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Preface

Each of the authors has studied and taught the craft of electronic structure
modeling for almost four decades. Becoming conscious of this deep subject
in the 1960s, we have been witness to remarkable advances in quantum
chemistry. One great change is that increasingly powerful electronic structure
codes are now commodities, and machines to execute the code are widely
available—potentially, to every reader, on his desktop or in her carryall.

This book is a response to the growing need for those pursuing experi-
mental investigations to add to their methods and instruments the power of
electronic structure modeling. We want to ensure that those who seek it can
use this power for (their own) good. This may best be accomplished by a
course of study that begins with a reminder of the foundations of the field
and provides a leisurely look into the operation and structure of the most
common electronic structure calculations. As aids to this exercise, we
include two small-scale electronic structure programs. SCF1s is very tiny,
but not quite a toy—it does real SCF calculations with a real basis set. It is
just powerful enough to make some important features of SCF calculations
intelligible. PCLOBE includes more sophisticated methods and can be (and
has been) a medium for research-level modeling. Both grew out of the
pioneering work of Lee Allen and his students at Princeton.

The first half of this book rests on the capabilities of these programs, and
is a stepping stone to the insightful use of powerful modern codes, many of
which are proof against tinkering—a consequence of the commercial
importance and wide impact of electronic structure modeling.

We were given wise (if familiar) counsel by an architect of this field, H.F.
Schaefer III. “Write what you know,” he said. That would have made a
shorter book. The second half of our work is mainly our effort to write what
we learned. We know more now of density functional theory, coupled
cluster methods, and modern means of calculation of properties such as
NMR shielding and coupling, and electronic excitations by response theory.
Finally, our discussion turns to a subject that has proved fascinating to one
of us from the beginning and to the other in its resurgence just within the
past few years. Circular dichroism, optical rotatory dispersion, and mag-
netic circular dichroism embrace a huge range of physical chemistry. The
phenomena have attracted the attention of the best theoretical and experi-
mental chemists for over almost 80 years, and were intriguing to Goethe,
Pasteur, and Faraday. PCLOBE and the most modern codes grapple with
these deep subtleties of light and matter. We hope that this survey of the
workings of programs and their modern use will send the reader onto
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independent study in electronic structure modeling, confident that power-
ful codes can be used in ways that are appropriate and meaningful.

For our more advanced examples we have used GAUSSIAN and ADF
software, with which we have longstanding familiarity. We are grateful to
those who produced results specifically for our use with GAMESS, ACES I,
PSI3, and deMON. Many other powerful software suites are avail-
able, including the commercial products SCHROEDINGER, Q-CHEM,
HYPERCHEM, and JAGUAR. Many active research groups maintain and
share their own software: these include CADPAC, COLUMBUS, DALTON,
MOLCAS, MOLPRO, NWCHEM, and TURBOMOL. Links to sources
may be found at http: //wsl.kist.re. kr among many other sites. We have
found that SPARTAN software provides a particularly gentle way to gain
experience with electronic structure modeling. Its excellent graphics and
powerful molecule builder add to its appeal; the electrostatic potential
mapped on a charge density isosurface appearing on the cover of this
book is a small example.

Like everyone who writes, we are not free from debt to those who have
led the way and helped us along. The study and practice of electronic
structure modeling have brought us into the presence of great teachers and
scientists. Some of them made a deeply personal impact, and others inspired
us by example through their published work. The first group must include
our mentors and colleagues. Donald Shillady thanks Walter Kauzmann,
his ideal of the gentleman scientist, and John Bloor for proving that an
organic chemist only needs a diagonalization routine to become a quantum
chemist. Fred Richardson inspired his interest in trying to solve all the
problems proposed in Kauzmann’s 1940 review of optical activity, and his
longtime mentor and chairman Larry Winters maintained his interest in
problems of physical organic chemistry while continuing the Drexel link
to Virginia Commonwealth University. The impact of Jerry Whitten’s
work with lobe basis sets and his encouragement of this work are also
gratefully acknowledged.

The second group must include those authors of books that we have come
back to again and again. Carl Trindle salutes Linus Pauling and E. Bright
Wilson Jr. for a first notion of the power of quantum chemistry, Charles
Coulson for a sense of adventure in applying such power, Wilson again with
Decius and Cross for opening his eyes to the power of symmetry, and Frank
Pilar for his example of clarity of exposition. He also thanks Abramowitz
and Stegun for compiling a work of everlasting value.

We acknowledge with appreciation our colleagues who were so patient
with our naive questions, and so generous with their help. Their names
appear in the chapters most relevant to their contributions. Personal thanks
for making this work possible go first to Lance Wobus of Taylor & Francis,
unfailing in encouragement. Barbara Body went as far as saying that writing
this book could be valuable, and not only to the authors. She made time for
Carl to write during vacations and weekends, lent a sympathetic ear, and
supplied affectionate dogs to help console him. Nancy Shillady supported
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Don throughout the work and helped in a thousand practical ways,
especially in the clerical work of securing permissions. Don’s son, Doug
Shillady, constructed the Visual Basic® interface for PCLOBE, essential to its
user’s welcome. His former student Sherry Baldwin was the best possible
reader. Professor Zikri Altun and the physicists at the University of Mar-
mara heard and improved a version of this work presented in Istanbul in
2005. Not least, Toshiba made machines that survived the ordeal.

Carl Trindle
Charlottesville, Virginia

Donald D. Shillady
Ashland, Virginia
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His computer program PCLOBE which accompanies this text includes
many features of his research over the years. This program builds orbitals
from Gaussian lobes, which eases exploration of new areas of electronic
structure modeling. It is a connection between theory and software.

The CD and installation instructions are located on the back inside cover
and facing page respectively.



Contents

Chapter 1 One-Dimensional Quantum Mechanics:
A Short Review

Zhe Fatbeléafisi B s s s e s e mEre 3
PRI I DN TRETD wcssnsisiinsinsssssssnsonsnsss o owsisas Mo s oo e F s o AR 11
Operator Algebra in Quantum Mechanics .........c.cooeevrvrvecieceeeerceeen. 15
Operator CommMUEAION........c.cceiiueriiiineeiee e 16
Commutation and Uncertainty ..........cccccoceeeenienrnieiccieneeceeeeen 17

The Harhonic OSCUlatok sunwmommmmssmmanraimnmtammigestmsssmsss 18
3o O VU PR S 20
IRCECTHEIIEES wnsvonsmasinsicrinersarsssnsis imnmansssonsanssmsmsanss esyonsmssasass xRSO S PRASEE 20

Chapter 2 Matrices, Representations, and Electronic
Structure Modeling

Definition and Properties of Vectors and Matrices..............cc.cooccovuevrernn... 23
RESPONSE MALTICES ..ot erees 29
Symmetry OPerations ..............ccc.oeceeioeeunrineieririeeeeeeeees e eese s eee. 34
CONCIUSION ..ot 35
ROUETORCES, cvunruusonssssisssrsissinsasonsiiossssimsssensis s s bess S onssnbsisssssse sl vdeessvssississss 35

Chapter 3 Methods of Approximation and the SCF Method

The Variation Theorem ..........cccccooueiiinirieeieneeeeceeeeeeeeeeeee e 37
The Variational Treatment of the H Atom .........co..oouivuiveieiceeieeen 38
Variational Treatment of the H Atom (Gaussian Trial Function) .......... 39
Variation Example with a Linear Combination of Basis Functions........ 41
A Variational Calculation in One Dimension .................cccooeevvooreven.... 43

Determinantal Wave Functions and HF-SCF Theory .............ccc..ccoooovue....... 45
Determinantal Integrals for One-Electron Operators ...............co............. 48
Determinantal Matrix Elements for Two-Electron Operators................. 49
Restricted Form of the Determinant .................coo.oouoveeeveeooveerseee. 52
Expansion of the RHF Energy in a Basis ................c..ocooouoeueeueeese 54
Roothaan-Hartree-Fock Self-Consistent Field Equation........................ 55

Koopmans” Theorem ..o 58

Brillouin’s TheOT@M .............ccuuiiuiiieieieee e 59

ROTBIEINERS! scscanssmammesrecssapomssss gssssiesmesnsnssisssasssss sy s ssmdsaessiesasiesbinessss sbanopmens 59

v



vi

Chapter 4 Gaussian-Lobe Basis Sets

OVETIAP (SAB) -vreverrrssssermrnsnsssnsssssssrsssnssstssssasessastaseseasastsssisessessstsssssssssassasaseasases 66
KiINetic ENETGY (T AR)issssersenscerssssssassssssssrssanssssvorsrsssassnsasrarsisessssssssssssssssosssssronsrnnass 67
Nuclear Potential (for Z Nuclear Charge Value, at 7¢) ...cocoevrevnienininecannen 67
Electron Repulsion (Coulomb’s Law for Two Charge Distributions) ........ 67
Dipole MOMENt ...t 68
Quadrupole MOMENL ..ottt 70
Angular Momentum (Imaginary Hermitian Operator) ..........cccccoooevevnenesen. 71
Spin—Orbit and Spin-Spin Interactions..........cccoeueeeieeiiriiesinscineceseeenens 71
Frost FSGO Method ..csssmmsssmssmsmsmsassssosamss s riaspms s st 72
Screened Coulomb Potential...........cccoeveiiiiiiiinicninniniceiceeceencaese e 73
Electrostatic Potential Maps..........cccccovriininininicinininecses s 74
REfETENCES ...ttt st ettt sbe s e s et e s st essenens 75

Chapter 5 A Very Simple MO Program

Helium in SCFLS ..ot ssnsscnses 77
Beryllium Atom in SCF1s STOS ...ttt 81
Spherical Gaussian Contraction for Helium: 3G Expansion......................... 84
Molecular Hydrogen in SCF1S s nssmmonsassamosssssmsssssmnesisstsssisssssssses 90
LiH-Frost Spherical Gaussian Pairs ............cccocovniiiiiiniiciinininccceenieenenenes 92
PCLOBE and Sample Output from RHF Calculations............ccccccvveuruucucnen 95
Lip vt bbb st 95
N et 102
N5, CO, BF: An Is0€lectronic SeTies........cccccvveeirreererrienesieesrisieseseneesnssseesnees 108
The Value of Mulliken Charges and Mayer Bond Orders................ccc....... 110
Bonding in C; and LiF by Natural Bond Order Analysis .........ccocccveeueene. 110
Summary and ConcluSIONS ..........ccveviieicncicici s 114
REfEIENCES ... 115

Chapter 6 Geometry Optimization and Vibrational
Frequencies by SCF

INPOAUCHON ..o na s 117
The SCF-Roothaan Calculation in PCLOBE..........c.ccococveieincncncrieninenennenane 118
OO s sssssansmns sosussanvsnsnesessvnsssses uesssssss voxssns osssaeasss vassss sasasssssvas svsvor s ssvaasss 118
BASIS s iseversuasurssmensverstsromonssonss ob 55505 555 00eabA TR S SO ST SRRSO SRR b em s smacass 119
Contraction and Weighting...............ccoiiiiiiiinincnccnnccnnnesceeeeneene 120
Lobe Representations of p FUNCHONS ........c.ccccceueuiniririnncenicinienissiennans 120
Symmetry and the Basis .........cccccovieriuninnicieininccnnnceeseces e 120
0o o U —— 121

Solution of the SCF Equation: Dealing with the Overlapping Basis.... 121
Construct the Core Matrix Representing the Kinetic Energy

and Nuclear-Electron AHIaction ............cccceccvceencocunrvenensineeninseseinnnnnes 122
Approximate the Fock Matrix and Solve the Secular Equation............ 122
Begin the Iterative Solution of the SCF Equation—Guess MOs............ 123
Symmetry Labeling the MOs ...........cccoovrviniiinineininnnieinrecse e 123

Bvaluate the Density MattiX .ouessmssosmnsomsomssirasssmsssiissthissmnn 124



vii

Repulsion INtEGLals.........couvueveverieineirteeeeiee e ssssssssss s ssssssssssnases 124
Continue the Iteration ........cocvivinrieniniicccee s 126
Test fOr CONVEIGENCE........viuiiiiiiiniieiiiteiie et 126
Inspect the Output: MOs and Energies..........cccoeveiiveriiiiiiniicn 127
Describe the Charge Distribution...........ccocooieiiiniiiiiiiinns 128
Molecular Structure Determination by Energy Minimization................... 130
Derivative of the Hartree—Fock ENergy ..........ccccocooninnnininnniincniicninenns 130
Search Techniques Using the Gradient............coooveeiiiiiiinniniine, 132
Geometry Optimization in PCLOBE ...........cccooiioicccnne 133
Begin with the Steepest Descents Approach to a Minimum................. 134
Second Derivatives of the Hartree—Fock Energy
and Vibrational Spectra ... 136
SCF Calculation Revisited: Alternatives and Points
Of CONEENEION ......eeei e 140
Impure Symmetry of Properties Computed in the Contracted
LiOBE BABIS cssestmosmsmsasmsmmssmsssssmmsusmeasssssonsssvens o s msssmasb s iussss s s 143
Completeness and Linear Dependence in the Lobe Basis.........c.coveecucee.. 143
Management of Two-Electron Integrals.............ccccoovuererncucerrnmenreniennennnccnnnnns 143
Assembly of the FOCk MatriX ......c..cccooicciciieieicineniccncreneneneeesees 144
Convergence of the Iterative SOIUtiON ..........ccccevvivevcvcicnniccccrnrcneicine 144
Reoptimization of Formaldehyde in an Extended Basis..........ccc.coccevunennes 145
Historical Landmark: The Accomplishment of Boys..........ccococovueveeninccnene. 153
REfEI@NCES ...t 156

Chapter 7 Configuration Interaction and Potential Curves

Configuration Interaction in General ...........cccoccocervinineeenceeeneee e 159
Slater Determinant MO-Cl ...........cccccccorummueinmmnineinineeeecennssesssssssse e 160
CI Without Canonical O1bitals..........cc.ccvueererinicinrereeeeeeeeee e 162
Pauling Valence Bond and Cl.............cccociiiiiiniinincnncnreeeeeeian 162
Boys—Reeves CI (MOVB) ....cccccooiiririiininieinneeeceeeeeseeee et 165
Resolution of an MOVB-CI Wave Function into Leading

EXCIAHONS ..ottt 165
SYANONE Cl......cicccct ettt 171
CI and Potential CUTIVES ..........cccccviiuiiinicirininiesseie et 172
Three Descriptions of Dissociation of the Hydrogen Molecule................. 174
MOVB-CL 6 BH. ssnuasmssmsriommismmerssassasmsmmsassasmasnssarmssnssaracsmsmsensasss esasies 175
MOVB-CI of Formaldehyde Dissociation...........c..cccoeuevrirerenusrsrssreneeenenns 179
MCSCF and CASSCF: Achieving Proper Dissociation

a0 g UV —— 181
TS L TR e ARS8 b snsmani 184
REECIION oocvnmsrmmmssssnmm woms s s me s S5 SES5348 e amsassssseransrsanmssmamssmuomss 185

Chapter 8 Perturbation Theory

First-Order Correction to a Nondegenerate Reference System.................. 187

Second-Order Correction—Nondegenerate Case.................ccocueueeveererennnn. 189
The Morse Potential............cccocuuiieneieineneieess e 192



viii

The Degenerate Case.........cocuewuiesscsiisieiiusssisssssiss s s 193
Perturbation Theory in Approximate MO Theory........ccccoovuiiinininninnnn. 196
MP2 as Perturbation TheOory ... 198
Time-Dependent Perturbation Theory ..........cccoiiinininnniis 200
Hamiltonian for Matter in an Electromagnetic Field ..., 202
Time-Dependent Perturbation Theory for Charged Particles

in the Electromagnetic Field ..........ccrueiremmmmmmersnsisnnsassnmscnsussssmsisssscssssuseasescses 203
Length—Velocity Relationship..........ccocviiiminesessinnincinccicninincisinsinsines 207
RESPONSE TREOTY .....covueveenetrrnrrnnnsierissitssssnssssssssssssssnseassnssssissssassasascssasessnsesssssses 209
REfETOIICES ... .cevvveeceiceciccice e s st bbb 210

Chapter 9 Highly Accurate Methods: Coupled Cluster
Calculations, Extrapolation to Chemical Accuracy,
and Quantum Monte Carlo Methods

Aspiration to Chemical ACCUTACY ......coovueumririniieinineiiietsii s 211
An Aerial View Of CC ..o s 212
Theoretical FOUNAAHONS «:uueussssussessssessapsasssanssssasssosssarssssssssssesssasenssossnsassonsisnss 213
A Notational Convenience: Creation and Annihilation Operators...... 215
Specification of the T Operators...........cococieieiiiiiinieiieeieieeiin, 216
The Size Consistency Issue in CC and Cl.......ccccooeiiieiieiiiiciicce 217
Bolving: the €I BOUaliOns. ... mvmrwwwveossenesommsmonmmonsamsnommsss s mcmssssnasmensses 219
CC-Doubles ApproxXimation ..........cccceeueeeuririeinicieieieeieeceesee e 219
Imminent DevelOPMENtS ..........ccsisussssisisisssssssrsssrassssssnsisnsrsnsasassonsasnsasasasss 222
Beyond QS : isrssssssvmmsvmamsisssersaemsems e s e s mas i is B sty 223
Performance of CCSD(T) .....ccoueuervrirerrercneeneeireeeseenesse st esesseseeeseenesseresensens 224
Application to Isomer Energies............cccoounieninninieneei 232
Thermochemical Standards by Quantum Chemistry .........ccoevvieriennnnenee. 235
Aspiration to Exact Description: Quantum Monte Carlo Calculations..... 240
Random: (2) NUmMbers s s immsnmmmmen s e 241
Anderson’s Intuitive Application of Randomness...........cccccccevnuevnnnee. 242
An Early Example of Diffusion Quantum Monte Carlo Calculation... 244
Shortcuts: Pseudopotentials and the Sparse Algorithm.................... 248
Formaldehyde (Again) by QMC..........ccccocimiininnnninnccccennne 248
CONCIUSION ...ttt 250
REfEIONCES ... 251

Chapter 10 Modeling the Coulomb Hole

The Fermi Hole and Exchange—Correlation...........ccccccoeueieiiiiiiinniiiciiicicnes 256
Coulomb Correlation Hole..........ccoiinmiimiimisimsmsasiesessssness 256
Applying the Correlated-SCF Method to Hydroxylamine......................... 265
SUMMATY ..ot es et 267
REfETENCES ...t 267

Chapter 11 Density Functional Theory
513 0 o £ 5[] (o]  LORRRSURUUR OO PR 269



ix

Early Forms of Density Functional Theory: Gill’s History...........ccceoeeuunes 271
Thomas—Fermi—Dirac Theory ... 271
The Hohenberg—Kohn Existence Theorem ...t 273
Kohn-Sham Procedure for Finding the Density.........ccccccoevrrennn. 274
DFT and SCF Calculations Have Common Features.............c.ccccocueuenens 275
Search for the FUNCHONAIS s smsmmsessesmsovisssmsnsesssmsssssssssisessssssensssssungies 276
The Idea of the Hole:usanmmanmsmmmsnsmnmiesmmassmmmsimmiviis 277
Evaluating the DFT Energy Using Functionals (Slater) ........................ 278
More on the Local Density Approximation’s Hole.............cccoceeennnn. 279

Refinements to the VWN Exchange-Correlation Functionals ................... 280
Perdew FOnetiGRals .o ssmyssrmsess vy s mssssisnsyess 280
Becke FUNCHONALS wesosssss ssssseessssssosmussusssmsinsspessovsmamsisys sisresvines s svesons sosme sivs 282
Lee-Yang—Parr Correlation ..o 283

The Adiabatic Connection and Hybrid Functionals...........cccocvuvnriniininnns 284
Becke 1995—Impact of Imposing Constraints ............cccceceeruvcevunicncncnnee 286
PBE Exchange-Correlation Funetonal...cessmamssemmsmsovamssmssg 288

Correlation Effects on Kinetic ENergy .........cccccoovevcuiuenineccnnncnereessnenenes 293
TPSS Functional..........cccoiiiceeccccceeee et 295

The Empirical Thread ... sesiesenees 299
The Zhao-Truhlar M06-L DFT Functional .........cc.ccceocuennccnninncncececnnes 300
MO6-L Meta-GGA Correlation Functional...........ccococeienivnnnnennncnenene. 301
Position-Dependent EXCRaNge.....c.cumsssisssssissmssmsssmsnsmssmsmssssyosissusasssasssess 304
The Iterative Localized Local Hybrid Method, LLH .......cccccccecvununrnnnnn. 308
GEAANEESY isususcusssmnossrnssmnm e ss i 5 iiinssss semonsosess seoscsesnesrsssmasapassasensmemsssenernas 310
Resolution of the Identity ... 310
A Gridless DFT Method Using Least-Squares Slater Exchange ........... 312
Sleder Ropthaan T v wmenmmramsmenssssssasmmmosmmasssemssisis 313

Two DFT-Focussed Programs ..........c.c.coeeveeenieucininencnenssenssssessnsnssesssssssennns 315
The Amsterdam Density Functional Suite..........cc.cccooevuveeererrinernenreneennee. 315
SAQOP: A Fourth-Rung Exchange—Correlation Model
fOr EXCItAtioNS ...t 316
o (=147 o) 1.2, JRURURIRRRUSS RSO S e  E 319

Summary, Conclusions, and OVEIVIEW ..........c.cceeeeeeueeeeiecieeeeeeeeeeneeeeenns 330

Appendix: Technical Aspects of DFT Calculations ..........ccccccovuieriveuercnnnnns 333
Grid-Mesh Integration in DFT Programs............ccocccuveureerensinsenerenennnnn. 333
Representation of the Density by Auxiliary Basis Functions................ 335

APPenidix REFETEIICES suussmmmsemons e issarmmresome s sessss susin sinsiesmormsarmnsrss 338

RBFETEIIES 1vve meonsssesmsonssstissoisiomiaies i iksassassmssasessonsesearsnmmessresamsarms serm rssssisamis s 339

Chapter 12 Calculation of Nuclear Magnetic Resonance

Shielding/Shifts
[ e U ———— 343
U iine s gl W O ST 344
Challenges to Use of Ramsey’s FOIM........cc.cccoemurierinrnirnnninnesesesses s 345
EXCIEAIONG worsurmveoresnesmmsensssonns sremssissinsss s isisssas amsms sememessnssassmsassrssrrenssmmssesess 345



Semiempirical Adaptions of Ramsey’s Formalism ..........ccoccccnniinciniinnnns 346
Ditchfield’s Formalism.....ccuimummssmmssmsmenmomsmasmsmog s e 347
Coupled Perturbed Hartree—Fock Method ..........ccococucuniininiiiiiinnininns 350
First Results of Calculations in Ditchfield’s Formulation..................... 352
Ditchfield’s Formulation in GAMESS ..o, 353
RUDEY P cusssssummonsssrssssusmsssessssssmmessesnsmsssssessssssssavassssssesenss s sosanssesiveiusssars 354
BaASTS sumussusssnuumssnssssmsmssss oasmssas s saaes ST A TR SRR RN T SR PR RS RTER 355
Already Familiar!....snmssssomaneamsnssmsnnnmmn s wasss 359
Charge ANAlYSIS .....ccooeueveiririnrinieiieieiei e 359
TITTUIED) svovcrvuvevsmmrsrommsncssnsommsassmnnsnninsusinsiensmems s xnassssensasasnsnsess sansranss semenssassnass 360
NIMR REPOTE:c.:simsuismsesivesaviverssersvossvonsasssusriasnsssssss srosssssnsororasescas csransssasons 360
Ditchfield’s Formulation in GAUSSIAN-03 ........ccccocevnivirininnneirinnncriennens 361
Use of Localized Orbitals in NMR-Shielding Calculations......................... 361
Individual Gauge for Local Orbitals.........ccocoeviiiinininiiinniiiiiiniiiinn 362
RPAC Program (LORG).......cocoiiuiiiiniieiiicnieccins s 363
Subtleties of Orbital Localization ..............cccceciciiniciiniicicececcnens 367
Correlation Corrections and NMR Shielding: DFT............ccccccecevirininnnnnnn 368
GAUSSIAN-03 NMR Shifts: DFT-Based Values of Shielding............... 369
CSGT Method (Continuous Set of Gauge Transformations)................. 370
Practical Use of Calculated Chemical Shifts ..........cccccovvurviiivniiininnns 372
Chemical Shifts of TaXol........cccccriiiiiiiiciiccece e 374
Advances in DFT-Based NMR ... 375
Keéal aNd TOZET useevsssmssrmsssssssasssrossmssosmss sesismmosoosssimisssossisprsmsesisessssisgmmssens 375
AYBUZNIKOV 6 Als cvsemeesssssmsmmsmssesmumessspssmismmsrmssmme e 377
The Question of Coupling and Fine Structure ... 380
Perturbative Correlation-Corrected Methods for Shielding....................... 381
ACES-II Coupled Cluster Calculation of NMR Properties......................... 382
CONCIUSION ..ottt 386
RELETEINEES' susssusssssvsususssmmrsvvsivsssenssosivnssisssssassssssissss sasess o sssssssniss s §uss somas avavosavsingss 386
Predicting Magnetic Properties with ChemDraw and Gaussian .............. 388

Chapter 13 The Representation of Electronically
Excited States

INEFOAUCHON ...ttt st saee e eneseesenns 389
CL-SINPIEE v mmmmsmesmmmmrs s s s T SRRV S TS EATRITS 389
Practical Use of the CIS EQUAtiONS .........ccccooueuiinueueirinineeneinicereeneceeeeenas 391
Singlet and Triplet State Energies for the 1G Model..........cccocoeceururunnenccne. 392
PCLOBE IHustration Of CIS............ooi oot ceeeeeseeeeeveeecveeeseseeseenes 394
Structural Relaxation in the Excited State ...........cooeevvvveeececviineeceeeeeeene. 400
Case Study for Formaldehyde............ccoocuiiiiiiiinccciccnreceneenan, 401
Correlation COTTECHONS. .......c.ccveeveeeirietieeeeeeeceeeeees ettt ee s e e see e eaee e e eseeereens 402
Time-Dependent Hartree-Fock Treatments of Excitations......................... 403
Formaldehyde AGain. o masmammmssmmssisnaminmmn o 404
A Case Study—Sulfur Dioxide ......sssssmsisssssssmisissssasmassasscasarssssronssassas 405

Adaptation of the Time-Dependent Formalism to DFT..........cccccocovrrunnnee. 407



xi

APPHCALIONS.....oererrerretrtersterrsnesre sttt s ssessssasesessassasissasisirsasnssssarsasanns 409
Sulfur Dioxide in TD-DFT ..ot eeseesnesnnes 409
Pytiding iy TDBILYP sumsenmsmmummmsmsrmsmememsmssssmmsmo s 410
Pyrrole i B3 YP-DIFT suuscuanuummeusnsiossonssssnssmmmessssnsssss 411
SUDSHEUtEd ANIINE ...ttt e et sae e e e abeene 412

CCSD-EOM Treatment of Excited States.........cooeeveeeeiieeiieeiienieeeeeeieeeneene 413

CONCIUSIONS ... ettt eeee et eeteetaeeeeseeeseeeessseseesssseesaesrnsanssaesseesssaanssasnns 414

References wrssmsmnemmmnm e s s s s e s S s RS S TSRS 415

Chapter 14 Circular Dichroism and Optical
Rotatory Dispersion

The Phenomenon of Optical Rotation ... 417
PCLOBE Modeling of CD Spectra ..o 421
Examples of CD/ORD Computations with PCLOBE..............c.c.c.......... 422

Q-PINENE ..ottt 426

Ways to Improve CD and ORD Calculations ...........cceururiiieviicieinisicannes 433
USE GIADS ..ot e 433
Use Linear Response THeory «...cusssssssssssesessssssusssssonssnnsssassessssssssossses 434
Use Correlation-Corrected Methods (Time-Dependent DFT, CCSD)..... 435

Methyloxirane: A Hard Case...........ccooueurueieiicccicccecceces 435
Optical Rotatory Dispersion for Methyloxirane ............ccccceveevevruevnnnne. 437
Experimental Data and Advanced Calculations for Methyloxirane.... 439

A BEGNIET VIEW cusssusmsmmsssorsusisssssssusvsssrsssmsrssossisms sseivssssssssvsssens sssuss sosssvousenssusssnsss 442
Specific EXaMPles cumeonmnummmmnssmmmm oo o v 6 s s s 443

The Phenomenon of Magnetic Circular Dichroism ..........ccccccceenverunnnenne. 447
Theory of MCD ... 448
PCLOBE Modelifig 0f RiNgS......cousspmssrampesmisssssssesssimssonssesmmsnsussssessss 450
Formaldehyde MCD ccususassommmmasmsossssmmsssen st 451

CIS Output: Excited States..........ccccoeueuiiiiiicciciiiiinecerrereseseneneens 456

MCD—A Challenge to Modern Theory...........cccvueucecurueerenceerererereeeneenns 465
Note on Units for Optical ACHVIty........cccccovuviiriuennnccnicnnercenrneeens 468

Summary and ConclUSIONS ..........cccuiiiiciiiciiiiccece et 470

DYl S To 70 (25 125 0 o 1L R ——— 470

RETOTOIEES: rosivsivsnsnsrses avsstsomscossmss s rossemmsnsst a2 554 o265 55355 Hamsnsesgsansusasansneremanasonsrass 471



1

Omne-Dimensional Quantum Mechanics:
A Short Review

We want to provide a compact reminder of the framework of molecular
electronic structure theory to those turning to computational chemistry. This
chapter contains an account of the fundamental assumptions of quantum
mechanics, including some of the rather few exact solutions to model prob-
lems, the algebra of operators, and an illustration of the uncertainty principle.

Quantum mechanics is well outside our human intuition, and we salute
those adventurous scientists who were able to see so deeply into its strange
world. The adventure begins with Planck’s amazing account of the black-
body radiation spectrum based on the idea that energy is exchanged in
parcels (1901) [1] and Einstein’s adoption of that principle to explain the
photoelectric effect in 1905 [2]. Bohr’s daring model of the hydrogen spec-
trum, incorporating quantization of angular momentum (1913) [3], recap-
tured the numerical representation of H atom absorption and emission
frequencies observed by Balmer (1885) [4]. All these advances made reference
to the constant / that Planck had used to fit the blackbody radiation spectrum.

This constant played a role in resolving the curious duality of wave and
particle at the very small scale. Prince Louis De Broglie [5] proposed that
every object with momentum had also an associated wavelength.*

The De Broglie wavelength A is immeasurably small for macroscopic objects
such as baseballs, ball bearings, or rifle bullets, and classical mechanics is
excellent for describing these macroscopic objects. However, for subatomic
particles, and in particular the electron, the De Broglie wavelength is
comparable in size to chemical bonds.

*De Broglie arrived at this relationship by consideration of an oddity in relativity theory.
[http://www.davis-inc.com/physics/]. It of course seems magical. Consider that the circular
Bohr orbit with circumference 277 accommodates one wavelength. Then the momentum is
p="h/(2mr) and the kinetic energy T is 1 /[2m(2w7)?]. The potential V is —Z/r. The minimum
energy T + V= —m(2nZ)* /2" is in agreement with Bohr's fit. Hey presto!



