities

9.4.2  Quantum mechanical infrared and Raman intensities: localized molecular orbitals
9.4.3  The finite perturbation method

References

II BIOPHYSICAL AND MEDICAL APPLICATIONS OF VIBRATIONAL
SPECTROSCOPY AND MICROSPECTROSCOPY

10 Biophysical Applications of Vibrational Spectroscopy

10.1
10.2

10.3
10.4
10.5

10.6
10.7
10.8

Introduction

Vibrations of the peptide linkage and of peptide models

10.2.1 Amino acids and the peptide linkage

10.2.2 The vibrational modes of the peptide linkage

Conformational studies of peptides and polyamino acids

Protein spectroscopy: IR, VCD, Raman, resonance Raman, and ROA spectra of proteins
Nucleic acids

10.5.1 Structure and function of nucleic acids

10.5.2 Phosphodiester vibrations

10.5.3 Ribose vibrations

10.5.4 Base vibrations

Conformational studies on DNA and DNA models using IR, Raman, and VCD spectroscopies
Lipids and phospholipids

Epilogue

References

11 Vibrational Microspectroscopy (MSP)

111
11.2
113

General remarks

General aspects of microscopy

Raman microspectroscopy (RA-MSP)
11.3.1 Dispersive (single point) systems
11.3.2 Micro-Raman imaging systems

186
188
189
189
190
190

193
193
194
194
197
197
198
198
200
200
202

203

SR RN SR )
W WM NN
—_— ] W N



11.4 CARS and FSRS microscopy

11.5 Tip-enhanced Raman spectroscopy (TERS)

11.6  Infrared microspectroscopy (IR-MSP)
11.6.1 Fourier-transform infrared imaging systems
11.6.2 QCL-based systems

11.7  Sampling strategies for infrared microspectroscopy
11.7.1 Transmission measurement
11.7.2 Transflection measurement
11.7.3 Attenuated total reflection (ATR)

11.8 Infrared near-field microscopy
References

12 Data Preprocessing and Data Processing in Microspectral Analysis
12.1  General remarks
12.2  Data preprocessing
12.2.1 Cosmic ray filtering (Raman data sets only)
12.2.2 Linear wavenumber interpolation (Raman data sets only)
12.2.3 Conversion from transmittance to absorbance units (some infrared data sets)
12.2.4 Normalization
12.2.5 Noise reduction
12.2.6 Conversion of spectra to second derivatives
12.3  Reduction of confounding spectral effects
12.3.1 Reduction of water vapor contributions in cellular pixel spectra
12.3.2 Mie and resonance Mie scattering
12.3.3 Correction of dispersive band shapes
12.3.4 Standing wave effect
12.4  Unsupervised multivariate methods of data segmentation
12.4.1 Factor methods
12.4.2 Data segmentation by clustering methods
12.5  Supervised multivariate methods
12.5.1 Discussion of sensitivity, specificity, and accuracy
12.5.2 Soft independent modeling of class analogy (SIMCA)
12.5.3 Artificial neural networks (ANNSs)
12.5.4 Support vector machines (SVMs)
12.5.5 Random forests (RFs)
12.5.6 Cross-validation
12.6  Summary of data processing for microspectral analysis
12.7  Two-dimensional correlation methods in infrared spectroscopy (2D-IR)
References

13 Infrared Microspectroscopy of Cells and Tissue in Medical Diagnostics
13.1  Introduction
13.2  Spectral histopathology (SHP)
13.2.1 Review of classical histopathology
13.2.2 Spectral methods in histopathology
13.2.3 Infrared absorption spectroscopy of cells and tissue: introductory comments

Contents  xi

242
243
243
244
246
247
247
247
248
249
249

251
251
252
253
253
253
253
254
256
257
258
258
260
262
263
264
269
272
272
273
274
275
276
277
278
278
280

283
283
284
284
285
285



xii  Contents

13.3

13.4

13.5

13.6
13.7

13.8

13.9

13.10
13.11

Methodology for SHP

13.3.1 General approach

13.3.2 Sequence of steps in classical histopathology

13.3.3 Sequence of steps for spectral histopathology
Applications of SHP for the classification of primary tumors
13.4.1 Cervical tissue and cervical cancer

13.4.2 Lung cancer

13.4.3 Prostate cancer

13.4.4 Breast cancer

Application of SHP toward the detection and classification of metastatic tumors
13.5.1 Detection of colon cancer metastases in lymph nodes
13.5.2 Detection of breast cancer metastases in lymph nodes
13.5.3 Detection and classification of brain metastases
Future prospects of SHP

Infrared spectral cytopathology (SCP)

13.7.1 Classical cytopathology

13.7.2 Spectral cytopathology

13.7.3 Methods for SCP

SCP results

13.8.1 Early results of SCP

13.8.2 Fixation studies

13.8.3 Spectral cytopathology of cervical mucosa

13.8.4 Spectral cytopathology of the oral mucosa

13.8.5 Spectral cytopathology of esophageal cells

SCP of cultured cells

13.9.1 Early SCP efforts and general results

13.9.2 SCP of cultured cells to study the effects of the cell cycle and of drugs on cells
Infrared spectroscopy of cells in aqueous media

Future potential of SCP

References

14 Raman Microspectroscopy of Cells and Tissue in Medical Diagnostics

14.1
14.2
14.3

14.4
14.5

14.6
14.7
14.8

Introduction

Experimental Consideration for Raman Microspectroscopy
High-Resolution Raman Spectral Cytopathology

14.3.1 Subcellular organization

14.3.2 Subcellular transport phenomena
Low-Resolution Raman SCP of Cultured Cells /n Vitro
Raman SCP in Solution

14.5.1 Optical tweezing of cells in aqueous media
14.5.2 Cells trapped in microfluidic chips

14.5.3 Resonance Raman spectroscopy of erythrocytes
Raman Spectral Histopathology (Ra SHP)

In Vivo Raman SHP

Deep Tissue Raman SHP

14.8.1 Hard tissue diagnostics

287
287
288
288
294
294
298
303
304
304
304
306
307
309
310
311
314
314
316
316
317
320
323
326
328
328
328
331
333
333

339
339
341
343
343
345
349
352
352
353
353
354
356
357
357



Contents

14.8.2 Deep tissue imaging of breast tissue and lymph nodes
References

15 Summary and Epilogue

APPENDIX A The Particle in a Box: A Demonstration of Quantum Mechanical Principles for

a Simple, One-Dimensional, One-Electron Model System
A.1  Definition of the Model System
A.2  Solution of the Particle-in-a-Box Differential Equation
A.3  Orthonormality of the Particle-in-a-Box Wavefunctions
A4  Dipole-Allowed Transitions for the Particle in a Box
A.5  Real-World PiBs

APPENDIX B A summary of the Solution of the Harmonic Oscillator (Hermite) Differential
Equation

APPENDIX C Character Tables for Chemically Important Symmetry Groups
c.a The nonaxial groups

C.2  The C, groups

C.3  The D, groups

C4  The C,, groups

C5  The D,,, groups

C.6  TheD,, groups

C.7  The S, groups

C.8  The cubic groups

C.9  The groups C,, and D,
C.10 The icosahedral groups

for linear molecules

APPENDIX D Introduction to Fourier Series, the Fourier Transform, and the Fast Fourier

Transform Algorithm
D.1 Data Domains
D.2  Fourier Series
D.3  Fourier Transform
D.4  Discrete and Fast Fourier Transform Algorithms
References

APPENDIXE List of Common Vibrational Group Frequencies (cm™')
APPENDIXF Infrared and Raman Spectra of Selected Cellular Components

Index

X

365
365
367
370
370
371

373

377
377
377
379
379
382
384
385
386
387
388

389
389
390
392
393
395

397
399

405



