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List of Examples and Exercises

Table of Input Files

The following tabie lists the input files corresponding to the various examples and -
exercises in this work. These files are located in the subdirectories quick, examples and
exercise of the explore subdirectory of the Gaussian directory tree. Files have the
extension .com on UNIX and VMS systems, and .GJF on Windows systems.

The final column of the table lists the CPU time required for running the job on our
reference computer system, a DEC AlphaServer 2100°2°%; all jobs were run using a
single processor. For multi-step jobs, the timing figure indicates the total CPU time
for all job steps. Filenames and CPU times for long jobs (> 30 minutes) are in
boldface type, and filenames and CPU times for very long jobs (> 2 hours) are in

boldface red type.
Corresponding CPU Time
Input File Example/Exercise Description of Job (hrs:mins:secs:)
Quick Start  gs Exercise QS.1 = Water single point energy 0:00:08.2
water.pdb Exercise Q5.2  Converting a PDB file 0:00:08.2
Chapter 2 ¢2_01 Example 2.1 Formaldehyde energy 0:00:09.1
e2 02 Example2.2  Methane NMR properties 0:00:20.8
201 Exercise 2.1 Propene energy 0:00:15.1
2_02a Exercise 2.2 Dichloro-difluoro-ethane (RR form) 0:01:06.4
2 02b Exercise 2.2 Dichloro-difluoro-ethane (SS form) 0:01:06.8
202 Exercise 2.2 Dichloro-difluoro-ethane (meso form) 0:01:04.9
203 Exercise 2.3 Acetone energy 0:00:26.8
204 Exercise 2.4  Ethylene energy 0:00:09.7
2_05a Exercise 2.5 Butane NMR properties 0:03:01.8
2_05b Exercise 2.5  Trans 2-butene NMR properties 0:02:45.2
2_05¢c Exercise 2.5 2-Butyne NMR properties 0:02:45.6
2 06 Exercise 2.6~ Cgq energy 0:44:31.9
2,07 Exercise 2.7  Conventional vs.direct CPU usage study 1:26:46.8
2_08a Exercise 2.8 Stability of oxygen 0:00:36.8
2.08b Exercise 2.8 Stability of ozone 0:05:03.5
Chapter 3  e3_01 Example 3.1  Ethylene geometry optimization 0:00:44.2
ed 02 Example 3.2  Fluoroethylene optimization 0:01:56.4
e3_03 Example3.3  H,CO—H,COH TS opt. (QST2) 0:02:07.2
3 0la Exercise 3.1 Propene optimization {180°) 0:02:01.8
3.01b Exercise 3.1 Propene optimization (0°) 0:01:57.7
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Table of Input Files

Corresponding CPU Time

Input File Example/Exercise Description of Job (hrs:mins:secs:)

Chapter3 3 020 Exercise 3.2 Vinyl alcohol optimization (0°) 0:02:12.4
3_02b Exercise 3.2 Vinyl alcohol optimization (180°) 0:01:48.2
302 Exercise 3.2 Acetaldehyde optimization 0:01:40.2
3.03 Exercise 3.3 Planar vinyl amine optimization 0:01:56.1
3 04 Exercise 3.4 Chromium hexacarbonyl optimization 0:17:54.5
3_05a Exercise 3.5 Benzene optimization & NMR props. 1:00:06.4
3_05b Exercise 3.5  TMS optimization & NMP properties 1:45:01.8
3_06a Exercise 3.6 CgoO optimizations (PM3) 0:16:32.0
3 06b Exercise 3.6  Cg,yO optimizations (HF) 11:14:52.2
3.07 Exercise 3.7 SiH, + H, — SiH, TS optimization 0:02:23.2
3 08 Exercise 3.8 Bicyclo[2.2.2]octane optimizations with 1:53:28.5

different coordinate systems

Chopter 4  e4 01 Example4.1  Formaldehyde frequencies 0:00:43.4
e4_02a Example 4.2  Trans 1-fluoropropene (0°) fregs. 0:09:03.9
ed_02b Example 4.2 Trans 1-fluoropropene (180°) freqs. 0:09:29.1
ed_02c Example 4.2 Cis 1-fluoropropene (0°) fregs. 0:11:19.7
ed_02d Example4.2  Cis-Trans TS for 1-fluoropropene 0:20:28.9
4 Ola Exercise 4.1 Vinyl alcohol (180°) frequencies 0:02:37.8
4_01b Exercise 4.1 Vinyl alcohol (0°) frequencies 0:02:39.0
4_02a Exercise 4.2 Vinyl amine (planar) frequencies 0:02:44.7
4 02b Exercise 4.2 Vinyl amine TS opt. + frequencies 0:03:21.3
4_03a Exercise 43  Ethylene frequencies 0:00:41.1
4_03b Exercise 4.3  Fluoroethylene frequencies 0:01:54.1
4_03c Exercise 4.3 Propene frequencies 0:02:53.7
4_04a Exercise 4.4 Acetaldehydefrequencies 0:02:12.8
4_04b Exercise 44  Acrolein frequencies 0:05:18.6
4_04c Exercise 4.4 Formamide frequencies 0:01:54.8
4.04d Exercise 4.4  Acetone frequencies 0:07:16.9
4_0de Exercise 4.4 Acetyl chloride frequencies 0:06:03.3
4_04 Exercise 4.4 Methyl acetate frequencies 0:17:38.1
4_05a Exercise 4.5 Strained hydrocarbons frequencies 0:55:19.1
4_05b Exercise 4.5 Larger strained hydrocarbons fregs. 2:01:23.1
4 _0éa Exercise 4.6 3-Fluoropropene optimization 0:14:53.9
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List of Examples and Exercises

xvi

Corresponding CPU Time ,‘
Input File Example/Exercise Description of Job (hrs:minsisecs:) §
Chapter4 4_06b Exercise 4.6  CH,F~-CH=CH, &> CHF=CH-CH; TS 0:20:257 | "
Chapter 5 e5_01 Example 5.1 Methanol vs. methoxide anion 0:01:12.2 =
e5_02 Example 5.2  Optimization of PO 0:42:360 =
501 Exercise 5.1 Basis set effects on H-F bond length 0:15:02.0 ;
502 Exercise 5.2 M(CO)g optimizations (LANL2DZ) 1:09:30.5
5 03a Exercise 5.3 Benzene NMR properties by basis set 0:44:37.7
5.03b Exercise 5.3  TMS NMR properties by basis set 1:11:06.8
504 Exercise 54  N,N-Dimethyl-formamide opt. + freq. 3:24:00.7
505 Exercise 5.5 Basis set structure (via methanol) 0:00:15.0
5_06 Exercise 5.6 6-31G** vs. 6-31G 11 basis sets 0:04:25.3
Chapter 6  ¢6_01 Example6.1  TPP AMI molecular orbitals 0:11:40.3
eé_02 Example 6.2 HF Dimer semi-empirical study 0:05:12.8
e6_03 Example 6.3  HF bond energy 0:05:07.5
eb_04 Example 6.4  Ozone optimizations 3:30:31.6
e6_05a Example6.5  CO, atomization energy: HF 0:02:00.7
e6_05b Example 6.5  CO; atomization energy: SVWN 0:03:44.4
e6_05c Example 6.5  CO, atomization energy: SVWN5 0:03:47.8
e6_05d Example 6.5 CO, atomization energy: BLYP 0:09:01.9 )
e6_05e Example 6.5 - CO, atomization energy: BALYP 0:09:34.2
e6_05¢ Example 6.5  CO, atomization energy: B3PW91 0:09:35.6
e6_05g Example 6.5  CO, atomization energy: MP2 0:05:25.7 )
eb_06 Example 6.6  F3~ frequencies 0:30:16.1 |
6_0la Exercise 6.1 Isobutane and n-butane AM1 opts. 0:00:08.0 ’
6_01b Exercise 6.1 Isobutane and n-butane PM3 opts. 0:00:08.1
6 01c Exercise 6.1 Isobutane and n-butane HF opts. 0:06:39.8
6 _02a Exercise 6.2 N-butane (anticlinal) AM1 opt. 0:00:20.1
6_02b Exercise 6.2 N-butane (anticlinal) HF opt. 0:08:25.6 =
6_03 Exercise 6.3  Malonaldehyde optimizations 5:46:30.4
6_03x Exercise 6.3 Malonaldehyde optimization (B3LYP) 0:54:13.9 .
6_04 Exercise 6.4 FOOF optimizations 0:34:49.7
6_05a Exercise 6.5 Acetaldehyde QCISD(T} energy 0:11:22.6
6_05b Exercise 6.5 Ethylene oxide QCISD(T) energy 0:13:04.9
6_06a Exercise 6.6 Cyano radical spin polarization 1:35:34.7
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Corresponding CPU Time
Input File Example/Exercise Description of Job (hrs:mins:secs:)
Chapter 6  6_06b Exercise 6.6  Allyl radical spin polarization 0:06:47.9
6_06c Exercise 6.6 Be-sub. allyl radical spin polarization 0:20:24.0
6_06d Exercise 6.6 Mg-sub. allyl radical spin polarization 0:32:06.5
6_0be Exercise 6.6 S-sub. allyl radical spinpolarization 0:17:41.5
6_07a Exercise 6.7  K'F;” frequencies 1:09:02.4
6_07b Exercise 6.7 Na*F;~ frequencies 2:02:50.1
6_07c Exercise 6.7 Cs*F;~ frequencies 1:14:51.4
6_08 Exercise 6.8 HNCN radical hyperfine coupling 0:36:36.5
609 Exercise 6.9 Destruction of ozone by atomic chlorine 15:16:41.3
Chapter 7 ¢7_01 Example7.1  Atomization energy of PH, 0:05:57.1
e7_02 Example 7.2 Electron affinity of PH, 0:03:55.6
e7_03 Example 7.3 Ionization potential of PH, 0:03:48.9
e7_04 Example 7.4  Proton affinity of PH, 0:16:55.9
e7_05 Example 7.5 G2 proton affinity of PH; 0:13:49.1
e7_06 Example 7.6 ~ CBS-4 proton affinity of PH, 0:17:45.4
7 Ola Exercise 7.1 Atomization energy of water 0:03:23.9
7_01b Exercise 7.1 Ionization potential of water 0:01:39.3
7 0lc¢ Exercise 7.1 Electron affinity of OH 0:02:54.9
7_01d Exercise 7.1 Proton affinity of water 0:01:21.8
7 .02a . Exercise 7.2 Chlorine destruction of ozone (G2) 1:42:52.6
7_02b Exercise 7.2 Chlorine destruction of ozone (CBS-4) 0:18:29.4
7 02 Exercise 7.2 Chlorine destruction of ozone (CBS-Q) 0:56:24.4
Chapter 8 8 Ola Example 8.1  Electron density of nit. chlorobenzene 0:18:44.6
e8_01b Example 8.1 Electron density of nit. nitrobenzene 0:22:45.6
e8_02 Example 8.2  H;O0" hydration reaction 0:08:07.8
e8_03 Example 83  H, + CO « H,CO PES 0:08:24.3
e8_04 Example 8.4 H,CO & trans HCOH PES 0:10:58.5
e8_05 Example 8.5 Isodesmic reaction 0:37:53.7
e8 06 Example 8.6 ~ CO; atom. energy via isodesmic rx. 0:06:07.2
e8 07 Example 8.7  Ethane and SiH, heats of formation 3:25:03.0
8 0la Exercise 8.1 Li hydration reaction 0:09:51.5
8_01b Exercise 8.1 Water calcs. for hydration reactions 0:03:28.4
8 Otc Exercise 8.1 Water dimer hydration reaction 0:41:45.9
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Corresponding CPU Time
Input File Example/Exercise Description of Job (hrs:mins:secs:)
Chapter 8 8_02a Exercise 8.2 CH PES scan 0:08:44.9
8_02b Exercise 8.2 CH, PES scan 2:14:42.9
803 Exercise 8.3 HOCH cis-trans TS 0:19:54.8
8 04 Exercises 8.4 & 8.5 Allyl cation population analyses 0:01:12.4
8 08 Exercise 8.6  Allyl cation Atoms-in-Molecules analysis 0:55:44.7
8 07 Exercise 8.7 Sit + SiH, PESIRC 1:09:21.0
8_08 Exercise 8.8 Isodesmic reactions 0:53:45.5
8_0%9a Exercise 8.9 Trifluoromethane (isodesmic reaction) 0:38:16.9
8_ 0% Exercise 8.9 Benzene (isodesmic reaction) 2:53:47.4
8_10 Exercise 8.10  Sy2 reactions 0:39:26.4
Chapter 9  ¢9_01 Example 9.1 Ethylene excited states 0:00:21.1
e?_02 Example 9.2 Formaldehyde excited states 0:03:54.4
9_01 Exercise 9.1 Methylenecyclopropene excited states 0:03:47.4
902 Exercise 9.2 Formaldehyde excited state optimization 0:03:47.8
903 Exercise 9.3 Acrolein excited state optimization 0:22:53.5
9 _04a Exercise 9.4 Benzene excited states (6-31G*) 0:01:24.2
9_04b Exercise 9.4  Benzene excited states (6-31+G*) 0:03:24.2
?_05a Exercise 9.5 Acrolein orbitals for CAS 0:00:14.4
9_05b Exercise 9.5 CASSCF acrolein excitation energy 0:11:39.6
9_0éba Exercise 9.6 Butadiene orbitals for CAS 0:00:10.8
9_06b Exercise 9.6 CASSCF(4,4) butadiene ground state 0:35:49.3
9 _06¢ Exercise 9.6 CASSCF(4,6) butadiene ground state 0:26:13.6
9_06d Exercise 9.6  Butadiene conical intersection 0:38:55.2
Chapter 10  10_01a Example 10.1  Dichloroethane rotational barrier in 1:02:12.6
solution (IPCM model)
e10_01b Example 10.1  Dichloroethane rotational barrier in 0:21:43.3
solution (Onsager model)
e10_02a Example 10.2  Formaldehyde opt. & volume cal. 0:01:21.7
e10_02b Example 10.2  Formaldehyde in acetonitrile (SCIPCM) 0:56:32.5
el0_02c Example 10.2  Formaldehyde in acetonitrile (Onsager) 0:01:49.6
10_0la Exercise 10.1 Dichloroethane in solution (IPCM) 2:52:17.1
10_01b Exercise 10,1 Dichloroethane in solution (HF Onsager) 0:01:13.5
10_01¢c Exercise 10.1 Dichloroethane in solution (MP2 Onsager)  0:42:53.6
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Chapter 10

Appendix A

Table of Input Files

Corresponding CPU Time
Input File Example/Exercise Description of Job {hrs:mins:secs:)
10_02 Exercise 10.2  Formaldehyde optimization in cyclohexane  0:01:49.8
10_03a Exercise 10.3  Acetaldehyde frequencies in acetonitrile 0:04:38.0
10_03b Exercise 10.3  Acrolein frequencies in acetonitrile 0:17:55.3
10_03¢ Exercise 10.3  Formamide frequencies in acetonitrile 0:04:52.3
10_03d Exercise 10.3  Acetone frequencies in acetonitrile 0:16:9.8
10_03e Exercise 10.3  Acetyl chloride frequencies in acetonitrile 0:18:58.3
10_03f Exercise 10.3  Methyl acetate frequencies in acetonitrile 0:38:19.1
10_04a Exercise 10.4  N-methyl-(2-nitrovinyl)amine E form 2:40:11.5
10_04b Exercise 10.4  N-methyl-(2-nitrovinyl)amine Z form 2:09:36.6
10_04c Exercise 10.4  N-methyl-(2-nitrovinyl)amine rot. TS 4:28:53.4
10_05a Exercise 10.5 Furfuraldehyde (anti) in solution 4:08:21.0
10_05b Exercise 10.5  Furfuraldehyde (syn) in solution 4:02:58.7
ea_Ola Example A.1 SisH |, with different integration grids 0:12:39.8
ea_0Olb Example A.1  Al4P, with different integration grids 0:25:40.6
ea_0Olc Example A.1  AlP, without symmetry 0:34:22.2
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Preface

About This Work

Exploring Chemistry with Electronic Structure Methods serves as an introduction to the
capabilities of and procedures for this variety of computational chemistry. It is
designed to teach you how to use electronic structure modeling to investigate the
chemical phenomena of interest to you. This work was developed using the Gaussian
series of computational chemistry programs for all of its specific examples and
exercises (specifically Gaussian 94). Other program(s) could be substituted, provided
that the necessary features and capabilities were available.

Gaussian is capable of predicting many properties of molecules and reactions,
including the following:

Molecular energies and structures
Energies and structures of transition states
Bond and reaction energies

Molecular orbitals

Multipole moments

Atomic charges and electrostatic potentials
Vibrational frequencies

IR and Raman spectra

NMR properties

Polarizabilities and hyperpolarizabilities
Thermochemical properties

Reaction pathways

PEEEEPL L

Computations can be carried out on systems in the gas phase or in solution, and in
their ground state or in an excited state. Gaussian can serve as a powerful tool for
exploring areas of chemical interest like substituent effects, reaction mechanisms,
potential energy surfaces, and excitation energies.

Who Should Read This Book?

Several different types of chemists will benefit from reading this work:

4 Experimental research chemists with litle or no experience with
computational chemistry may use this work as an introduction to
electronic structure calculations. They will discover how electronic
structure theory can be used as an adjunct to their experimental research to
provide new insights into chemical problems.
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Preface

Overview and Goals

XXvi Exploring Chemistry with Electronic Structure Methods

About This Work

4+ Students of physical chemistry, at the advanced undergraduate or§
beginning graduate level, will find this work a useful complement to
standard texts, enabling them to experiment with the theoretical constructs §
discussed there.

4+ Experienced Gaussian users may use this book to acquaint themselves with
the program’s newest features.

This work is structured as a study guide, and it employs a hands-on approach to §
teaching you how to use electronic structure theory to investigate chemical systems. It |
is suitable for either individual, self-paced study or classroom use. Naturally, not
every section will be relevant to all readers. Accordingly, chapters are designed tobe as
self-contained as possible; you should focus on those parts which address your |8
research needs and interests.

Examples and Exercises
Each chapter focuses on a single topic, and includes explanations of the chemical
properties or phenomena under consideration and the relevant computational
procedures, one or two detailed examples of setting up such calculations and
interpreting their results, and several exercises designed to both provide practice in B
the area and to introduce its more advanced aspects. Full solutions are provided for all B
exercises.

Many exercises include new material that expands on themes first introduced in the |
text. Accordingly, you may find it beneficial to read through each problem and §#
solution even if you do not choose to complete every exercise. For this second edition, §
we have added new exercises covering advanced aspects of the current topic to most B
chapters. This material constitutes an advanced track through the work. Experienced Ji§
researchers may wish to examine the advanced track even in the earlier, more |
elementary chapters where the basic concepts are very familiar.

The molecules considered in both the worked examples in the text and the exercises §
have been chosen to minimize the amount of CPU time necessary to complete a E
non-trivial calculation of each type. We've deliberately chosen systems that, for the §
most part, can be modeled with minimal cost because our goal here is to focus on the
chemistry, rather than on Gaussian’s features and research capabilities. Note, however,
that although the molecules we will consider are relatively small, the methods you will
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Overview and Goals

learn are applicable to any size system. However, we have used methods and basis sets
which are appropriate to research-level calculations. Nevertheless, virtually all of the
exercises can be run under any post-1994 version of Gaussian, including Windows
versions such as Gaussian 94W (although some jobs may have elapsed times of hours
or even days on slower PC’s). Readers with limited computing resources may want to
reduce the level of theory and/or basis set size for some or all jobs.

Examples and exercises involving particularly computationally-intensive studies have
been marked with one of the icons in the margin. We provide a complete list of all
examples and exercises, together with their associated job files and CPU times on a
reference computer system, beginning on page xiv. We haven’t even attempted to
cover all of Gaussian’s features. Instead, we've tried to focus on those of most general
applicability. Once you understand these, you'll be in a position to explore the rest of
Gaussian’s capabilities on your own.

Input Files for the Examples and Exercises

Input files for all examples and exercises are included with Gaussian (although you
will probably want to try setting up your own first for the exercises). In Gaussian 94,
they are stored in the following default directory locations:

System Type Directory Location File Extension
UNIX systems Sg94root/g94/explore .com
VMS systems Disk: [G94 .Explore] .COM
Windows systems X:\G94W\Explore .GJF

For VMS and Windows systems, the appropriate disk name must be prepended to the
directory location. There are subdirectories under the explore directory named
exanmpl es and exercise, which hold the input files for the examples in the text
and for the exercises at the end of each chapter, respectively (the corresponding
filename is given in the margin at the start of each example and exercise); the input
files for the Quick Start section are located in the subdirectory quick in the same
location. If you do not find these files in the designated location on your system,
contact your system administrator for assistance in determining where Gaussian is
installed.

Exploring Chemistry with Electronic Structure Methods ~ Xxvii



Preface About This Work

Organizational Structure

This book begins with a Gaussian Quick Start tutorial designed to help new Gaussian
users begin using the program right away. The remainder of the work is divided into -
three main parts:

4 Part 1, Essential Concepts & Techniques, introduces computational -
chemistry and the principal sorts of predictions which can be made using :
electronic structure theory. It presents both the underlying theoretical and :
philosophical approach to electronic structure calculations taken by this 7

book and the fundamental procedures and techniques for performing
them.

4 Part 2, Model Chemistries, provides an in-depth examination of the
accuracy, scope of applicability and other characteristics and trade-offs of
all of the major well-defined electronic structure models. It also gives some
general recommendations for selecting the best model for investigating a
particular problem.

4+ Part 3, Applications, discusses electronic structure calculations in the
context of real-life research situations, focusing on how it can be used to
illuminate a variety of chemical problems.

Contents of this Work
Each of the chapters in this work is described briefly below:

4 Chapter 1, “Computational Models and Model Chemistries,” provides an
overview of the computational chemistry field and where electronic
structure theory fits within it. It also discusses the general theoretical -
methods and procedures employed in electronic structure calculations (a
more detailed treatment of the underlying quantum mechanical theory is
given in Appendix A).

4 Chapter 2, “Single Point Energy Calculations,” discusses computing
energies at specific molecular structures, as well as the related molecular
properties that may be predicted at the same time.

Note that much of the discussion of Gaussian input has been moved to
Appendix B in this second edition.

4 Chapter 3, “Geometry Optimizations,” describes how to locate equilibrium
structures of molecules, or, more technically, stationary points on the
potential energy surface. It includes an overview of the various commonly
used optimization techniques and a consideration of optimizing transition
structures as well as minimizations.

4 Chapter 4, “Frequency Calculations,” discusses computing the second
derivatives of the energy and using it to predict IR and Raman frequencies
and intensities and vibrational normal modes. It also considers other uses

:
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of second derivatives, including characterizing stationary points found
during optimizations as minima or transition states.

Part 2, “Model Chemistries,” begins with Chapter 5, “Basis Set Effects.”
This chapter discusses the most important standard basis sets and presents
principles for basis set selection. It also describes the distinction between
open shell and closed shell calculations.

Chapter 6, “Selecting an Appropriate Theoretical Method,” discusses the
model chemistry concept introduced in Chapter 1 in detail. It covers the
strengths, computational cost and limitations of a variety of popular
methods, beginning with semi-empirical models and continuing through
Hartree-Fock, Density Functional Theory, and electron correlation
methods.

Chapter 7, “High Accuracy Energy Models,” describes several research
procedures for predicting very accurate thermodynamic and energetic
properties of systems, including G1, G2, G2(MP2) and several Complete
Basis Set (CBS) models.

Part 3, “Applications,” begins with Chapter 8, “Studying Chemical
Reactions and Reactivity,” which discusses using electronic structure theory
to investigate chemical problems. It includes consideration of reaction path
features to investigate the routes between transition structures and the
equilibrium structures they connect on the reaction’s potential energy
surface.

Chapter 9, “Modeling Excited States,” discusses predicting the properties of
excited states of molecules, including structures and vibrational
frequencies. An exercise in the advanced track considers CASSCF methods.

Chapter 10, “Modeling Systems in Solution,” discusses how to model
systems in solution. It describes available solvation models and the sorts of
systems and properties which may be studied with them.

Appendix A, “The Theoretical Background,” contains an overview of the
quantum mechanical theory underlying Gaussian. It also includes
references to the several detailed treatments available.

Appendix B, “Overview of Gaussian Input,” provides a summary of the

Gaussian input file format. It also discusses techniques for creating
Z-matrix representations of molecular systems.
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Typographic and

Comment on the
Gaussian output

20X Exploring Chemistry with Electronic Structure Methods

Where to Get Additional Information

We hope that the discussions here will stimulate your interest in computational
chemistry in general and Gaussian in particular. Each chapter provides referencesto . =
the original studies from which the examples and exercises are drawn as well as to ;
other works of related interest.

More detailed information about the Gaussian 94 program can be found in the

Gaussian 94 User’s Reference and Gaussian 94 Programmer’s Reference. L g

.
Graphical Conventions -
In this book, we have used the following typographical and graphical conventions. ﬁ

Full or partial Gaussian input sets are set in fixed-width type and are set off from ;
normal text like this:

# RHF/STO-3G Opt SCF=Direct Test .
Similarly, general syntax statements for Gaussian input are set off from the text, set in g
fixed-width type. Within syntax statements, literal keywords appear in fixed-width ;
type while replaceable parameters—items for which you must substitute the ;
appropriate value—are set in normal italic type: :

# method/basis_set [Test]

v, g ot e g

Optional items appear in square brackets (which are not themselves typed when the :
item is included).

T

When Gaussian input keywords, like RHF, appear within normal text, they are setin ;| 3
boldface sans-serif type. Basis set names when referred to as keywords are also setin ;
boldface sans-serif type. Basis set names used in a generic way are set in normal type. &

Gaussian output is also set off from normal text, set in fixed-width type, and enclosed |
in a shadowed box. Comments about the output are set in red sans-serif type and {-
appear to the left of the output: ;

SCF DONE: E(RHF) -74.9607165382 A.U. AFTER 8 CYCLES

CONVG = 0.2843D-09 -V/T = 2.0050
S**2 0.0000

A few UNIX and VMS command examples appear in the text, mostly in the Gaussian
Quick Start section, which precedes the text proper. These commands are set off from
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normal text and set in fixed-width type (but have no box surrounding them).
Commands that the user must type appear in boldface fixed-width type, and
computer prompts and messages appear in normal fixed-width type:

% grep “SCF DONE" tut000.log
SCF DONE: E(RBF) = -74.9607165382

When UNIX and VMS$ commands and fite or pathnames appear within normal text,
they are set in bold and normal sans-serif type (respectively).

Gaussian 94W menu options and display labels are set in boldface sans-serif type,
following the usual Windows convention.

Italic type is used to indicate special terms, like basis set, the first time they appear in
the text. Italicized terms will be defined immediately following their introduction.

Finally, we have included advice to teachers at appropriate points throughout this
work. They are enclosed in a red shaded box. The first one of these “To The Teacher”
boxes appears at the end of this section.

ToThe Teacher: About This Guide

1t is our intention that this book might be used as an instructional unit in a
variety of undergraduate and graduate chemistry courses (in addition to
serving as an overview of electronic structure theory for research chemists),
Ac«:ordmgly, we have provided To The Teacher boxes such as this one at
appropriate points. throughout the text. They will contain hints for
introducing and discussing material in the classroom, suggestions for
further exercises, clarification of answers given in the text, and pointers to
additional reference material.

- Note that the exercises in this work are not ordered and can be used in other
sequences. Omitting earlier-exercises will not generally affect later ones. The
exercises are suitable as either homework or laboratory exercises, and they
have been: desxgned so that the work may be casily divided among a group of
students. S G

. We’d iové to hear about your experiences using this book for educational

-purposes. Please also feel free to let us know how this book could better meet

“the needs. of your students and courses. You can contact us at
explore@gaussmﬂ com.. -
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In This Quick Start:

Tutorial for UNIX
and VMS Systems

Tutorial for
Windows Systems

A Quick Tour of
Gaussian Output

Running Gaussian

This chapter breaks into two branches: one for the Windows version (here Gaussian
94W), and one for all of the workstation and supercomputer versions. Although their
capabilities are identical, their user interfaces are different enough to warrant separate
sections. The output produced by both of them is identical, and so we have
recombined the two threads as we take our first look at Gaussian output in “A Quick
Tour of Gaussian Output” on page xlix. At that point, and throughout the remainder
of this book, the text will apply to all versions of Gaussian. The few interface
differences between versions will be noted as appropriate.

The first subsection discusses running Gaussian on UNIX and VMS systems and uses
Gaussian 94 as an example. The Gaussian 94W tutorial begins on page xxxviii.

" Tutorial for UNIX and VMS Systems

This tutorial assumes that Gaussian 94 is already installed on your computer.
Instructions for doing so are included with your program package.

Executing a Gaussian job involves the following steps:

4 Setting up the Gaussian environment (usually handled by your login
initialization file).

4 Preparing the input file,

4+ Running the program, either interactively or via a batch queue.

4 Examining and interpreting the output.

We'll discuss each of these steps in turn.

l.  Execute the appropriate commands to set up the Gaussian environment on your system.

You must execute the Gaussian 94 initialization file included with the program in
order to run it. This file sets the values of some environment variables (UNIX) or
logical names (VMS) needed by the program. Usually, this file is executed from within
your user initialization file (ie., .login, .profile, or LOGIN.COM, as appropriate),
although you can also run the commands by hand.
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These are the commands needed to prepare to run Gaussian 94:

UNIX; C Shell
% setenv g94root directory
% source $g94root/g94/bsd/g9%4.login

UNIX: Bourne Shell

$ g94rootadirectory; export g94root
$ . $g94root/g94/bsd/g94.profile

VYMS
$ @disk: [G94.VMS .EDT]G94Login.Com

UNIX users will need to specify the location of the Gaussian 94 tree on their system.
VMS users will need to specify the disk location of the {G94] directory.

You may want to add these commands to your user initialization file now if you
haven't already done so. VMS users will also want to include a line like the following
in their LOGIN.COM file, setting their working set to its maximum value:

$ Set Work/NoAdjust/Quota=65536/Limit=65536
Next, we'll prepare a Gaussian input file for an energy calculation on water.
2. Start any fext editor and enter the following into a new file:

UNIX
#T RHF/6-31G(d) Test

VMS

$ RunGauss
#T RHF/6-31G(d) Test

VMS users begin their input file by executing the command to run Gaussian; input to
the program follows. UNIX users will redirect their input file to standard input of the
Gaussian 94 command.

The line beginning with # is the route section for this job. The first line of the route
section always begins with a pound sign in the first column (UNIX folks: this is nota
comment marker). #T requests terse output from the program (only the essential
results), # alone requests normal (traditional) Gaussian output, and #P requests more
detail in the output file.
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The route section specifies the procedure and basis set we want to use for this
calculation:

Keyword  Meaning

RHF Restricted Hartree-Fock (restricted means that there are no unpaired
electrons in our molecule).

6-31G(d) Use the 6-31G(d) basis set (which is a useful and often-recommended
basis set).

We've chosen a restricted (R) Hartree-Fock (HF) calculation using the 6-31G(d) basis
set (6-31G{d)).

All route sections must include a procedure keyword and a basis set keyword.
Additional keywords further specify the type of calculation desired and additional
options.

We've included only one additional keyword, Test, which says this is a test calculation
whose results should not be entered into the Gaussian archive (if used at your site).

3. Next, enter a blank line into the file, followed by a one-line description of the cakulation.
Your file will now look something like this:

#T RHF/6-31G(d) Test
My first Gaussian job: water single point energy

This new line forms the title section for the job, which provides a description of the
calculation for the job output and archive entry. It is not otherwise used by the
program.

4. Enter another blank line after the title section, followed by these four lines:

o 1

0 -0.464 0.177 0.0
H -0.464 1.137 Q0.0
H 0.441 -0.143 0.0

This information makes up the molecule specification section, in this case for water.
The first line of the molecule specification gives the charge and spin multiplicity for
the molecule as two free-format integers. In this case, our molecule is neutral (charge
0), and has spin multiplicity 1 (a singlet). Spin multiplicity is discussed in Chapter 2,
and molecule specifications in general are discussed in Appendix B.

The remaining three lines specify the element type and Cartesian coordinates (in
angstroms) for each of the atoms in the molecule.
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5. End the file with another blank line.

The completed input file looks like this:

Exercise QS.1: Water #T RHF/6-31G(d) Test
Single Point Energy ' . . ' '
file: qs.com My first Gaussian job: water single point energy
01
0 -0.464 0.177 0.0
H -0.464 1.137 0.0
H 0.441 -0.143 0.0

VMS users will have the RunGauss command preceding this input in their version of §
the file. 3

6. Save the file under the name h2o.com, and exit from the editor.

Notice that we never stated what kind of computation to perform. By default, §
Gaussian performs an energy calculation, which is what we want. '

We're now ready to run this calculation.

7. Execute this Gaussian job, using the appropriate command:

UNIX ,
% g94 <hlo.com >& h2o.log C shell j
$ g94 <h2o.com 2>&1 >h2o.log Bourne shell :
VMS

$ @H20.Com/Output=H20.Log

This job should complete very quickly. You may run the job in the background if :
desired with commands like these:

UNIX

% g94 <hlo.com >& h2o.log & C shell

$ g94 <h2o.com 2>&1 >h2o0.log & Bourne shell
VMS

$ Spawn/NoWalt/Neotify/In=H20.Com/Out=H20,.Log

The job’s output goes to the file h2o.log. We'll look at the output in more detail later.
For now, we’ll examine it only briefly. ‘
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8. Display the contents of the log file on the terminal screen.

Once all of it has been displayed, verify that the job completed normally. A iine like
the following will appear at or near the end of the file:

Normal termination of Gaussian 94. : I

Resource usage statistics are also included.
Next, we'll look for the results of our computation: the energy of the system.

9. Search the output file for the string “SCF Done”.

Using the appropriate search utility for your system, you'll find the following line:

SCF Done: E(RHF) = -76.0098706218 A.U. after 6 cycles

This indicates that the energy of the system, computed at the Hartree-Fock level, is
about -76.00987 hartrees.

Converting a Structure from a Graphics Program

Molecule specifications can be entered by hand or be converted from the output of a
graphics program. We'll perform a simple conversion here, converting the water
molecule structure saved in Brookhaven Protein Data Bank (PDB) format. The file
water . pdb in the quick subdirectory contains a PDB format structure for water.

Exercise QS.2: Converting a PDB File

file: water.pdb The NewZMat utility is provided with Gaussian to perform conversions between
different data file formats. We'll use it to convert this PDB file to Gaussian input.

10. Execute the following NewZMat command:

UNIX
% newzmat -ipdb $g94rocot/g94/tutor/quick/water.pdb water.com

VMS
¢ NewZMat -IPDB disk: [G94.Tutor.Quick]Water.PDB []Water.Com

This command will create a new Gaussian input file. NewZMat may prompt you for
the charge and multiplicity to use; accept the default values offered.
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11. Edit the new input file.

Notice that NewZMat has set up a Hartree-Fock calculation by default, using the
6-31G(d) basis set. The molecule specification in the generated file is also in Z-matrix }
format rather than Cartesian coordinates. You can now edit this file to modify the §
procedure, basis set, and type of run desired. We won’t bother running this file, since
it is the same job as the one we just completed. '

Batch Processing
Although we ran the water calculation interactively, we recommend batch processing §
for Gaussian jobs on multiuser systems where a batch facility is available. On some |
systems, such as those at supercomputer centers, only batch processing is allowed. §
VMS users may execute waler.com as a batch job using the Submit command. On :
UNIX systems supporting the NQS batch facility, the subg94 command provided }
with Gaussian 94 may be used. Here is an example: :

% subg94 gueue-name hlo.com

where queue-name is the name of the desired batch queue. The output from the job §
will automatically go to the file waterlog. Alternatively, on UNIX systems, Gaussian
jobs may be run in the background at lowered priority by initiating them with the nice {
command: :

% nice g94 <h2o.com >h2c.log &

This concludes the UNIX and VMS-specific portion of the tutorial. Turn to page xlix
to continue learning about Gaussian, where we examine Gaussian output.

Tutorial for Windows Systems

This tutorial assumes that you have already installed Gaussian on your PC and that
you know how to navigate within Windows and run programs from the Program ¢
Manager. These instructions assume that you are using Windows 3.1; Windows 95 |
users will need to adjust them for the changes introduced in that operating system.

1
%
H
:
i

The following steps are necessary to run a Gaussian calculation: ;

4 Start the program.
4 Load or enter Gaussian input.

TR ST 9 8 i e e
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4 Start execution of the job.
4 Examine and interpret the output.

1. Start the program by double clicking on the Gaussian 94W icon.

This icon is usually located in the G94W program group. If you moved this icon to a
different program group, select it from the appropriate location.

Gaussian 94W The main program window is now open.

2. Locate each of the labeled items in the illustration below in the window on your screen.

Output filename Editing jcons

s VY

Meny bar
Job control icon
Input filenam e oo :
Job progress disp CAG94W\L311.exe Is processing...
Standard orientation:
Center Atomice Coordinates (Angstroms)
Number Number X Y z
Gaussion 94 ovtputarea———F 6 0.000000  1.269000  0.000000
2 6 1.116307 -0.644500 0.000000
3 6 ~-1.116307 -0.644500 0.000000
4 6 0.000000 0.000000 0.772000
5 6 0.000000 C¢.000000 -0.772000
6 1 0.905466 1,870299 0.000000
7 1 -0.905466 1.870299 0.000000
8 1 1.166993 -1.719306 0.000000
9 1 2.072459 -0.150993 0.000000
10 1 -2.072459 ~0.150993 0.000000
1l 1 -1.166993 -1.719306 0.000000

We’'ll examine each of these items in turn.
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Before you can run a Gaussian job, you must provide the program with the input it
needs. The File menu is used to create a new input file or to modify an existing one.

Create a new input
file and open the

Job Enry window. Process Utiliti
Load existing Cavsi - Open...
existing Gaussian .
input file or convert a - Modify... Designate preferred
molecular siructure. — d efo?:l: ”"’: .
, Preferences - s
Edit the currently
loaded input file. Exit ARt+F4 | Exitfrom Gaussian 94W.

3. Select New from the File menu to create a new%aussian input file.

The Job Entry window now appears. This diagram indicates the major input sections: 1

Jab 1 ntry

Specifies theoretical model & lype of job
Brief description of job

Charge & spin multiplicity

Molecular structure

We'll fill in this window with the input for an energy calculation on water.
This window is divided into several separate individually scrollable sections, each of

which will hold a different part of the Gaussian input. The cursor is initially placed in
the % Section section. You move the cursor to the next section by pressing the Tab key;
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Shift Tab moves the cursor to the previous section. Or, you can move directly to any
section by clicking in it with the mouse. -

4. Move the cursor to the second section of the window, which is labeled Route Section.

This section is used to enter the route section of the job, which contains instructions
for running the calculation.

5. Type the following line into the window:

#T RHF/6-31G(d) Test

The route section specifies the procedure and basis set we want to use for this
calculation:

Keyword Meaning

RHF Restricted Hartree-Fock (restricted means that there are no unpaired
electrons in ocur molecule)

6-31G(d) Use the 6-31G(d) basis set (which is a useful and often-recommended
basis set).

We've chosen a restricted (R) Hartree-Fock (HF) calculation using the 6-31G(d) basis
set (6-31Gl(d)).

Lines in the route section begin with a # sign. #T requests terse output from the
program (only the essential results), # alone requests normal (traditional) Gaussian
output, and #P requests the maximum amount of detail in the output file.

All route sections must include a procedure keyword and a basis set keyword.
Additional keywords further specify the type of calculation desired and additional
options.

We've also included only one additional keyword, Test, which says this is a test

calculation whose results should not be archived in the Gaussian archive (although
archiving is not available for Gaussian 94W).
6. Move the cursor to the third section of the window, labelled Title section.

The title section of a Gaussian input file contains a brief (usually one-line) description
of the job. Enter something like the following into this section:

My first Gaussian job: water single point energy
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7.

Io.

xlii

The title section appears in the output and is stored in the Gaussian archive entry but
is not otherwise used by the program.

Move the cursor to the next section of the window, labelled Charge & Multipl.

This section and the one following it (Molecule Specification) specify the structure of ‘
the molecule system to be investigated. This section holds the charge on the molecule
and its spin multiplicity. Each of them is entered as an integer on this line, with one or @

more spaces separating them.

Since water is a neutral molecule, its charge is 0. Spin multiplicity refers to the §
arrangement of the electrons within the molecule. Water has no unpaired electrons, f
so it is a singlet and its spin multiplicity is 1 (Spin multiplicity is discussed in Chapter

2, and molecule specifications in general are discussed in Appendix B).

Enter the following values into the Charge and Multiplicity section:

The Molecule Specification section holds the type and positions of each of the atoms in §
the molecule. For this job, we'll enter our water molecule’s structure in Cartesian §

coordinates.
Enter the following data info the Molecule Specification section:
0 -0.464 0.177

0.0
H -0.464 1.137 0.0
H 0.441 -0.143 0.0

This completes the input needed for this job. The completed screen should look §
similar to the one illustrated on the next page. We will save this input to a file for f

future reference and then run the job.

Select Save File from the File menv.

This directs the program to save the input you typed in to a file. Select the desired ﬁ_
directory location in the standard Windows save dialog box, and give the input file the §
name H20.GJF. GJF is the extension used for Gaussian input files on Windows systems §

(standing for Gaussian Job File).
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Exercise QS.1: Water Iwintitng File Jdob b odit

Single Point Energy

".0.464 0.177 0.0
0,464 1.137 0.0
0.441-0.143 0.0

The top three icons on the right side of this window can be used to return to the main
menu in various ways:

Corresponding
Icon Action File Menu Option
Return to the main menu. Exit

Return to the main menu and begin Exit & Run
executing the job.

Discard input and return to the main Abandon Data
menu.

11. Select Exit from the File menu or click on the exit icon with the mouse.

This will return you to the main program window. Notice that the Output File display
now contains the name of the file where output from this job will go, Water.Out.
Output will also appear in the large window below the Run Progress display.
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Gaussian 94W jobs may be started in two ways:

The Run icon 4 By pressing the Run icon

4+ By selecting Begin Processing from the Process menu.

12. Start your water energy calculation in one of these ways.

As the calculation proceeds, the Run Progress display line will be periodically updated
to indicate how the job is progressing. Here is a typical display:

:\G3II e sing...

This line indicates that the job is currently executing Link 301. All versions of
Gaussian are divided into approximately 75 modules known as links, having names of

the form Lnnn where nnn is a one to four digit number. As you gain experience, many
of these links will become familiar to you.

To aid you in this process, a description of the current link appears in the statu
display at the bottom of the screen while a job is running:

You may pause or terminate a running job by using items from the Process menu or
their corresponding icons:

Corresponding
Icon  Action Process Menu Item
Immediately pause job. Pause
Pause after the current link. Pause @ Next Link
Resume executing a paused job. Resume
@ Terminate the current job. Kill Job

Output is added to the output display area as it is produced by the program. This ara
is horizontally and vertically scrollable and may be examined at any point throughout
job execution.
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When the job finishes, the Run Progress area displays this message:

Processing Complete.

The output window still contains the output from the job. We'll look at it briefly now
and in more detail a bit later.

13. Examine the job output, and locate the following lines near the end of the output window:

Job cpu time: 0 days 0 hours O minutes 12.6 seconds.
File lengths (MBytes): RWF= 5 Int= 1 D2E= 0 Chk= 1 Scr= 0

Normal termination of Gaussian 94.

This display indicates that the job was successful. It also shows some statistics about
resource usage by the job.

14, Move back through the output until you find the line containing ”SCF Done.”

It is located approximately three screens back from the end of the output:

SCF Done: E(RHF) = -76.0098706218 A.U. after 6 cycles

This is the one of the quantities predicted by this calculation. It indicates that the

energy of the system, computed at the Hartree-Fock level, is about -76.00987
hartrees.

Converting a Structure from a Graphics Program
Exercise QS.2: Converting a PDB File

file: water.pdb Input for Gaussian 94W can be created in many different ways:
4+ Via the Job Entry window.

4 As a text file created with any editor, using the same format used by other
Gaussian versions (discussed in the previous section).

4 By converting output from a drawing program and then editing the
generated input.

We'll look at a simple example of the latter method here, converting the water
molecule structure saved in Brookhaven Protein Data Bank (PDB) format.
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15. Select the Open... option from the File menu.

This option is used to open existing input files and to convert files in other formats to f

Gaussian input. We're going to convert a file saved in Brookhaven Protein Data Bank f 1
(PDB) format. ]
Once you have selected this option, a file selection dialog box will appear:
Select the desired file
from this list box.
1
Specify file type.

The menu in the lower right part of the dialog box allows you to specify the type of |
file that you want to open. This setting defaults to Gaussian 94W input files.

16. Select Brookhaven (PDB) Files from the List files of type menu, and then open the file water.pdn,} 1
located in the quick subdirectory.

The NewZMat File Conversion window will appear:

File o be converted. Sefect new file for conversion,
dewe Mat Tl (o ﬁ'.
f C:\USRWAEFRISCH\WATER.PDB for execution, .
Job Entry window
Name for the resulting x’ converfing.

Gaussian input file. ,
Open the converted file in
on external editor. ‘

Sefp:m Begin conversion.

Cancel the conversion.
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Tutorial for Windows Systems

This window controls how the generated file is made. The default filename is the same
as that of the input file, with the extension .GJF

17. Make sure that both the Load Generated File and Edit Generated File options are checked,
and then click the Convert button.

The first of these options loads the created input into memory in preparation for
execution by Gaussian 94W. The second one automatically opens the Job Entry
window with the generated input.

The NewZMat utility will convert the file, and then open the Job Entry window.
Notice that NewZMat has set up a Hartree-Fock calculation using the 6-31G(d) basis
set by default. The molecule specification in the generated file is also in Z-matrix
format rather than Cartesian coordinates. See Appendix B for details on the Z-matrix
molecule specification format.

18. Create a title, specify terse output with #7, and then save the file by selecting Save from the
File menu.

We could now begin executing this job by selecting Exit & Run option from the File
menu. However, don’t do that now. Instead, well run this job using a different
technique in the next subsection.

19. Select Exit from the File menu to return to the main program window.

Drag-and-Drop Execution

Gaussian 94W provides another quick way of running a job. If an input file has
already been prepared, then you can use the drag-and-drop method of running it. It
involves these steps (in Windows 3.1):

4+ Open the Windows File Manager and locate the desired input file by
selecting its directory in the left side of the window and locating it in the list
box on the right side.

4 Start Gaussian 94W if it is not already running. The main program window
may be open, or the application may be iconified, but no job should be
currently running.

4 Select and drag the desired input file from the File Manager into the

Gaussian 94W main program window or on top of its minimized icon. The
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Quick Running Gaussian
Start

file will turn into a small page icon with a plus sign at its center:

File Manaqge
Fite Disk Tree View QOptions Window Help

11723432 8:27:54pm
11/23/92 10:15:00am
11/23/92  9:37.00pm
11727792 4:26:54pm
11/23/92 10:16:10am

11/23/92

4 Release the mouse button and the job will be loaded.

If the Run Dropped Files preference is set, the job will also begin executing as soon as it
is dropped. If not, as is the default, you must explicitly initiate execution in one of the
available ways. ‘

20. Try this technique with the Water.GJF input file you saved earlier.

Allow the job to complete executing, and leave the program open as we'll use this
setup when we look at Gaussian output in the next major section of this chapter.

Gaussian 94W also includes a batch processing facility; see the Gaussian 94W
Reference pamphlet for details.

This concludes the Windows-specific portion of the tutorial. Go on to the next
subsection to continue learning Gaussian, where we examine Gaussian output n
some detail.

X
=
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A Quick Tour of Gaussian Output

A Quick Tour of Gaussian Output

Edit Output File icon

In this section, we'll use an editor to examine the output from our water single point
energy calculation in more detail. UNIX and VMS users should open the file h2o log
using an editor. Gaussian 94W users may also use any editor to examine the file
directly; alternatively, an editing session may be started from the main program
window by clicking on the Edit Qutput File icon in the upper right corn er. Note that
this icon is active only after a Gaussian 94W job has completed.

Exercise QS.3: Sample Gaussian Output

This is the copyright nofice for
Gavussian 94. lts appearance
indicates that the program
has begun executing.

We'll look at the main features of this output now. Locate the corresponding section
in your file with your editor as you read each comment. Note that the output from
your system may vary slightly. Not every numerical value will necessarily agree to the
last decimal place, although differences should appear only beyond the fifth decimal
place. This subsection concludes the Gaussian tutorial.Once you have completed it,
you will be ready to learn about the various types of Gaussian jobs as well as the
model chemistries the program offers.

Entering Gaussian System, Link 0=g%4

Input=h20.com

OQutput=h20.log

Initial command:

/mf/g94/11.exe /scratch/g94-17042.inp -scrdir=/scratch/
Entering Link 1 = /mf/g94/11.exe PID= 18580.

Copyright (c) 1988,19%990,1992,1993,1995 Gaussian, Inc.
All Rights Reserved.

This is part of the Gaussian 94(TM) system of programs. It is
based on the Gaussian 92 (TM) system {(copyright 1992

Gaussian, Inc.), the Gaussian 90(TM) system (copyright 1990
Gaussian, Inc.), the Gaussian 88(TM} system (copyright 1988
Gaussian, Inc.), the Gaussian 86 (TM} system {copyright 1986
Carnegie Mellon University), and the Gaussian 82 (TM) system
(copyright 1983 Carnegie Mellon University). Gaussian is a
federally registered trademark of Gaussian, Inc.

This software is provided under written license and may be
used, copied, transmitted, or stored only in accord with that
written license.

The editor invoked when pressing this icon defaults to Notepad, but any available editor may be specified
using the ASCH Editor field in the Preferences window: you can access the Goussian 94W Preferences
window by selecting the Preferences item from the File menu in the main program window. Note that some
editors, including Notepad, have length limitations which may be exceeded by some Gaussian output files.
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Quick
Start

This is the official citation for the
Goussian 94 program, which
should be included in its entirety
in olf papers presenting results
obtained by running Gaussion 94
and Gaussian P4W.

This is the version of Gaussian 94
that is running, in this case,
Revision C.3. Include this
information in any questions or
problem reports you send to
Gaussian, Inc.

The route seclion, fitle section, and
molecule specification from the
input file are displayed next.

The standard orientation is the
coordinate system used infernally
by the program as it performs the
F;;::hﬁmﬁﬂnumh:qﬁmhn

ance. The origin is placed

at the molecule’s cenrgr of nr:n'ccleur
charge. Here, the oxygen atom
sits on the Y-axis above the origin,
and the two hydrogen atoms are
placed below it in the XY plane.

T

Running Gaussian

Gaussian, Inc.
Carnegie Office Park, Building 6, Pittsburgh, PA 15106 USA

Cite this work as:

Gaussian 94, Revision C.3,

J. Frisch, G. W. Trucks, H. B. Schlegel, P. M. W. Gill,
G. Jchnson, M. A. Robb, J. R. Cheeseman, T. Keith,

A. Petersson, J. A. Montgomery, K. Raghavachari,

A. Al-Laham, V. G. Zakrzewski, J. V. Ortiz, J. B. Foresman,
J. Cioslowski, B. B. Stefanov, A. Nanayakkara, M. Challacombe,

C. Y. Peng, P. Y. Ayala, W. Chen, M. W. Wong, J. L. Andres,
E. S. Replogle, R. Gomperts, R. L. Martin, D. J. Fox,
J
M

20w xR

S. Binkley, D. J. Defrees, J. Baker, J. P. Stewart,
Head-Gordon, C. Gonzalez, and J, A. Pople,
Gaussian, Inc., Pittsburgh PA, 1995,

LR R R RS SRR RS RES R SRR RERR RS R R SRR SRR RS RE R R R R

Gaussian 94: IBM-RS6000-G94Rev(C.3 26-Sep-1995
25-Nov-1995

LR R A RS S LRSS RS SR ESEEREESEE SRR R RS REE SRR RN RS

Symbolic Z-matrix:
Charge = 0 Multiplicity = 1

o -0.464 0.177 0.
H -0.464 1.137 0.
H 0.441 -0.143 0.

Z-MATRIX (ANGSTROMS AND DEGREES)

CD Cent Atom N1 Length/X N2 Alpha/Y N3 Beta/Z J
1 1 © 0 -.464000 .177000 .000000
2 2 H 0 -.464000 1.137000 .000000
3 3 H 0 .441000 -.143000 .000000

Framework group CS[SG(H20)]
Deg. of freedom 3
Standard orientation:

Center Atomic Coordinates {Angstroms)
Number Number X Y Z
1 8 .000000 .110843 .000000
2 1 .783809 -.443452 .000000
3 1 -.783809 -.443294 .000000
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This line indicates the predicted
energy computed by our single
point cak ulafion. It clso indicates
the values of the convergence
criteria in the SCF computation.
Appendix A discusses the
iterative nature of SCF

methods in more detail.

A Mulliken populotion analysis
folows the SCF results. This
analysis partitions mo charge on
the molecule by atom.

The section labelled Total
atomic charges indicates
the estimated total charge on

each atom in the molecule.
Here, the oxygen atom has a

negative charge balancing the
slight positive charge on each
of the hydrogen atoms.

This section gives the dipole,
moment for this molecule, in the
standard oriemation. This dipole

moment has only a negafive Y
component, ond its magnitude is
1.49 debye. By convention, the
dipole moment “points” in the
direction of positive charge.
Referring back fo the standard
arienfation for this molecule, we
note that the oxygen atom is
sitvated on the positive Y-axis. This
indicates that the dipole moment
points away from the oxygen
atom, toward the posiﬁvelz-
charged portion of the molecule.

Successful Gaussian jobs end with
a quotation chosen at random
from a collection stored internally.

C(PU time and other resource usuge/
information is presented ot

T~

A Quick Tour of Gaussian Qutput

Rotational constants (GHZ): 919.1537631 408.1143172 282.6255042

Isctopes: 0-16,H-1,H-1

19 basis functions

5 alpha electrons

nuclear repulsion energy
Projected INDO Guess.

Initial guess orbital symmetries:

36 primitive gaussians
5 beta electrons
9.1576073710 Hartrees,

Occupied (A') {(A') (A') (A') (A")
Virtual (A*) (A') (A") (A') (A') (A"} (A') (A') (A') (A')
(A') (A') (A"} (A")
\Warning! Cutoffs for single-point calculations used.
SCF Done: E(RHF) = -76.0098706218 A.U. after 6 cycles
Cenvg = .3332D-04 -v/T = 2.0027
S**2 .0000

LA AR AR ES SRSl RER R Rttt Rt il i il i s R AR R R AR ERRRR R R RER R

Population analysis using the SCF density.
A AR AR E R AR R R R EEE SRR R R AR R R RS R R R 2SR REE R R R R RN EREXRE R II T IR

Orbital Symmetries:

Occupied (A') (A') (A') {(A') (A*)
Virtual (A7) (A') (A') {(A") (A') (A") (A') (A) {(a") (A"
{Aa") (A') (A") {(A")

The electronic state is 1-A'.
Alpha occ. eigenvals-- -2(0.55796 -1.33618 -.71426 -.56023 -.49562
Alpha virt. eigenvals-- .21061 .30388 1.04585 1.11667 1.15963
Alpha virt. eigenvals-- 1.16927 1.38460 1.4167% 2.03064 2.03551
Alpha virt. eigenvals -- 2.07410 2.62759 2.94215 3.97815
Condensed to atoms {(all electrons):
Total atomic charges:

1

1 o© -.876186

2 H .438090

3 H .438096
Sum of Mulliken charges= .00000
Electronic spatial extent ({(au): <R**2>= 18.9606
Charge= .0000 electrons
Dipole moment (Debye):

X= -,0001 Y= 2.1383 Z= .0000 Tot= 2.1383

This is the archive entry corresponding fo
Test job not archived. this job, which sum)l'norius its results.
ININGINC-MIF\SP\RHF\6-31G(d) \H201\AEFRISCH\25-Nov~-1995\0\\#T RHF/6-31G{(
d) TEST\\Water HF Energy\\0,1\0,0,-0.464,0.177,0.\H,0,-0.464,1.137,0.\H
,0,0.441,-0.143, 0. \\Version=IBM-RS6000-G34RevC.3\State=1-A"' \HF=-76.0098
T06\RMSD=3.332e-05\Dipole=0.6868725,0.4857109,0.\PG=CS [SG{H201))\\@

Children are likely to live up to what you believe of them.
-- Lady Bird Johnson

l-Job cpu time: 0 days 0 hours 0 minutes

File lengths (MBytes): RWF= 5 Int= 0 D2E=

Normal termination of Gaussian 94

-

5.8 seconds.
0 Chk= 1 Scr=

the conclusion of the job.
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In This Chapter:

An Overview of
Computational
Chemistry

Model Chemistries

Computational Models
¢ Model Chemistries

All chemists use models.” Beginning chemistry students use plastic models to help
them understand and visualize the structures of molecules. Recently, both students
and experienced researchers have begun to use chemical drawing programs for the
same purpose.

Not all models are physical or pictorial objects. For example, the Sy2 mechanism is a
simple model for a particular class of reactions that successfully explains a lot of
chemistry. What all of these things have in common is that they use a set of
pre-defined objects and rules to approximate real chemical entities and processes.

In a similar way, computational chemistry simulates chemical structures and reactions
numerically, based in full or in part on the fundamental laws of physics. It allows
chemists to study chemical phenomena by running calculations on computers rather
than by examining reactions and compounds experimentally. Some methods can be
used to model not only stable molecules, but also short-lived, unstable intermediates
and even transition states. In this way, they can provide information about molecules
and reactions which is impossible to obtain through observation. Computational
chemistry is therefore both an independent research area and a vital adjunct to
experimental studies.

An Overview of Computational Chemistry

There are two broad areas within computational chemistry devoted to the structure of
molecules and their reactivity: molecular mechanics and electronic structure theory.
They both perform the same basic types of calculations:

4 Computing the energy of a particular molecular structure (spatial
arrangement of atoms or nuclei and electrons). Properties related to the
energy may also be predicted by some methods.

" In fact, certain philosophers of science argue that chemistry itself-—indeed all science—functions as a model
of certain aspects of the physical universe.
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:hapter Computational Models ¢ Model Chemistries

4+  Performing geometry optimizations, which locate the lowest energ
molecular structure in close proximity to the specified starting structure.
Geometry optimizations depend primarily on the gradient of the
energy—the first derivative of the energy with respect to atomic positions.

4+ Computing the vibrational frequencies of molecules resulting from
interatomic motion within the molecule. Frequencies depend on the
second derivative of the energy with respect to atomic structure, and
frequency calculations may also predict other properties which depend on -
second derivatives. Frequency calculations are not possible or practical for
all computational chemistry methods.

Molecular Mechanics

Molecular mechanics simulations use the laws of classical physics to predict the
structures and properties of molecules. Molecular mechanics methods are available in
many computer programs, including MM3, HyperChem, Quanta, Sybyi, and
Alchemy. There are many different molecular mechanics methods. Each one is
characterized by its particular force field. A force field has these components:

4+ A set of equations defining how the potential energy of a molecule varies
with the locations of its component atoms.

4+ A series of atom types, defining the characteristics of an element within a
specific chemical context. Atom types prescribe different characteristics and
behavior for an element depending upon its environment. For example, a
carbon atom in a carbonyl is treated differently than one bonded to three
hydrogens. The atom type depends on hybridization, charge and the types
of the other atoms to which it is bonded.

4+ One or more parameter sets that fit the equations and atom types to
experimental data. Parameter sets define force constants, which are values
used in the equations to relate atomic characteristics to energy components,
and structural data such as bond lengths and angles.

Molecular mechanics calculations don’t explicitly treat the electrons in a molecular
system. Instead, they perform computations based upon the interactions among the
nuclei. Electronic effects are implicitly included in force fields through
parametrization.

This approximation makes molecular mechanics computations quite inexpensive
computationally, and allows them to be used for very large systems containing many

f Strictly speaking, optimizations do not always find minimum energy structures. This point will be
discussed at length in Chapter 4.
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An Overview of Computational Chemistry

thousands of atoms, However, it also carries several limitations as well. Among the
most important are these:

+

Each force field achieves good results only for a limited class of molecules,
related to those for which it was parametrized. No force field can be
generally used for all molecular systems of interest.

Neglect of electrons means that molecular mechanics methods cannot treat
chemical problems where electronic effects predominate. For example, they
cannot describe processes which involve bond formation or bond breaking.
Molecular properties which depend on subtle electronic details are also not
reproducible by molecular mechanics methods.

Electronic Structure Methods

Electronic structure methods use the laws of quantum mechanics rather than classical
physics as the basis for their computations. Quantum mechanics states that the energy
and other related properties of a molecule may be obtained by solving the
Schrédinger equation:

HY = EY

For any but the smallest systems, however, exact solutions to the Schrodinger
equation are not computationally practical. Electronic structure methods are
characterized by their various mathematical approximations to its solution. There are
two major classes of electronic structure methods:

+

Semi-empirical methods, such as AM1, MINDO/3 and PM3, implemented
in programs like MOPAC, AMPAC, HyperChem, and Gaussian, use
parameters derived from experimental data to simplify the computation.
They solve an approximate form of the Schrodinger equation that depends
on having appropriate parameters available for the type of chemical system
under investigation. Different semi-emipirical methods are largely
characterized by their differing parameter sets.

Ab initio methods, unlike either molecular mechanics or semi-empirical
methods, use no experimental parameters in their computations, Instead,
their computations are based solely on the laws of quantum
mechanics—the first principles referred to in the name ab initio—and on
the values of a small number of physical constants:

< The speed of light

< The masses and charges of electrons and nuclei

%  Planck’s constant

Exploring Chemistry with Electronic Structure Methods 5



Chapter Computational Models & Model Chemistries

Gaussian offers the entire range of electronic structure methods. This work provides
guidance and examples in using all of the most important of them.

Ab initio methods compute solutions to the Schrodinger equation using a series of
rigorous mathematical approximations. These procedures are discussed in detail in
Appendix A, The Theoretical Background.

Semi-empirical and ab initic methods differ in the trade-off made between
computational cost and accuracy of result. Semi-empirical calculations are relatively
inexpensive and provide reasonable qualitative descriptions of molecular systems and
fairly accurate quantitative predictions of energies and structures for systems where
good parameter sets exist.

In contrast, ab initio computations provide high quality quantitative predictions fora
broad range of systems. They are not limited to any specific class of system. Early ab
initio programs were quite limited in the size of system they could handle. However,
this is not true for modern ab initio programs. On a typical workstation, Gaussian 94
can compute the energies and related properties for systems containing a dozen heavy
atoms in just a few minutes. It can handle jobs of up to a few hundred atoms, and it
can predict the structures of molecules having as many as one hundred atoms on the
same size computer system.! Corresponding larger systems can be handled on
supercomputer systems, based upon their specific CPU performance characteristics.

The ab initio methods in Gaussian are also capable of handling any type of atom,
including metals. Gaussian computes a variety of molecular properties in addition to
the energies and structures. Gaussian can investigate molecules in their excited states
and in solution.

Density Functional Methods

Recently, a third class of electronic structure methods have come into wide use:
density functional methods.* These DFT methods are similar to ab initio methods in
many ways. DFT caiculations require about the same amount of computation
resources as Hartree-Fock theory, the least expensive ab initio method.

DFT methods are attractive because they include the effects of electron
correlation—the fact that electrons in a molecular system react to one another’s
motion and attempt to keep out of one another’s way—in their model. Hartree-Fock
calculations consider this effect only in an average sense—each electron sees and

Such large calculations will take on the order of one to a few days, depending on the exact molecular system
and computer system. However, even larger calculations are possible, provided you are willing 1o atlocate
the necessary CPU resources to them. What constitutes a “practical” calculation is ultimately a matter of
individual judgement. We'll look at how resource requirements vary with molecule size and calculation type
at appropriate points in the course of this work.

Whether density functional methods are ab initio methods or not is a controversial question which we will
not attempt to address.
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Model Chemistries

reacts to an averaged electron density—while methods including electron correlation
account for the instantaneous interactions of pairs of electrons with opposite spin."
This approximation causes Hartree-Fock results to be less accurate for some types of
systems. Thus, DFT methods can provide the benefits of some more expensive ab
initio methods at essentially Hartree-Fock cost. See Appendix A for more details
about these methods.

Model Chemistries

The theoretical philosophy underlying Gaussian is characterized by the following
principle:

A theoretical model should be uniformly applicable to molecular systems of
any size and type, up to a maximum size determined only by the practical
availability of computer resources.

This is in contrast to an alternate view which holds that the highest—most
accurate—level of theory which is practical ought to be used for any given molecular
system. The Schrodinger equation can be approximated much more closely for small
systems than for large ones (and can even be solved exactly for the smallest possible
system: the hydrogen atom). However, using different levels of theory for different
size molecules makes comparing results among systems unreliable.

This principle has a number of implications:

4+ A theoretical model should be uniquely defined for any given configuration
of nuclei and electrons. This means that specifying a molecular structure is
all that is required to produce an approximate solution to the Schrodinger
equation; no other parameters are needed to specify the problem or its
solution.

4 A theoretical model ought to be unbiased. It should rely on no
presuppositions about molecular structure or chemical processes which
would make it inapplicable to classes of systems or phenomena where these
assumptions did not apply. It should not in general invoke special
procedures for specific types of molecules.

The implementation of such a theoretical mode] is termed a theoretical-model
chemistry, or simply a mode! chemistry.

' Thisisabitof an oversimplification (see Appendix A).
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Once a theoretical model has been defined and implemented, it should be
systematically tested on a variety of chemical systems, and its results should be
compared to known experimental values. Once a model demonstrates that it can
reproduce experimental results, it can be used to predict properties of systems for
which no data exist.

Other desirable features of a model chemistry include:

*

Size consistency: the results given for a system of molecules infinitely
separated from one another ought to equal the sum of the results obtained
for each individual molecule calculated separately. Another way of
describing this requirement is that the error in the predictions of any
method should scale roughly in proportion to the size of the molecule.
When size consistency does not hold, comparing the properties of
molecules of different sizes will not result in quantitatively meaningful
differences.

Reproducing the exact solution for the relevant n-electron problem: a method
ought to yield the same results as the exact solution to the Schrodinger
equation to the greatest extent possible. What this means specifically
depends on the theory underlying the method. Thus, Hartree-Fock theory
should be (and is) able to reproduce the exact solution to the one electron
problem, meaning it should be able to treat cases like Hy* and HeH”
essentially exactly.

Higher order methods similarly ought to reproduce the exact solution to
their corresponding problem. Methods including double excitations (see
Appendix A) ought to reproduce the exact solution to the 2-electron
problem, methods including triple excitations, like QCISD(T), ought to
reproduce the exact solution to the three-electron problem, and so on.

Variational: the energies predicted by a method ought to be an upper
bound to the real energy resulting from the exact solution of the
Schrodinger equation.

Efficient: calculations with a method ought to be practical with existing
computer technology.

Accurate: ideally, a method ought to produce highly accurate quantitative
results. Minimally, a method should predict qualitative trends in molecular
properties for groups of molecular systems.

Not every model can completely achieve all of these ideals. We'll look at the
characteristics of the various methods in Gaussian in Appendix A.
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Defining Model Chemistries

Gaussian includes many different model chemistries. The theoretical model
chemistries in Gaussian have been subjected to the testing procedure described
previously and so may be recommended for general use with any system for which
they are computationally feasible.

Model chemistries are characterized by the combination of theoretical procedure and
basis set. Every calculation performed with Gaussian must specify the desired
theoretical model chemistry in addition to specifying the molecular system to
consider and which results to compute for it.

Method

The Gaussian program contains a hierarchy of procedures corresponding to different
approximation methods (commonly referred to as different levels of theory).
Theoretical descriptions for each of them may be found in Appendix A. The ones
we'll be concerned with most often in this work are listed in the following table:

Keyword Method Availability

HF

Hartree-Fock Self-Consistent Field Through 2nd derivatives

B3LYP Becke-style 3-Parameter Density Functional Theory Through 2nd derivatives

{using the Lee-Yang-Parr correlation functional)

MP2 27 Order Moller-Plesset Perturbation Theory Through 2nd derivatives
MP4 4h Order Moller-Plesset Perturbation Theory Energies only
(including Singles, Doubles, Triples and Quadruples
by default)
QCISD{T)  Quadratic CI (Single, Doubles & Triples) Energies only

More accurate methods become correspondingly more expensive computationally.
Recommended uses of each level of theory will be discussed throughout the work,
and a consideration of the entire range of electronic structure methods is the subject
of Chapter 6,

Basis Set

A basis set is a mathematical representation of the molecular orbitals within a
molecule. The basis set can be interpreted as restricting each electron to a particular
region of space. Larger basis sets impose fewer constraints on electrons and more
accurately approximate exact molecular orbitals. They require correspondingly more
computational resources. Available basis sets and their characteristics are discussed in
Chapter 5.
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Chapter

Open vs. Closed Shell
Although not strictly part of a model chemistry, there is a third component to every §
Gaussian calculation involving how electron spin is handled: whether it is performed
using an open shell model or a closed shell model; the two options are also referred o
as unrestricted and restricted calculations, respectively. For closed shell molecules, §
having an even number of electrons divided into pairs of opposite spin, a spin §
restricted model is the default. In other words, closed shell calculations use doubly
occupied orbitals, each containing two electrons of opposite spin.

Open shell systems—for example, those with unequal numbers of spin up and spin
down electrons—are usually modeled by a spin unrestricted model (which is the |
default for these systems in Gaussian).! Restricted, closed shell calculations force each §
electron pair into a single spatial orbital, while open shell calculations use separate
spatial orbitals for the spin up and spin down electrons (ot and P respectively):

Vi— | —v
L2 o \v§—1— —+-v
v, 4 ve 4 +-V
v, 4 ve L W

Unrestricted calculations are needed for systems with unpaired electrons, including

4+ Molecules with odd numbers of electrons (e.g. some ions).

4+ Excited states. .

4 Other systems with unusual electronic structure (for example, 2 or mor
unpaired outer electrons).

4+ Processes such as bond dissociation which require the separation of an
electron pair and for which restricted calculations thus lead to incorret
products (even though there is an even number of electrons).

In Gaussian, open shell calculations are requested by prepending the method keyword
with a U (for unrestricted); similarly, closed shell calculations use an initial R (for }
example, RHF versus UHF, RMP2 versus UMP2 and so on).}

Compound Models ;
Traditional electronic structure energy calculations consist of a single job. However, a
calculation at a very accurate level of theory can take a very long time to complete. In
an effort to achieve high accuracy results at less computational cost, several new -
model chemistries have been defined as a series of calculations to be run and a

' It'is also possible to define spin restricted open shell models (keyword prefix RO). See the Gaussian User}
Reference for more information.

For some cases, additional measures must be taken to force an unrestricted wavefunction to be used {for
txample, Guess=Mix or Guess=Alter).
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procedure for combining their results to predict an energy value for the molecule
under - investigation. Even though multiple calculations are run, their total
computational cost is still significantly less than that of the single, high-accuracy
model which they are designed to approximate.

We will consider several of these multi-job models in Chapter 7, including Gaussian-1
and Gaussian-2 theory and their variants and several Complete Basis Set (CBS)
methods.

References

J. B. Foresman, “Ab Initio Techniques in Chemistry: Interpretation and Visualiza-
tion,” Chapter 14 in What Every Chemist Should Know About Computing, Ed. M. L
Swift and T. J. Zielinski { ACS Books, Washington, D.C., 1996).

A. Szabo and N. S. Ostlund, Medern Quantum Chemistry (McGraw-Hill, New York,
1982).

W. ]. Hehre, L. Radom, P. v. R. Schieyer, and J. A. Pople, Ab Initio Molecular Orbital
Theory {Wiley, New York, 1986).

M. ]. Frisch, £E. Frisch and ]. B. Foresman, Gaussian 94 User’s Reference (Gaussian,
Inc., Pittsburgh, 1995},

Exploring Chemistry with Electronic Structure Methods 11




In This Chapter:

Computing Energies
of Molecular Systems

Examining
Molecular Orbitals

Predicting Multipole
Moments and
Atomic Charges

Single Point Energy Calculations

In this chapter, we'll elaborate further on the type of calculation we performed in the
Quick Start. A single point energy calculation is a prediction of the energy’ and
related properties for a molecule with a specified geometric structure. The phrase
single point is key, since this calculation is performed at a single, fixed point on the
potential energy surface* for the molecule. The validity of results of these calculations
depends on having reasonable structures for the molecules as input.

Single point energy calculations are performed for many purposes, including the
following:

4 To obtain basic information about a molecule.

4 As a consistency check on a molecular geometry to be used as the starting
point for an optimization.

4+ To compute very accurate values for the energy and other properties for a
geometry optimized at a lower level of theory.

+  When it is the only affordable calculation for a system of interest.

Single point energy calculations can be performed at any level of theory and with
small or large basis sets. The ones we'll do in this chapter will be at the Hartree-Fock
level with medium-sized basis sets, but keep in mind that high accuracy energy
computations are set up and interpreted in very much the same way.

Setting Up Energy Calculations

Setting up an input file for a Gaussian single point energy calculation follows the steps
we used in the Quick Start. To request this type of calculation, you must supply the
following information:

4 The type of job and level of theory for the calculation.
4+ Atitle for the job.

' That is, the sum of the electronic energy and nuclear repulsion energy of the molecule at the specified
nuclear configuration. This quantity is commonly referred to as the total energy. However, more complete
and accurate energy predictions require a thermal or zero-point energy correction (see Chapter 4, p. 68).

! This term is defined in detail in Chapter 3.
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4 The structure of the molecule: its charge and spin multiplicity and the
locations of the nuclei in space.

These items form the route section, the title section, and the molecule specification
section of the input file, respectively. We'll look at each of them again briefly as we set
up an input file for an energy calculation on formaldehyde.

The Route Section

The route section of a Gaussian input file specifies the kind of job you want to run as
well as the specific theoretical method and basis set which should be used. All of these
items are specified via keywords. Recall that the first line of the route section begins
with a # sign (or #T to request terse output).

A single point energy is the default calculation type in Gaussian, so no specia
keyword is needed in the route section to request one (although you can include the
SP keyword if you want to); simply specifying a procedure and basis set in the route
section requests a single point energy calculation. We'll be running our formaldehyde
calculation at the Hartree-Fock level, using the 6-31G(d) basis set.

Here are some other useful keywords for single point energy calculations (and other
types of jobs as well):

Keyword Effect
Test Prevents Gaussian from entering this job’s results into the site archive.

Pop=Reg Displays highest five occupied and lowest five virtual molecular
orbitals and other information- not included in the output by defaul.
Use Pop=Full to display all orbitals.

Units Specifies that alternate units have been used in the molecule
specification (discussed later in this section).

SCF=Tight Requests that the wavefunction convergence criteria be made .ore
rigorous. The default criteria for single point energy calculations are
chosen as the best tradeoff between accuracy and computation speed,
and they are generally accurate enough for comparing the energies of §
similar molecules and for predicting properties such as molecular
orbitals and the dipole moment. SCF=Tight can be used to compute the
energy using even tighter SCF convergence criteria. See Exercise 2.6 for
more details about this topic.

We'll be including Pop=Full in our job in order to include intormation about all of the
molecular orbitals in the output.
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Setting Up Energy Calculations

The Title Section

This section of the input file consists of one or more lines describing the calculation in
any way that the user desires. It often consists of just one line, and the section ends
with a blank line.

The Molecule Specification Section

All molecule specifications require that the charge and spin multiplicity be specified
(as two integers) on the first line of this section. The structure of the molecule follows,
in either Cartesian coordinates, internal coordinates (a Z-matrix)}, or a combination
of the two.

Charge on the Molecule

The charge is a positive or negative integer specifying the total charge on the
molecule. Thus, 1 or +1 would be used for a singly-charged cation, -1 designates a
singly-charged anion, and 0 represents a neutral molecule.

Spin Multiplicity

The spin multiplicity for a molecule is given by the equation 2S + 1, where S is the
total spin for the molecule. Paired electrons contribute nothing to this quantity. They
have a net spin of zero since an alpha electron has a spin of +% and a beta electron has
a spin of -4, Each unpaired electron contributes +% to S. Thus, a singlet—a system
with no unpaired electrons—has a spin multiplicity of 1, a doublet (one-unpaired
electron) has a spin multiplicity of 2, a triplet (two unpaired electrons of like spin) has
a spin multiplicity of 3, and so on.

Molecular Structure .

The structure of the molecular system to be investigated follows the initial charge and
spin multiplicity line in the molecule specification section. The structure may be
obtained in a variety of ways: from the coordinates generated by or converted from a
drawing program (as demonstrated in the Quick Start), by constructing a Z-matrix by
hand (see Appendix B), from the experimental literature, from the results of a
previous calculation, and so on.

Multi-Step Jobs

Multiple Gaussian calculations can be performed from a single input file. See
Appendix B (page 294) for details on multi-step jobs.
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Locating Results in Gaussian Output

Example 2.1: Formaldehyde Single Point Energy

file: #2_01 In this section, we’ll identify the major results predicted by a single point energy
calculation by looking at the output of a caiculation on formaldehyde. Here is the
complete input file:

ﬁ #T RHF/6-31G(d) Pop=Full Test
C Formaldehyde Single Point
PN
H H 01
c 0.0 0.0 0.0
o 0.0 1.22 0.0
H 0.94 -0.54 0.0
H -0.94 -0.54 0.0

Here we give the molecule specification in Cartesian coordinates. The route section
specifies a single point energy calculation at the Hartree-Fock level, using the
6-31G(d) basis set. We've specified a restricted Hartree-Fock calculation (via the R
prepended to the HF procedure keyword) because this is a closed shell system. We've
also requested that information about the molecular orbitals be included in the
output with Pop=Reg.

We'll look at each of the major items separately, in the order in which they appear in
the output.

Standard Orientation Geometry

This section displays positioning of the atoms in the molecule used by the program
internally, in Cartesian coordinates. This orientation is chosen for maximum
calculation efficiency, and corresponds to placing the center of nuclear charge for the
molecule at the origin. Most molecular properties are reported with respect to the
standard orientation. Note that this orientation usually does not correspond to the
one used in the input molecule specification; the latter is printed earlier in the output
as the “Z-matrix orientation.”
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One hartree is
627.51 keal-mol™!

Locating Results in Gaussian Output

Here is the standard orientation generated for formaldehyde:

Standard orientation:

Center Atomic Coordinates {Angstroms)
Number Number X Y Z
1 6 0.000000 0.000000 -0.542500
2 8 0.000000 0.000000 0.677500
3 1 0.000000 0.940000 -1.082500
4 1 0.000000 -0.940000 -1.082500

The molecule is positioned in the YZ-plane, with the C=0 bond coinciding with the
Z-axis.

Energy
The total energy of the system, computed at the Hartree-Fock level, is given by this
line of the output:

SCF Done: E(RHF) = -113.863697598 A.U. after 6 cycles

The value is in hartrees. The number of cycles it took the SCF calculation to converge
is also given on this line (refer to Appendix A for a discussion of the iterative nature of
the SCF method). When we discuss energies in this work, we will generally use
hartrees (atomic units); when we discuss energy differences, kcal-mol ! will often be a
more convenient unit (especially when comparing calkculation predictions to
experimental results).

In a higher level energy calculation, values for the energy computed using the more
accurate procedure appear shortly after the Hartree-Fock energy. Here is the output
from a formaldehyde calculation done at the MP2 level (RMP2 replaces RHF in the
route section:

E2 = -0.3029540001D+00 EUMP2 = -0.11416665769315D+03

The number following EUMP2 is the predicted energy at the MP2 level,
approximately -114.16666 hartrees.
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Here is part of the energy oﬁtput from an MP4 calculation:

SCF DONE: E(RHF) = -113.863697598 a . Uy. AFTER 6 CYCLES
E2 = -0.3029540001D+00 EUMP2 = -0.11416665769315D+03

E3= -0.25563412D-02 EUMP3= -0.1141669850323D+03
E4(DQ)= -0.13383605D-02 UMP4(DQ)= -0.1141669872345D+03

E4(SDQ)= -0.31707330D-02 UMP4(SDQ)= -0,1141678953224D+03
E4 (SDTQ)= -0.10020409D-01 UMP4(SDTQ}= -0.114168745328D+03

Notice that the energies for all of the lower-level methods—HF, MP2, MP3,
MP4(DQ) and MP4(SDQ)—are also given in a full MP4(SDTQ) calculation.

Molecular Orbitals and Orbital Energies

The Pop=Reg keyword in the route section requested data about the molecular
orbitals be included in the output. They appear at the beginning of the population
analysis section (output is shortened):

Molecular Orbital Coefficients
1 2 3 4 5

(Al)--0 {(Al)--0 (Al1)--0 (Al)--O0 (B2)--0
EIGENVALUES — -20.58275 -11.33951 -1.39270 -0.87260 -0.69717
1 1¢C 15 0.00000 0.99566 -0.11059 -0.16263 0.00000
2 28 -0.00047 0.02675 0.20980 0.33995 0.00000
3 2PX 0.00000 0.00000 0.00000 0.00000 0.00000
4 2PY 0.00000 0.00000 0.00000 0.00000 0.42014
5 2PZ -0.00007 0.00066 0.17258 -0.18448 0.00000
16 2 O 18 0.99472 0.00038 -0.19672 0.088%0 0.00000
17 25 0.02094 -0.00025 (0.44186 -0.203%2 0.00000
18 2PX 0.00000 0.00000 0.00000 0©0.00000 0.00000
19 2PY 0.00000 0.00000 0.00000 0.00000 0.32128
20 2PZ -0.00153 0.00029 -0.13538 -0.14221 0.00000
31 3 H 15 0.00002 -0.00210 0.03017 0.17902 0.19080
334 H 1s 0.00002 -0.00210 0.03017 0.17902 -0.19080

The atomic orbital contributions for each atom in the molecule are given for each
molecular orbital, numbered in order of increasing energy (the MO’s energy is given
in the row labeled ETIGENVALUES preceding the orbital coefficients). The symmetry
of the orbital and whether it is an occupied orbital or a virtual (unoccupied) orbital
appears immediately under the orbital number.
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Locating Results in Gaussian Output

When looking at the orbital coefficients, what is most important is their relative

] magnitudes with respect to one another within that orbital (regardless of sign). For
example, for the first—lowest energy—molecular orbital, the carbon 2s and 2p,, the
oxygen l1s, 2s, and 2p, and the 1s orbitals on both hydrogens all have non-zero
coefficients. However, the magnitude of the 1s coefficient on the oxygen is much,
much larger than all the others, and so this molecular orbital essentially corresponds
to the oxygen 1s orbital. Similarly, the important component for the second
molecular orbital is the 1s orbital from the carbon atom.

The highest occupied molecular orbital (HOMO) and lowest unoccupied molecular
orbital (LUMO) may be identified by finding the point where the occupied/virtual
code letter in the symmetry designation changes from O to V.

Here are the energies and symmetry designations for the next set of molecular orbitals
for formaldehyde:

6 7 8 9 10
(Al)--0 {(Bl)--0 (B2}--0 (Bl)--V (Al)--V

EIGENVALUES — -0.63955 -0.52296 -0.44079 0.13572 (0.24842

For formaldehyde, molecular orbital number 8 is the HOMO, and molecular orbital

Molecule lies in a plane number 9 is the LUMO. In this case, the energy also changes sign at the point
perpendicular to the page separating the occupied from the unoccupied orbitals.
—_— .\\\\H
o=Ccy]

LUMO
(m*)

ET

HOMO
{n)
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Charge Distribution

By default, Gaussian jobs perform a Mulliken population analysis, which partitions
the total charge among the atoms in the molecule. Here is the key part of output for
formaldehyde:

Total atomic charges:

1 ¢ 0.128551
2 0 -0.439946
3 H 0.155697
4 H 0.155697

Mulliken charges= 0.00000

This analysis places a slight negative charge on the oxygen atom and divides the
balancing positive charge between the remaining three atoms.

Mulliken population analysis is an arbitrary scheme for assigning charges. Indeed, al
such schemes are ultimately arbitrary. Atomic charges—unlike the electron
density—are not a quantum mechanical observable, and are not unambiguously
predictable from first principles. Other methods for assigning charges to atoms are
explored in Exercises 8.4 and 8.5 (beginning on page 194).

Dipole and Higher Multipole Moments

Gaussian also predicts dipole moments and higher multipole moments (through
hexadecapole). The dipole moment is the first derivative of the energy with respect to
an applied electric field. It is a measure of the asymmetry in the molecular charge
distribution, and is given as a vector in three dimensions. For Hartree-Fock
calculations, this is equivalent to the expectation value of X, Y, and Z, which are the
quantities reported in the output.

Here are the predicted dipole and quadrupole moments for formaldehyde:

O Dipole moment (Debye):
X= 0.0000 Y= 0.0000 Z= -2.8427 Tot= 2.8427
§=2 84D Quadrupole moment (Debye-Ang):
XX= -11.53895 YY= -11.3085 ZZ= -11.8963
H/ \H XY= 0.0000 Xz= 0.0000 Y¥Z=  0.0000

The dipole moment is broken down into X, Y, and Z components. In this case, the
dipole moment is entirely along the Z-axis. By referring to the standard orientation
for the molecule, we realize that this is pointing away from the oxygen atom, which is
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Predicting NMR Properties

the negatively charged part of the molecule. Dipole moments are always given in units
of debye.T

Quadrupole momentst provide a second-order approximation of the total electron
distribution, providing at least a crude idea of its shape. For example, equal XX, YY,
and ZZ components indicate a spherical distribution. This is approximately the case
for formaldehyde. One of these components being significantly larger than the others
would represent an elongation of the sphere along that axis. If present, the off-axis
components represent trans-axial distortion (stretching or compressing} of the
ellipsoid. Quadrupole (and higher) moments are generally of significance only when
the dipole moment is 0.

Another way of obtaining information about the distribution of electrons is by
computing the polarizability. This property depends on the second derivative of the
energy with respect to an electric field. We'll examine the polarizability of
formaldehyde in Chapter 4.

CPU Time and Other Resource Usage

Gaussian jobs report the CPU time used and the sizes of their scratch files upon
completion, Here is the data for our formaldehyde job:

Job cpu time: 0 days 0 hours 0 minutes 9.1 seconds.
File lengths (MBytes): RWF= 5 Int= 0 D2E= 0 Chk= 1 Scr= 1

Predicting NMR Properties

Example 2.2: Methane NMR Shielding Constants

file: ©2_02

NMR shielding tensors are another property that can be computed in the context of a
single point energy calculation. Such a calculation is requested by including the NMR
keyword in the route section for the job. For example:

#T RHF/6-31G(d) NMR Test

We will run this job on methane at the Hartree-Fock level using the 6-31G(d) basis;
our molecule specification is the result of a geometry optimization using the B3LYP
Density Functional Theory method with the same basis set. This combination is cited

* Dipole moments are strictly determined for neutral molecules. For charged systems, its value depends on
the choice of origin and molecular orientation.
* You must use # rather than #T in order for quadrupole and higher moments to be included in the output.
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by Cheeseman and coworkers as the minimum recommended model chemistry for
predicting NMR properties.

Here is the predicted shielding value for the carbon atom in methane:

GIAQ Magnetic shielding tensor (ppm):
1 cC Isotropic = 189.0522 Anisotropy = 0.0000
XX= 199.0522 YX= 0.0000 ZX= 0.0000
XY= 0.0000 YY= 199.0522 ZY= 0.0000
XZ= 0.0000 YZ= 0.0000 ZZ= 199.0522
Eigenvalues: 199.0522 199.0522 199.0522

The output gives the predicted value for each atom in the molecule in turn. Here we
see that the predicted value for the carbon atom is about 199.1 parts-per-million.

Shielding constants reported in experimental studies are usually shifts relative toa
standard compound, often tetramethylsilane (TMS). In order to compare predicted
values to experimental results, we also need to compute the absotute shielding value

for TMS, using exactly the same model chemistry. Here is the relevant output for
T™MS

GIAO Magnetic shielding tensor (ppm):
1 C Isotropic = 195.11956 Anisotropy = 17.5214

To obtain the predicted shift for the carbon atom in methane, we subtract its absolute
value from that of the reference molecule, resulting in a predicted shift of -3.9 ppm,
which is in reasonable agreement with the experimental value of -7.0. Note the sign
convention for shifts: a negative number indicates that there is more shielding in the
specified molecule than in the reference molecule, and a positive number indicates
that there is less shielding than in the reference molecule.

Exercises

Exercise 2.1: Propene Single Point Energy

file: 2_01 Run a single point energy calculation on propene and determine the following

information from the output:

4 What is the standard orientation of the molecule? In what plane do most of
the atoms lie?

+  What is the predicted Hartree-Fock energy?
4+  What is the magnitude and direction of the dipole moment for propene?
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Exercises

4 Describe the general nature of the predicted charge distribution.

Use the 6-31G(d) basis set for your calculation. Obtain the structure for propene
from one of the sources we have discussed, or see Appendix B for detailed
information on setting up a Z-matrix for propene.

Here is the route section for this job:
#T RHF/6-31G(d) Test

Here is the standard orientation from the output:

Standard orientation:

Center Atomic Coordinates (Angstroms)

Number Number X Y z
i 6 1.27369%4 0.103415% 0.000000
2 6 0.000000 0.519712 ¢.000000
3 6 -1.131346 -0.495403 0.000000
4 1 1.496403 -0.953373 0.000000
5 1 2.077545 0.824680 0.000000
6 1 -0.222709 1.576500 0.000000
7 1 -2.088089 0.026845 0.000000
8 1 -1.058621 -1.120498 0.889981
9 1 ~1.058621 -~1.120498 -0.8894681

The piane of the molecule corresponds to the XY-plane (since most of the Z values are
0), with the two other hydrogens slightly in front of and behind it. The three carbons
are oriented as in the diagram.

The Hartree-Fock/6-31G(d) energy is -117.06570 hartrees:

SCF Done: E(RHF) = -117.065698056 A.U. atter 6 cycles
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Here is the output giving the dipole moment and atomic charges:

|{3 Total atomic charges:

.388420
-0.156442
-0.507090
0.170180
0.173519
0.183866
0.165399
0.179494
0.179495
um of Mulliken charges= 0.00000

]
o
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8
9
S

Dipole moment (Debye):
X= -0.2982 Y= -0.0310 2= 0.0000 Tot= 0.2998

The dipole moment has a magnitude of about 0.3 debye, mostly in the negative X
direction. This is a weak dipole moment, indicating that the centers of positive and
negative charge are relatively close together in this molecule.

The negative charges are confined to the carbons, with the one on the middle carbon
being appreciably smaller than that on the other two carbons. Each hydrogen has a
small positive charge. B

Exercise 2.2: 1,2-Dichloro-1,2-Difluvoroethane Conformer Energies

files: 2_02a (RR) Make a table of the energies and dipole moments for the three stereoisomers of
2 02b (SS) 1,2-dichloro-1,2-difluoroethane (stoichiometry: CHFCI-CHFCI). You'll need to set
2 02c¢ (meso) up and run a HF/6-31G(d) single point energy calculation for each form.

Here are the three forms:

H F H
|= ,1’ /CI2 ] ) /CI2 |= p) /CI,
| /é]—ucz.'{llﬂz | /-CI—”CT""”Fz 1 /é'_cz""’flh
c; F, al; H, cly Hy
RR 5SS meso

All three molecules are positioned so that the carbons and chlorines all lie in the plane
of the paper, with other atoms above or below it as indicated. (Appendix B contains
detailed instructions for setting up Z-matrices for these molecules.)
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1 hartree = 627.51 keal mol™!

Exercises

Running all three jobs yields the following results:

Form Energy u
RR -1194.7153 § -2.8z
5§ -1194.7153 -2.82

meso -1194.7178 0.0

The RR and SS forms have exactly the same values for the energy and the dipole
moment. The energy difference between them and the meso form is about 2.5
millihartrees, which corresponds to about 1.5 kcal mol™!. This is a small but
significant difference in energy.

The RR and SS forms both have a dipole moment of 2.8 debye along the negative
Z-axis. To locate this within the molecule, we need to examine the standard
orientation. Here is the output for the RR form:

Standard orientation:
Center Atomic Coordinates (Angstroms)
Number Number X Y Z
1 6 0.000000 0.765000 -0.278044
2 6 0.000000 -0.765000 -0.278044
3 17 -1.660072 1.349604 -0.278044
4 17 1.660072 -1.349604 -0.278044
5 9 0.645709 1.222315 0.840358
6 1 0.511868 1.130642 -1.168210
7 9 -0.645709 -1.222315 0.840358
8 1 -0.511868 -1.130642 -1.168210

Here is a graph showing the positions of the carbon and chlorine atoms in the
XY-plane, ignoring their common Z-coordinate:
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If we define the positive Z direction as up, the hydrogen atoms lie below this plane,
and the fluorine atoms lie above it. The dipole moment points down, toward the
hydrogen atoms, which is where we expect the positive charge to be. The same is true
for the SS form.

The meso form has no dipole moment. If we look again at the structure, this makes
sense, since the molecule has a center of inversion.

Exercise 2.3: Acetone Compared to Formaldehyde

file: 2_03
o
|
e
H *
i
H

26

Solution

Acetone has a structure similar to formaldehyde, with methyl groups replacing the
hydrogens on the carbon atom. What is the effect of making this substitution? What
properties change, and which ones do not? (Use the same model chemistry as for the
previous exercise.)

Here is a table of the major results for the two jobs:

Molecule Energy | Dipole Moment
Formaldehyde [ -113.86370 -2.841%
Acetone -191.95961 -3.26%

Although the energies are very different, comparing them directly is of little value.
Energies for two systems can be compared only when the number and type of nuclei
are the same. Thus, we could compare the energies of the alternate forms of
1,2-dichloro-1,2-difluoroethane, and we can compare the energies for the reactans
and products of reactions when the total number of nuclei of each type are the same.
But we cannot make any meaningful statement about formaldehyde versus acetone
based upon comparing their energies.

We can compare their dipole moments, however. In this case, we note that the methyl
groups in acetone have the effect of increasing the magnitude of the dipole moment,
which points away from the oxygen along the double bond in both cases. This means
that the centers of positive and negative charge are farther apart in acetone than they
are in formaldehyde. B
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Exercise 2.4: Ethylene and Formaldehyde Molecular Orbitals

Exercises

file: 2_04 Ethylene is another molecule that is similar to formaldehyde. The two compounds are
isoelectronic. In the case of ethylene, the oxygen in formaldehyde is replaced by a
ﬁ carbon with two additional hydrogens attached to it.
C Compare the dipole moment of ethylene and formaldehyde. Then compare the
H/ ™~ H HOMO and LUMO in both molecules. Use the data from the formaidehyde example
earlier in this chapter.
H H _ _
\C -~ Here is the output for the relevant orbitals for formaldehyde for reference:
g 6 7 8 9 10
H/ \H (Al)--0 (B1)--0 (B2)--0 (B1)--V (Al}--V
EIGENVALUES -- -0.63955 -0.52296 -0.44079 0.135%72 0.24842
i1 c 1s 0.01941 0.00000 0.00000 0.00000 -0.12212
2 25 -0.06072 0.00000 0.00000 0.00000 0.14897
3 2PX 0.00000 0.32522 0.00000 0.40259 0.00000
4 2PY 0.00000 0.00000 -0.19817 0.00000 0.00000
5 2PZ -0.37596 0.00000 0.00000 0.00000 -0.21086
6 38 0.03976 0.00000 0.00000 0.00000 1.98096
7 3PpX 0.006000 0.21235 0.00000 0.71120 0.00000
8 3PY 0.00000 0.00000 -0.04485 0.00000 0.00000
9 3PZ -0.08854 0.00000 0.00000 0.00000 -0.74976
10 4XXx 0.00549 0.00000 0.00000 0.00000 -0.00273
11 4Yy 0.02734 0.00000 0.00000 0.00000 -0.01266
12 47272 -0.01933 0.00000 0.00000 0.00000 -0.00459
13 4XY 0.00000 0.00000 0.00000 0.00000 0.00000
14 4X7Z 0.00000 0.03558 0.00000 -0.03289 0.00000
15 4vyz 0.00000 0.00000 0.06034 0.00000 0.00000
16 2 O 1s -0.06967 0.00000 0.00000 0.00000 -0.00099
17 2s 0.15358 0.00000 0.0000C 0.00000 -0.01034
18 2PX 0.00000 0.49029 0.060000 -0.38148 0.00000
19 2pPY 0.00000 0.00000 0.56588 0.00000 0.00000
20 2PZ 0.5094C 0.00000 0.00000 0.00000 0.05334
21 3s 0.32365 0.00000 0.00000 0.00000 0.10031
22 3PX 0.00000 0.35352 0.00000 -0.52798 0.00000
23 3py 0.00000 0.00000 0.44338 0.00000 0.00000
24 3pZ 0.28718 0.00000 0.00000 0©0.00000 0.05069
25 4XX 0.00485 0.00000 0.00000 0.00000 0.00130
26 4YYy Q.00745 0.00000 0.00000 0.00000 -0.01009
27 42Z -0.03495 0.00000 0.00000 0.00000 -0.00048
28 4XYy (0.00000 0.00000 0.00000 0.00000 0.00000
29 4XZ 0.00000 -0.04166 0.00000 0.00355 0.00000
30 4YZ 0.00000 0.00000 -0.01928 0.00000 0.00000
31 3 H 1S 0.09100 0.00000 -0.18068 0.00000 -0.04749
32 28 0.07400 0.00000 -0.22489 0.00000 -1.47348
33 4 H 18 0.09100 0.00000 0.18068 0.00000 -0.04749
34 28 0.07400 0.00000 0.22489 0.00000 -1.47348
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Solution

H
H

Molecules lie in o plane
perpendicular to the page

H
H

— .\\\\
o=cy

H/II [] — [} \\\
H"-C ‘w

Lowest unoccupied molecular
orbital for formaldehyde
{top) and ethylene

Highest occupied moleculor
orbital for formaldehyde
{rop) and ethylene

Here are the dipole moments for the two molecules:

Formaldehyde -2.842 (away from the oxygen atom)

Ethylene 0.0

While the oxygen atom induces a dipole moment in formaldehyde, the center of
inversion in ethylene results in no dipole moment.

Here are the HOMO and LUMO for ethylene (some non-significant lines have been
removed from the output):

8 9
(B3U)--0 (B3U) --v
EIGENVALUES -- -0.374867 0.18399 C C
11 c 15 0.00000 0.00000
3 2PX 0.37552 0.33994
7 3PX 0.30346 0.74838 LUMO
14 4X2 -0.02553 0.02420
16 2 c 1s 0.00000 0.00000
18 2PX 0.37552 -0.33994
22 3PX 0.30346 -0.74838
29 4X7 0.02553 0.02420
31 3 H 18 0.00000 0.00000 C C
33 4 H 18 0.00000 0.00000
35 5 H 13 0.00000 0.00000
37 6 H 1s 0.00000 0.00000 HOMO

Since both molecules have the same number of electrons, the orbital numbered 8 is
the HOMO, and the one numbered 9 is the LUMO in both cases. However, they are
not the same type orbitals. Let’s consider ethylene first.

In ethylene, both the HOMO and LUMOQ are formed primarily from p, orbitals from
the two carbons. The carbons lie in the YZ-plane, and so the p, orbitals lie above and
below the C-C bond. In the HOMO, the orbitals have like signs, and so they combine
to form a bonding © molecular orbital. In contrast, in the LUMO, they have opposite
signs, indicating that they combine to form an antibonding n* molecular orbital.

Orbitals 7 and 9 (the latter is the LUMO) of formaldehyde exhibit this same character.
Orbital 7 is a bonding & orbital, and orbital 9 is a *. However, the & orbital formed of
the p, orbitals from the carbon and the oxygen (which also lie in the YZ plane) is not
the HOMO. Instead, an orbital formed from p, orbitals from the carbon and the
oxygen and from the s orbitals on the hydrogens is the highest occupied orbital, The
contributions from the carbon and oxygen are situated along the double bond while
the HOMO in ethylene was perpendicular to this bond.
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This difference is due to the two lone pairs on the oxygen. Of the six valence electrons
on the oxygen atom, two are involved in the double bond with the carbon, and the
other four exist as two lone pairs. In Chapter 4, we'll examine the IR spectra for these
two molecules. The orbitals suggest that we'll find very different frequencies for the
two systems. In Chapter 9, we'll look at the transition to the first excited state in
formaldehyde. B

Exercise 2.5: NMR Properties of Alkanes, Alkenes and Alkynes

files: 2 05a
2_05b
2 05¢
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The NMR magnetic shielding for atoms like carbon is affected greatly by what it is
bonded to and the type of bond to its neighbor. Use the inner carbon atoms of normal
butane as the reference atom and calculate the shift in '*C isotropic shielding for
2-butene and 2-butyne. Can you explain these shifts as a function of the changing
molecular environments?

Run your NMR calculations at the HF/6-31G(d) level; here are the structures of the
three molecules calculated at the B3LYP/6-31G(d) level:

butane trans 2-butene
Cc 0.000000 0.767105 0.000000 C 0.000000 0.667614 0.000000
C 0.000000 -0.767105 0.000000 C 0.000000 -0.667614 0.000000
C 1.407571 1.372311 0.000000 C 1.226946 -1.535762 0.000000
C -1.407571 -1.372311 (.000000 C -1.226946 1.535762 0.000000
H 1.372874 2.46784¢6 0.000000 H -0.957948 -1.192291 0.0000G0
H -1.372874 -2.467846 0.000000 H 0.957948 1.192291 0.0000Q0
H 1.974414 1.056859 0.884767 H 2.1435%9 -0.935724 0.000000
H 1.974414 1.056859 -0.884767 H -2.143559 0.935724 0.000000
H -1.974414 -1.056859 0.884767 H 1.251318 -2.192033 0.880777
H -1,974414 -1.056859 -0.884767 H 1.251318 -2.192033 -0.880777
H -0.554359 1.127932 -0.878287 H -1.251318 2.192033 0.880777
H -0.554359 1.127932 0.878287 H -1.251318 2.1%2033 -0.880777
H 0.554359 -1.127932 -0.878287 H H
H 0.554359 -1.127932 0.878287 ' | H

W

2-butyne H"’:;c/c\c/cwn
C 0.000052 0.000000 -0.604592 H | I
C -0.000052 ©0.000000 0.604592 H H
C 0.000016 0.000000 -2.066136
C -0.000016 0.000000 2.066136
H -1.021490 0.000000 -2.466263
H 0.510752 -0.884627 -2.466360
H 0.51075%2 0.884627 -2.466360
H 1.02149%0 0.000000 2.466263
H -0.5107%2 -0.884627 2.466360
H -0.510752 0.884627 2.466360

Note that the inner carbon atoms are the first two atoms listed for each compound.
The predicted NMR shielding values will appear in the output in the same order as
the atoms are listed in the molecule specification section.
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Solution The predicted absolute shielding value for the central carbons in butane is 176.3 ppm,
which is what we will use as the reference value, subtracting the computed shielding

values for the outer carbons in butane and for each type of carbon in the other two
compounds from it.

Here are the predicted shifts with respect to the C2 carbon in butane (all values are
given in ppm):

C1 (outer) C2 (inner)
Compound calc. exp. calc. exp.
butane -7.8 -11.8 0.0 0.0
2-butene -5.3 -7.6 101.0 100.8
2-butyne -19.1 48.5 8.4 |

The agreement with experiment is very good for these cases even with ths
inexpensive model.

For the C2 carbons, the shielding decreases greatly as we move from the alkane to the
alkene. This is due to that fact that the sp3 orbitals have a greater ability to oppose the
applied magnetic field. The shift is much smaller when moving to the alkyne, which
has been explained by the fact that the  bonding present in an sp environment
creates a cylinder of electric charge acting to oppose the applied magnetic field. B

“'To The Teacher: Magnetic Properties

 For another dramatic illustration of chemical shifts, have students calculate
. the magnetic shielding of nitrogen in pyridine and compare it to its saturated
“cyclohexane analogue, .
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Advanced Exercise 2.6: C4g Single Point Energy

file: 2 06

Solution

Fullerene compounds have receieved a lot of attention in recent years. In this exercise
we predict the energy of Cgy and look at its highest occupied molecular orbital,
predicted at the Hartree-Fock level with the 3-21G basis set’. Include SCF=Tight in the
route section of the job.

Here is the route section for the job:
#T HF/3-21G SCF=Tight Pop=-Reg Test

The predicted energy is -2259.04767 hartrees. The HOMO is plotted at the left.

If you forget to include SCF=Tight in your job, it will probably have failed, giving error
messages something like the following:

>>>>>>>>>> Convergence criterion not met.
SCF Done: E(RHF) =

Convergence failure -- run terminated.

These messages indicate that the SCF calculation, which is an iterative process, failed
to converge. The predicted energy should accordingly be ignored. B

Advanced Exercise 2.7: CPU Resource Usage by Calculation Size

file: 2_.07
\ oo/
1\

This exercise is concerned with resource usage as a function of system size and
introduces the use of the direct SCF method in Gaussian jobs (it is the default).
Compare the total CPU time required to compute the Hartree-Fock energies of the
series of hydrocarbons described below, using the 6-31G(d) basis set for the
conventional SCF algorithm (SCF=Conven) and the direct SCF method (the default
algorithm), Use SCF=Tight to request stricter convergence criteria for the SCF
wavefunction for the direct jobs (tight convergence is the default for the conventional
SCF algorithm). Also, include the keyword IOP{5/19=1) in the direct SCF calculations,
which prevents them from being run entirely in memory (in-core).

' We select a smaller basis set than usual in order to keep the calculation manageable.

* By default, Gaussian will substitute the in-core method for direct SCF when there is enough memory
because it is faster. When we ran these computations, we explicitly prevented Gaussian from using the
in-core method. When you run your jobs, however, the in-core method will undoubtedly be used for some
jobs, and so your values may differ. An in-core job is identified by the following line in the output:
Two-electron integrals will be kept in memory.
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Solution

Plot the CPU time used for each method as a function of the number of carbon atoms
(N). Theoretically, CPU time required should scale as the fourth power of the number
of carbon atoms (N*), How do the actual times depend on N?

The systems we'll use in this exercise are hydrocarbons of the form C H,,, ., wheren
runs from 1 to some upper limit < 10. The place to stop depends on the CPU capacity
of your system. Users of Gaussian 94W will probably want to go no higher than 7 or8.
We used the 6-31G(d) basis set, but you could substitute a smaller one to save time
{3-21G or STO-3G).

Basis Function Data in Gaussian Output
Gaussian output indicates the number of basis functions for a molecule in its output,
just below the standard orientation:

Isotopes: H-1,C-12,H-1,H-1,H-1
23 basis functions 44 primitive gaussians
5 alpha electrons 5 beta electrons
nuclear repulsion energy 13.4353902217 Hartrees.

This output is for CHy, which uses 23 basis functions with the 6-31G(d) basis set.

The basic strategy behind the direct SCF method is recomputing certain intermediate
quantities within the calculation—specifically the two-electron integrals—as needed,
rather than storing them on disk. This has the advantage of making it possible to
study systems which would require more disk space than is available on the system,

Direct SCF also has a significant performance advantage over the conventional
algorithm for large systems. There is always a crossover point in terms of molecule
size beyond which direct SCF will be faster than the conventional algorithm. The
exact location of this crossover varies according to the characteristics of the computer
system running the program.

Here are the results we obtained by running these hydrocarbon single point energy
calculations on a DEC AlphaStation 600°/2% computer (in CPU seconds). In the
table, N is the number of carbons in the system:

SCF CPU and Disk Requirements by Problem Size for Linear CyH,n ., »

} Conventional SCF Direct SCF
N | # Basis Functions | MB for INT file CPU seconds CPU seconds
1 23 2 8.6 12.8
2 42 4 1.9 | 198
3 61 16 23.inu_“___“_m__ggigu-kg
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SCF CPU and Disk Requirements by Problem Size for Linear CyHn, 2

Conventional SCF | Direct SCF

N | # Basis Functions | MB for INT file CPU seconds : CPU seconds
4 80 42 48.7 \ 72.1
5 99 92 95.4 122.5
6 118 174 T 1634 1868
7 137 290 3545 268.0
8 156 437 5265 | 375.0

9 175 620 7402 | A88.0
| 10 194 832 C10284 622

Here is our plot. It is a log-log plot, so we can estimate the exponent for N by
computing the slope of each line. The actual scaling for the direct algorithm is more
like N> than N*:

""" Conventional SCF —— Direct SCF
10000 T
.y
.
1000~ —f— | iy
o | )r/
2 A
[} rai
8 100 . // b
o . P
v / i |
S AN I
;
1 | L
1 5 10

Problem Size (N)

For this computer system, the crossover point where direct SCF beats the
conventional algorithm happens at around 120 basis functions (~N=7). This level
may be lower for some vector processors. ll
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Advanced Exercise 2.8: SCF Stability Calculations
files: 2_08a (O,)

34

2.08b (O;)

When Wavelunction
Stability Should Be Tested

In this exercise, we introduce SCF stability calculations. A stability calculation
determines whether the wavefunction computed for the molecular system is stable or
not: in other words, whether there is a lower energy wavefunction correspondingtoa
different solution of the SCF equations. If the wavefunction is unstable, then whatever
calculation you are performing is not being done on the expected/desired state of the
molecule. For example, if a stability calculation indicates an unstable wavefunction
for a system for which you were attempting to model its ground state, then the
calculation does not in fact correspond to the ground state, and any energy
comparisons for or other conclusions about the ground state based on it will be
invalid.

The stability of SCF solutions for unknown systems should always be tested. Stability
considerations apply to and may be tested for in calculations using Density
Functional Theory methods as well.

The following Gaussian keywords will be of use:

Keyword Effect

Stable Tests the stability of the SCF solution computed for the molecule. This
involves determining whether any lower energy wavefunction exists for
the system, obtained by relaxing constraints placed on it by default
(e.g., allowing the wavefunction to become open shell or reducing the
symmetry of the orbitals).

Stable=Opt  Test the stability of the SCF solution and reoptimize the wavefunction
to the lower energy solution if any instability is found. When we speak
of optimizing the wavefunction, we are not referring to a geometry
optimization, which locates the lowest energy conformation near a
specified starting molecular structure. Predicting an SCF energy
involves finding the lowest energy solution to the SCF equations,
Stability calculations ensure that this optimized electronic
wavefunction is a minimum in wavefunction space—and not a saddle
point—which is an entirely separate process from locating minima or
saddle points on a nuclear potential energy surface, See Appendix A for
more details on the internals of SCF calculations,

In order to illustrate how stability calculations work, we'll run the following RHF
calculation on molecular oxygen:

#T RHF/6-31G(d) Stable Test

Oxygen stability: RHF on singlet (!'!)
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We can be sure that the RHF wavefunction for molecular oxygen is unstable, since we
know the ground state of the molecule is a triplet. The output from the stability
calculation confirms this:

é The wavefunction has an RHF -> UHF instability. I

This indicates that there is a UHF wavefunction which is lower in energy than the
RHF wavefunction, which is what we expect in this case. Note that instabilities can be
of many different types. The most common kinds are:

4+ The lowest energy wavefunction is a singlet, but not a closed shell singlet
(e.g., biradicals). This is an RHF-to-UHF instability.

4 There is a lower-lying triplet state than the singlet (the current case). This is
an RHF-to-UHF instability.

4 There is more than one solution to the SCF equations for the system, and
the calculation procedure converges to a solution which is not the
minimum (often a saddle point in wavefunction space). This indicates an
RHF-to-RHF or UHF-to-UHF instability, depending on the wavefunction

type.

Run a stability calculation on the true (triplet) ground state of molecular oxygen.
What is the energy difference between the ground state and the singlet state?

Once you have completed this first calculation, devise and run calculations which will
determine the lowest energy electronic state for ozone. Use the experimental
geometry: O-O bond lengths=1.272 A, 0-O-O bond angle=116.8°.

Running a Stable calculation indicates that the computed UHF wavefunction for
triplet molecular oxygen is stable;

‘ The wavefunction is stable under the perturbations considered. I

The predicted energy, which appears in the SCF summary section preceding the
stability analysis output, is -149.61266 hartrees, which is about 53.5 kcal/mol lower
than that corresponding to the RHF wavefunction (-149.52735).

Since we knew molecular oxygen is a triplet, we should have performed this
calculation as an open shell calculation.

Ozone is a singlet, but it has an unusual electronic structure and is thus often difficult
to model. An RHF Stable=Opt calculation finds an RHF—-UHF instability, and the
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reoptimization of the wavefunction leads to a UHF solution with an energy of
-224.34143 hartrees.

At this point, we might expect that a UHF calculation would be sufficient. However,
when we perform a UHF Stable=Opt calculation, the predicted wavefunction is again
found to be unstable:

The wavefunction has an internal instability.

Reoptimization of the wavefunction again leads to the same lower-energy electronic
state as was found by the RHF calculation. Even for a UHF calculation, it is necessary
to modify the default electronic configuration in order to specify the proper ground
state of ozone. This is not surprising given the known significantly biradical character
of ozone resulting from the coupling of the singly-occupied n orbitals on the terminal
oXygen atoms.

In order to specify the proper electronic state, ozone calculations should be
performed as unrestricted calculations, and the keyword Guess=Mix should always be
included. This keyword tells the program to mix the HOMO and LUMO within the
wavefunction in an effort to destroy a-B and spatial symmetries, and it is often useful
in producing a UHF wavefunction for a singlet system. Running a UHF Guess=Mix
Stable calculation confirms that the resuiting wavefunction is stable, and it predicts
the same energy (-224.34143 hartrees) as the previous Stable=Opt calculations.

Specific electronic states may also be specified using the Guess=Alter keyword, which
allows you to explicitly designate orbital occupancies. See the Gaussian Users
Reference for details.

As a final note, be aware that Hartree-Fock calculations performed with small basis
sets are many times more prone to finding unstable SCF solutions than are larger
calculations. Sometimes this is a result of spin contamination; in other cases, the
neglect of electron correlation is at the root. The same molecular system may or may
not lead to an instability when it is modeled with a larger basis set or a more accurate
method such as Density Functional Theory. Nevertheless, wavefunctions should still
be checked for stability with the SCF=Stable option. B
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In This Chapter: So far, we've considered calculations which investigate a molecular system having a
specified geometric structure. As we've seen, structural changes within a molecule

Potential usually produce differences in its energy and other properties.

Energy Surfaces

The way the energy of a molecular system varies with small changes in its structure is
specified by its potential energy surface. A potential energy surface is a mathematical
relationship linking molecular structure and the resultant energy. For a diatomic

Optimizations &
Convergence Criteria

Minimizations molecule, it is a two-dimensional plot with the internuclear separation on the X-axis

(the only way that the structure of such a molecule can vary), and the energy at that
Locating bond distance on the Y-axis, producing a curve. For larger systems, the surface has as
Transition Structures many dimensions as there are degrees of freedom within the molecule.

Potential Energy Surfaces

A potential energy surface (PES) is often represented by illustrations like the one
below. This sort of drawing considers only two of the degrees of freedom within the
molecule, and plots the energy above the plane defined by them, creating a literal
surface. Each point corresponds to the specific values of the two structural
variables—and thus represents a particular molecular structure—with the height of
the surface at that point corresponding to the energy of that structure.

global maximum saddle point

local maximum
local minimum global minimum

local minimum

There are three minima on this potential surface. A minimum is the bottom of a
valley on the potential surface. From such a point, motion in any direction—a
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Locating Minima

physical metaphor corresponding to changing the structure slightly—leads to a
higher energy. A minimum can be a local minimum, meaning that it is the lowest
point in some limited region of the potential surface, or it can be the global minimum,
the lowest energy point anywhere on the potential surface. Minima occur at
equilibrium structures for the system, with different minima corresponding to
different conformations or structural isomers in the case of single molecules, or
reactant and product molecules in the case of multicomponent systems.

Peaks and ridges correspond to maxima on the potential energy surface. A peak is 2
maximum in all directions {i.e., both along and across the ridge). A low point alonga
ridge—a mountain pass in our topographical metaphor—is a local minimum in one
direction (along the ridge), and a maximum in the other. A point which is a
maximum in one direction and a minimum in the other (or in all others in the case of
a larger dimensional potential surface) is called a saddle point (based on its shape).’
For example, the saddle point in the diagram is a minimum along its ridge and a
maximum along the path connecting minima on either side of the ridge. A saddle
point corresponds to a transition structure connecting the two equilibrium
structures.

Geometry optimizations usually attempt to locate minima on the potential energy
surface, thereby predicting equilibrium  structures of molecular systems.
Optimizations can also locate transition structures, However, in this chapter we will
focus primarily on optimizing to minima. Optimizations to minima are also called
minimizations.

At both minima and saddle points, the first derivative of the energy, known as the
gradient, is zero. Since the gradient is the negative of the forces, the forces are also zero
at such a point. A point on the potential energy surface where the forces are zero is
called a stationary point. All successful optimizations locate a stationary point,
although not always the one that was intended.

A geometry optimization begins at the molecular structure specified as its input, and
steps along the potential energy surface. It computes the energy and the gradient at
that point, and then determines how far and in which direction to make the next step.
The gradient indicates the direction along the surface in which the energy decreases
most rapidly from the current point as well as the steepness of that slope.

¥ Or, more precisely, a first-order saddle point, where the order indicates the number of dimensions in which
the saddle point is a maximum. A second-order saddle point would be a maximum in two dimensions and
aminimum in all others. Transition structures are first-order saddle points.
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Most optimization algorithms also estimate or compute the value of the second
derivative of the energy with respect to the molecular coordinates, updating the
matrix of force constants (known as the Hessian). These force constants specify the
curvature of the surface at that point, which provides additional information useful
for determining the next step.

Convergence Criteria

An optimization is complete when it has converged: essentially, when the forces are
zero, the next step is very small, below some preset value defined by the algorithm,
and some other conditions are met. These are the convergence criteria used by
Gaussian:

4 The forces must be essentially 0. Specifically the maximum component of
the force must be below the cutoff value of 0.00045 (interpreted as 0).

4 The root-mean-square of the forces must be essentially 0 (below the defined
tolerance of 0.0003).

4 The calculated displacement for the next step must be smaller than the
defined cutoff value of 0.0018 (again, meaning essentially 0).

4 The root-mean-square of the displacement for the next step must also be
below its cutoff value of 0.0012.

Note that the change in energy between the current and next points is not an explicit
criterion for convergence. It is reflected in the tests of the size of the next step, since
small steps near a minimum will usually result in small changes in the energy.

The presence of four distinct convergence criteria prevents a premature identification
of the minimum. For example, in a broad, nearly flat valley on the potential energy
surface, the forces may be near zero (within the tolerance) while the computed steps
remain quite large as the optimization moves toward the very bottom of the valley.
Or, in extremely steep regions, the step size may become very small while the forces
remain quite large. Checking the root-mean-squares of the items of interest also
guards against bad tolerance values for any of the criteria leading to an incorrect
prediction of the minimum.

There is one exception to the criteria we just looked at, designed to aid in the
optimization of large molecules. When the forces are two orders of magnitude smaller
than the cutoff value (i.e., 1/100th of the limiting value), then the geometry is
considered converged even if the displacement is larger than the cutoff value. This
criteria comes into play on very, very flat potential energy surfaces near the minimum,
which is common for large, floppy molecules.
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Preparing Input for Geometry Optimizations

The Opt keyword in the route section requests a geometry optimization, using the
basis set and level of theory specified by the other keywords.

In Gaussian, the molecule specification for a geometry optimization can be given in
any format desired: Cartesian coordinates, Z-matrix, mixed coordinates. The
geometry optimization job will produce the optimized structure of the system as its
output.

Previously, the requirements for molecule specifications for geometry optimizations
were more stringent, and a large part of learning to perform geometry optimizations
consisted of learning how to set them up properly. However, recent research into
alternative coordinate systems and optimization procedures has made all of this
unnecessary. This topic is considered in Exercise 3.8 (page 57); see the references for
further information.

Example 3.1: Ethylene Optimization

file: ¢3 01 Ethylene is a highly symmetric molecule. Here is the input file for an optimization of
its geometry:
H H its geometry
\c/
" #T RHF/6-31G{d) Opt Test
/C\ Ethylene Geometry Optimization
H
'i 01
C
C 1 cCc
H 1 CH 2 HCC
H 1 CH 2 HCC 3 1890.
H 2 CH 1 HCC 3 180.
H 2 CH 1 HCC 4 180.
Variables:
CC=1.31
CH=1.07
HCC=121.5

The values of 180° for all three dihedral angles specify the molecule in a planar
orientation.
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Examining Optimization Output

We'll now look at the output from the ethylene optimization. After some initial
output from the setup portion of the optimization job, Gaussian displays a section
like the following for each step (the items pointed to by dotted lines do not appear in
terse #T output):

Separator line————— GradGradGradGradGradGradGradGradGradGradGradGradGradGrad
Berny optimization.

.. Opfimization 9‘?"‘[ -~ - -1 Search for a local minimim
{minimum or saddle point Step number 2 out of a maximum of 25

Old and new valuves for————— Variable 01d X -DE/DX Delta X Delta X Delta X New X
structure variables, (Linear} (Quad}) (Total)

in atomic units R1 2.49270 0.00299 -0.00241 -0.00148 -0.00389 2.48881

{bohrs and radians) R2 2.03449 0.00051 -0.00175 0.00064 -0.00112 2.03337

Results of—____|

M~ Item Value Threshold Converged?
convergence tests

Maximum Force 0.002987 0.000450 NO
RMS Force 0.000815 0.000300 NO
The predicted energy Maximum Displacement 0.002388 0.001800 NO
change is displayed, but ~~ - | RMS Displacement  0.001521  0.001200 NO
it is not one of the - Predicted change in Energy=-7.011742D-06
convergence criteria. GradGradGradGradGradGradGradGradGradGradGradGradGradGrad

The maximum displacement is the largest change in any coordinate in the molecular
structure. The threshold column indicates the cutoff value for each criterion. The new
structure generated at this step follows this output.

When all four values in the Converged? column are YES, then the optimization is
completed and has converged, presumably to a local minimum. For the ethylene
optimization, convergence happens after 3 steps:

Step |# YES’s
[ 0
2 0
3 4

After each step is taken, a single point energy calculation follows at the new point on
the potential energy surface, producing the normal output for such a calculation.
When the optimization converges, it knows that the current structure is the final one,
and accordingly ends the calculation at that point. Therefore, the energy for the
optimized structure is found in the single point energy computation for the previous
step—in other words, it appears before the successful convergence test in the output.
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Here is the predicted energy for ethylene:

A.U. after 6 cycles

SCF Done: E(RHF) = -78.0317186026

Single point energy calculations ought to be run from optimized structures. This
energy for ethylene corresponds to a stationary point on the potential energy surface.
In this case, it happens to be a minimum. In Chapter 4, we'll discuss distinguishing
between stationary points using the second derivatives of the energy.

The final optimized structure appears immediately after the final convergence tests:

-- Stationary point found. I
Predicted bond lengths {R), bond ! Optimized Parameters !
angles (A) and dihedral angles ! (Angstroms and Degrees)} !
{D} for the optimized structure. | .. _________ T
! Name Definition vValue Derivative Info. !
Initially was 1.31 ! Rl R(2,1) 1.317 -DE/DX =  -0.0001 !
MMQ“ywms|D7 ! R2 R(3,1) 1.076 -DE/DX = 0 !
I R3 R{4,1) 1.076 -DE/DX = 0 !
! R4 R({5,2) 1.076 -DE/DX = 0 !
! RS R(6,2) 1.076 -DE/DX = 0 !
Inificlly was 121.5 ! Al A(2,1,3) 121.7952 -DE/DX = 0 !
{ A2 a(2,1,4) 121.7952 -DE/DX = 0.
' A3 A(3,1,4) 116.40%9¢6 -DE/DX = -0.0001 !
! Ad A(1,2,5) 121.7952 -DE/DX = 0.
! AS A(l,2,6) 121.7952 -DE/DX = 0.
! A6 A(5,2,6) 116.4096 -DE/DX = -0.0001 !
t D1 D(5,2,1,3) 180. ~-DE/DX = 0
I D2 D(5,2,1,4) 0. -DE/DX = 0]
! D3 D(6,2,1,3}) 0. -DE/DX = 0 !
' D4 D{6,2,1,4) 180. -DE/DX = 0
Optimized structure expressed Standard orientation:
in the stondard odientatton. | - - L ______
Center Atomic Coordinates (Angstroms)
Number Number X Y Z
1 6 0.000000 0.000000 0.658510
2 6 0.000000 0.000000 -0.658510
3 1 0.000000 0.914545 1.225447
4 1 0.000000 -0.9145%45 1.225447
5 1 0.000000 -0.914545 -1.225447
() 1 0.000000 0.914545 -1.225%447
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Locating Minima

The Optimized Parameters are the predicted bond lengths (named Rn), bond
angles (An) and dihedral angles (Dn) for the optimized structure. The applicable atom
numbers are in parentheses. Atoms in the molecule are numbered according to their
order in the molecule specification section. These center numbers also appear in the
Cartesian coordinates for the optimized structure expressed in the standard
orientation which follows the listing of the optimized parameters.

In this example, the two bond lengths changed only slightly, while the C-C-H bond
angle increased by about 0.3 degrees.

The remainder of the optimization output file displays the population analysis,
molecular orbitals (if requested with Pop=Reg) and atomic charges and dipole
moment for the optimized structure.

Example 3.2: Fluoroethylene Optimization
file: 3 02

Our second example takes another member of the vinyl series, and considers the
effect of replacing one of the hydrogens in ethylene with a fluorine. The
fluoroethylene optimization converges at step 5. By looking at the optimized
parameters for each job, we can compare the structures of the two molecules:

Coordinate Ethylene | Fluoroethylene
C-C bond length [R(2,1)] 1.32A 1.31A
C-Rbond length [R(4,1) ] 1.08A 1.33A
C-C-Rbond angle [A(2,1,4)] 121.8° 122.4°
C-C-Hbondangle [A(2,1,3)] | 1218 125.7°

Substituting the fluorine for a hydrogen results in a longer bond length for that
substituent with the carbon. It also produces a slight shortening of the C-C bond,
resulting in a stronger bond, and larger bond angles for both atoms with the adjacent
carbon. The latter has the effect of bringing the atoms closer together on this end of
the molecule.

To The Teacher: Further Substitutions

For a more extended study, perform an optimization on each of these
molecules:

1,1-difluorcethylene (C,, symmetry)
cis 1,2-difluoroethylene (C,, symmetry)
trans 1,2-difluoroethylene (C,p, symmetry)

Compare the effects of the successive fluorine substitutions on the various
structural features of the molecule.
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Locating Transition Structures

The optimization facility can be used to locate transition structures as well as ground
states structures since both correspond to stationary points on the potential energy
surface. However, finding a desired transition structure directly by specifying a
reasonable guess for its geometry can be challenging in many cases.

Gaussian includes a facility for automatically generating a starting structure for a
transition state optimization based upon the reactants and products that the
transition structure connects, known as the STQN' method. This feature is requested
with the @QST2 option to the Opt keyword. Input files using this option will include
two title and molecule specification sections. The facility generates a guess for the
transition structure which is midway between the reactants and products, in terms of
redundant internal coordinates.

Example 3.3: Transition State Optimization

file: 3 03 Here is the input file for an optimization of the transition structure for the reaction
H3CO — H,COH (a simple 1,2 hydrogen shift reaction). We specify a UHF
calculation (open shell) since the molecular system is a doublet:

#T UHF/6-31G(d) Opt=QST2 Test

H3CO --> H2COH Reactants First title section

0,2 First molecule specification section
structure for H3CO

H3CO -~-> H2COH Products Second title section

0,2 Second molecule specification section
structure for H,COH

The STQN facility requires that corresponding atoms appear in the same order within
the two molecule specifications (although it does not matter whether the reactants or
the products appear first). The bonding in the two structures does not need to be the
same, however.

' It uses a linear or quadratic synchronous transit approach to get closer to the quadratic region of the
transition state and then uses a quasi-Newton or eigenvalue-following algorithm to complete the
optimization.

46 Exploring Chemistry with Electronic Structure Methods




Handling Difficult Optimization Cases

In the predicted transition structure, the hydrogen atom is weakly linked to both the
carbon and oxygen atoms:

Bond| Length
C-O 1.37
C-H 1.28
O-H 1.19

For more difficult cases, Gaussian also provides the QST3 option to Opt, which
optimizes a transition state structure based on the reactants, products, and a
user-provided guess for the geometry of the transition structure. See the Gaussian 94
User’s Reference for more details,

- Handling Difficult Optimization Cases

Try computing
initial force constants

There are some systems for which the default optimization procedure may not
succeed on its own. A common problem with many difficult cases is that the force
constants estimated by the optimization procedure differ substantially from the actual
values. By default, a geometry optimization starts with an initial guess for the second
derivative matrix derived from a simple valence force field. The approximate matrix is
improved at each step of the optimization using the computed first derivatives,

When this initial guess is poor, you need a more sophisticated—albeit more
expensive—means of generating the force constants. This is especially important for
transition state optimizations. Gaussian provides a variety of alternate ways of
generating them. Here are some of the most useful associated keywords; consult the
Gaussian User’s Reference for a full description of their use:

Opt=ReadFC Read in the initial force constants from the checkpoint file created
by a frequency calculation (usually run at a lower level of theory
or using a smaller basis set), rather than estimating them. This
option can help to start an optimization off in the right direction,
This option will also require that a %Chk=filename line precede
the route section of the input, specifying the name of the
checkpoint file.

Opt=CalcFC Compute the force constants at the initial point using the same
method and basis set as for the optimization itself.
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Opt=CaicAll Calculate the force constants at every point in the optimization,
This is a very expensive procedure and is only necessary in drastc |

situations.

Including ReadFC is also useful whenever you already have performed a frequency
calculation at a lower level of theory. When you have a difficult case and you have no
previous frequency job, then CaleFC is a good first choice. CalcAll should be reserved
for the most drastic circumstances.

Increase the maximum

Sometimes, an optimization will simply require more steps than the default
number of optimizafion steps

procedure allots to it. You can increase the maximum number of steps with the
MaxCycle option to the Opt keyword (it takes the number of steps as its argument).

Restart a failed optimization If you have saved the checkpoint file, then it is also possible to restart a failed

optimization, using the Opt=Restart keyword. See the Gaussian User’s Reference for
details.

Select o better starfing structure If an optimization runs out of steps, do not blindly assume that increasing the
number of steps will fix the problem. Examine the output and determine whether the
optimization was making progress or not. For example this command will providea

quick summary of an optimization’s progress on a UNIX system (blank lines are
added for readability): '

$ egrep ‘out of |SCF Don|Converged| NO | YES |exceeded’ opt.log \
| grep -v A\

SCF Done: E(RHF) = -997.032065122 A.U. after 9 cycles
Step number 1 out of a maximum of 20
Item Value Thresheld Converged?

Maximum Force 0.000925 0.000450 NO
RMS Force 0.000866 0.000300 NO
Maximum Displacement 0.005381 0.001800 NO
RMS Displacement 0.002118 0.001200 NO
SCF Done: E(RHF) = -997.,03225652 A.U. after 6 cycles
Step number 2 out of a maximum of 20

ITtem Value Threshold Converged?
Maximum Force 0.000532 0.000450 NO
RMS Force 0.000295 0.000300 YES
Maximum Displacement 0.002544 0.001800 NO
RMS Displacement 0.001755 0.001200 NC
SCF Done: E(RHF) = -997.03219896 A.U. after 8 cycles
Step number 3 out of a maximum of 20

Item Value Threshold Converged?
Maximum Force 0.003417 0.000450 NO
RMS Force 0.000447 0.000300 NO
Maximum Displacement 0.006199 0.001800 NO
RMS Digsplacement 0.0088398 0.001200 NO
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SCF Done: E{(RHF) = -997.03207811 A.U. after 13 cycles
Step number 4 out of a maximum of 20

Itcm Value Threshold Converged?
Maximum Force 0.043772 0.000450 NO
RMS Force 0.019250 0.000300 NO
Maximum Displacement 0.050102 0.001800 NO
RMS Displacement 0.039076 0.001200 NO

Maximum number of steps exceeded.

This optimization was very close to a minimum at step two, but then it moved away
from it again in subsequent steps. Merely increasing the number of steps will not fix
the problem. A better approach is to start a new optimization, beginning with the
structure corresponding to step 2 and including the CakFC option in the route
section.

You can retrieve an intermediate structure from the output log file manually.
Alternatively, you may use the Geom=(Check,Step=n) keyword to retrieve the structure
corresponding to step n from a checkpoint file.

Many of the exercises will consider these other members of the vinyl series
(CH,=CHR):

R Substance
CH; propene
OH  vinyl alcohol
NH, vinyl amine

Exercise 3.1: Optimizations of Propene Conformers

files: 3_01a (180°)
3 01b (07

Perform geometry optimizations of these two propene conformers, where the
C-C-C-H dihedral angle is 180° (left} or 0°. What are the differences between the two
optimized geometries?

H H H H
\ / \ /
C=—C C=—C
/ \ / \
H—C H Hllll-l-c\ H
H\ ‘H 180° H Heo
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Solution Both optimizations converge in 4 steps. Each one leads to a different structure
(compare the optimized geometries to verify this), and therefore to a different point
on the potential energy surface. This means that the same stoichiometry corresponds
to two different stationary points on the potential energy surface. If this were not the
case, then both of our input structures would converge to the same optimized
geometry, although one would probably take much longer to do so than the other.

Here are the energies and dipole moments of the two optimized structures:

Dipole Moment
£ C-C-C-H Energy X Y Total
0° -117.07147| -0.305 | -0.003 | 0.305
180° -117.06818| -0.300 | -0.065 | 0.307

There is an energy difference of about 3 millihartrees between the two forms. In fact,
the 0° form represents the global minimum on the potential energy surface for
propene. The partial ring-like arrangement of the three carbons and the planar
hydrogen from the methyl group is slightly preferred over the other form.

The dipole moments are very similar in magnitude but differ slightly in direction,
depending on the location of the in-plane hydrogen atom (attached to the
non-double bonded carbon). W

Exercise 3.2: Optimizations of Vinyl Alcohol Conformers
files: 3_02a (0°) Perform geometry optimizations of the two vinyl alcohol conformers illustrated
3_02b (180" below, which are similar to the propene conformers we considered previously. In
3_02¢ (acteald.) addition, optimize the illustrated conformation of acetaldehyde, a structural isomer
of vinyl alcohol:

N S H H H H
C=C¢C \. / N,/
/N c=c¢ C— Sy
o H /N 72
\ H—O H o H
H o 180°
vinyl alcohol conformers acetaldehyde

Do all three of these forms represent minima on the potential energy surface? What
are the energy differences among them?
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Solution All three jobs lead to successful optimizations. The three forms do represent three
different minima on the potential energy surface. Their respective energies are given
in the following table:

System Conformer Energy

Vinyl alcohol | £ C-C-O-H=0° -152.88889
S
Z C-C-O-H=180°| -152.88539

Acetaldehyde -152.91596

The lowest energy form is acetaldehyde, about 27 millihartrees below the 0° form of
vinyl alcohol. As was true for propene, the vinyl alcohol conformer where the
C-C-O-H dihedral angle is 0° is the lower energy conformer. B

Exercise 3.3: Planar Vinyl Amine Optimization

file: 3_03 Run a geometry optimization for planar vinyl amine,
H\ Review the optimizations of vinyl series compounds that we have done, and
H C—H summarize the effect of substituent on the following characteristics:
N—C 4 The C-C double bond
\ 4 The bond angle between the carbons and the substituent
H H 4+ The dipole moment
Solution Here are the predicted bond lengths, bond angles and dipole moments:
System Conformer R C=C(A) | ZC-C-R(?) n
Ethylene H 1.317 121.8 0.0
Fluoroethylene F 1.309 122.4 1.53
Propene L C-C-C-H = Qo CHj; 1.319 125.3 0.31
£ C-C-C-H=180°| CH; 1.319 124.9 0.31
Vinyl alcohol | £ C-C-C-H =00 OH 1.318 127.0 1.06
ZC-C-C-H=180°| OH 1.315 122.8 2.09
Vinyl amine NH, 1.325 127.1 P71

Fluorine is the only substituent which shortens the C-C bond significantly. Fluorine is
highly electronegative and wishes to obtain additional electron density. It attempts to
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draw it from the two carbons, which move closer together in order to share the
remaining electrons more easily as a result.

Let’s compare the Mulliken population analysis for ethylene and fluoroethylene:

Ethylene Fiuoroethylene
Total atomic charges: Total atomic crharges:_
1 1
1 cC ~0.352753 I 0.256639
2 C -0.352753 2 C ~-0.472937
3 H 0.176377 3 H 0.186698
4 H 0.176377 4 F -0.365569
5 H 0.176377 5 H 0.202811
6 H 0.176377 6 H 0.192357
_

The fluorine atom is a significant site of negative charge, in contrast to the hydrogen
in ethylene. This results in an unequal charge distribution among the two carbons,
with some positive charge located on the carbon bonded to the fluorine, and a larger
negative charge on the other one.

The C-C-R bond angle changes significantly in the 0° conformation of vinyl alcohol
and in vinyl amine. In all of these vinyl systems, the substituent shortens the C-H
bond (on the carbon to which the substituent is attached), most dramatically in the
case of the substituents NH, and OH.

Ethylene has no dipole moment, and propene has only a very small one. The other
systems have nontrivial dipole moments. Thus, the more electronegative substituents
produce nontrivial dipole moments, in contrast to a single hydrogen atom or a methyl
group. B

Exercise 3.4: Chromium Hexacarbonyl Optimization

file: 3_ 04
O
o, ¥ _o
X &
S c///l, cl .\\\\c

[ ¢
\ AR /
¥ | e
0Z ¢ o
I
o

Optimize the structure of chromium hexacarbonyl at the Hartree-Fock level, using
the STO-3G or 3-21G basis set. Include SCF=NoVarAcc in the route section of your job
(this option says to use full convergence criteria throughout the SCF computation,
and it aids in convergence for this calculation).

This molecule is most easily input in Cartesian coordinates. Set up an input file for
this job, using the following values:

C-Cr distance = 1.94
C-O distance = 1.14
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Here are the results from this job using the two different basis sets. We also include
experimental electron diffraction results:

Model Cr-C C-0 Energy
RHE/STO-3G 179 | 117 | -1699.59301
RHF/3-21G 1.93 1.13 -1710.78652
Experiment 1.92 1.16 ‘

Clearly, the 3-21G basis set reproduces the experimental results much better than
STO-3G. We'll look at basis set effects in detail in Chapter 5.l

Advanced Exercise 3.5: NMR Isotropic Chemical Shift for Benzene
files: 3_05a (CgH,)
3_05b (TMS)

.

Solution

Predict the isotropic chemical shift for carbon in benzene with respect to TMS.

In order to do so, you will need to perform Hartree-Fock NMR calculations using the
6-3114+G(2d,p) basis set. Compute the NMR properties at geometries optimized with
the B3LYP method and the 6-31G(d) basis set. This is a recommended model for
reliable NMR predictions by Cheeseman and coworkers. Note that NMR calculations
typically benefit from an accurate geometry and a large basis set.

The basic input file structure is as follows:

$Chk=NMR
#T B3LYP/6-31G(d) Opt Test

Opt

molecule specification
--Linkl--
%$Chk=NMR

$NoSave
#T RHF/6-311+G(2d,p) NMR Geom=Check Guess=Read Test

NMR
charge & spin

You will need to run these jobs for benzene and for TMS (if you want to run the jobs
for both molecules simultaneously, you will need to specify different names for the
checkpoint file in each input file).
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Here are the results of our calculations:

Absolute Shielding Value | Relative
TMS Benzene Shift Experiment

188.7879 57.6198 131.2 1309

These calculations provide excellent agreement with experiment.

Advanced Exercise 3.6: Optimization of C4o0 Isomers

files: 3_06a (PM3)
3_06b (STO-3G)

X

Recently, there has been considerable interest in fullerene derivatives. Finding the
lowest energy isomer among a variety of choices of attachment is always an interesting

and important question. In Cgp, all carbons are equivalent, but there are two types of
C-C bonds:

4 Abond joining two six member rings: a 6-6 bond
4 Abondjoining a five member ring to a six member ring: a 5-6 bond

An oxygen atom can bind to either of these to sites, potentially forming a three
member (COC) ring. Thus, there are two possible forms for CgqO (see the
illustrations on the next page).

Perform an optimization of these two derivatives at the PM3' or RHF/STO-3G level
in order to discern which is the more favorable isomer (the latter is a very long job).
What are the most dramatic structural features that characterize these two isomers!
Do the bridging carbons remain bonded in the derivative?

Experimentalists have proposed that oxygen should bind to the 6-6 bond. Does your
calculation support or refute this? Can you justify any inconsistencies?

Calculation Hint: You can ensure that the predicted values for the bond lengths and
bond angle of interest are included in the optimization output by specifying
additional coordinates with the AddRedundont option to the Opt keyword. 1t requires
an additional input section following the molecule specification. A bond length is
specified by listing the atom numbers of the two bonded atoms (numbering follows
the atom order in the molecule specification section), and a bond angle is specified by
listing the three atom numbers of interest, in the order corresponding to the desired
bond angle. See the Technical Note, “Geometry optimizations in Gaussian 94,” for
further details on the use of this keyword (available from Gaussian, Inc.).

' Note that no basis set keyword is required for a PM3 calculation.
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Here are the two isomers:

epoxide {6-6 bonded) open {5-6 bonded|

We have used the Opt=AddRedundant keyword in the route section of each job, along
with the following additional input sections following the molecule specification
(which reflect the atom numbering for our molecule specifications—yours may

differ):

AddRedundant Input Section
epoxide form open form
C-O bond length 15 5 19
C-C bond length 14 5 6
C-0O-C bond angle 154 5 19 6

Raghavachari has studied this problem in some detail. The following table
summarizes his work as well as our own PM3 and HF/STO-3G optimizations:

Result

epoxide isomer (6-6) open isomer (5-6)
MNDQ| PM3 |HF/STO-3G|HF/3-21GEMNDQ| PM3 [|HF/STO-3G:HF/3-21G

_C}C bond length 1.60 | 1.53 1.53 1.54 2.15 | 2.6 213 220

C-Obondlength | 1.40 | 1.43 | 1.43 140 | 138 140 | 141 ¢ 140

-t

C-O-Cbond angle| 69.22 | 64.59 6506 | 64.0 f102.14[ 1010 9831  103.0

The structures are quite similar for all of the model chemistries we are considering,
The second isomer is characterized by a very long bridging carbon distance,
indicating that the two carbons are no longer bonded (which is why we refer to it as
the “open” form).

Here are the predicted energy differences between the two forms (AESPOXide - open) 5
the various levels of theory:
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MNDO PM3 HF/STO-3G HF/3-21G
5.8 kcal/mol | 6.5 kcal/mol |-15.5kcal/mol| 9 kcal/mol

It appears that the open isomer is the ground state structure, given the agreement
between the two semi-empirical methods and HF/3-21G. HF/STO-3G predicted the
structures of the two isomers reasonably well, but it does a very poor job on the
energy difference.

Raghavachari offers several possible explanations for this unexpected result:

4+ Kinetic factors may be important (we have only compared two equilibrium
structure energies without investigating the barrier between them).

+  Experimentalists have not yet found the lowest energy isomer.
4+ A better theoretical model is required to adequately study this problem

(although this is fairly unlikely as the HF/3-21G model chemistry generally
performs well on systems of this type).

Advanced Exercise 3.7: A 1,1 Elimination Transition State Optimization
file: 3_07 Predict the structure of the transition structure for the following reaction:

SiH, — SiH, + H,

What are the predicted Si-H and H-H bond lengths for the departing H atoms?

Solution Here is our input file (we choose to use traditional Z-matrices for the two molecule
specifications):

#T RHF/6-31G(d) Opt=(QSsT2,AddRedundant) Test

SiH2 + H2 --> SiH4 Reactants

0,1

si

X11.0

H11.48 2 55.0

H11.48 2 55.0 3 180.0

H1R2A1 3 90.0

H1RS A2 2 180.0

R=2.0 Note the long bond length.
Al=80.0
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AZ=22.0

SiH2 + H2 --> SiH4 Products

[P
=

.0

.48 2 55.0

.48 2 55.0 3 180.0
2 A1 3 90.0

5 A2 2 180.0

I T T I X no
el B e

R=1.48
Al=125,2
AZ2=109.5

H WEe are interested in the H-H bond length, so we specify the coordinate bonding those
Si'TIH two atoms to the AddRedundant option so that its value will be included in the
1_52/ 1.64 printout of the optimized structure (the Si-H bond lengths will be included by
H-H default).
1.09 40.3°

The geometry converges in 9 steps, resulting in the structure at the left.

Advanced Exercise 3.8: Comparing Optimization Procedures

file: 3_08 Optimizations in redundant internal coordinates have more to recommend them

than merely easy input setup. They also represent the most efficient approach to

\@’ geometry optimizations developed to date, overcoming the difficulties and
‘; deficiencies of both Cartesian coordinates and Z-matrices (internal coordinates).

Optimize the structure of bicyclo[2.2.2]octane using three different optimization
procedures:

4 Using redundant internal coordinates, which is the default procedure when
you specify the Opt keyword.

4+ In Cartesian coordinates, requested with the Opt=Cartesian keyword. (Note
that it does not matter whether the input is expressed in Cartesian
coordinates or not; the optimization will be carried out in these coordinates
when this keyword is specified).

4+ Ininternal coordinates, requested with the Opt=Z-Matrix keyword.

Compare the number of optimization steps required by each procedure. Which one
was the most efficient and converged the most quickly?

Exploring Chemistry with Electronic Structure Methods 57



Chapter Geometry Optimizations

The illustration on the left displays the structure of the carbon ring in this molecule.
The illustration on the right includes all of the atoms in the molecule.

: \(\ .

““ l#'

H / H 7 \ \C“H
/T

H
Solution The table below lists the results for the three jobs:
Procedure # Steps CPU seconds
Redundant Internal Coordinates 8 1646.0
Cartesian Coordinates 13 26229
Internal Coordinates 12 2539.6

Clearly, the optimization in redundant internal coordinates completes significantly

more quickly. There is little difference between the optimizations done in Cartesian
and internal coordinates for this case. ll
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In This Chapter:

Computing
Vibrational Frequencies

Interpreting
Normal Modes

Characterizing
Stationary Points

Frequency Calculations

This chapter discusses running frequency calculations using Gaussian. Frequency
calculations can serve a number of different purposes:

4+ To predict the IR and Raman spectra of molecules (frequencies and
intensities).

4+ To compute force constants for a geometry optimization.
4 To identify the nature of stationary points on the potential energy surface.
4+ To compute zero-point vibration and thermal energy corrections to total

energies as well as other thermodynamic quantities of interest such and the
enthalpy and entropy of the system.

Predicting IR and Raman Spectra

Energy calculations and geometry optimizations ignore the vibrations in molecular
systems. In this way, these computations use an idealized view of nuclear position.”
In reality, the nuclei in molecules are constantly in motion. In equilibrium states,
these vibrations are regular and predictable, and molecules can be identified by their
characteristic spectra.

Gaussian can compute the vibrational spectra of molecules in their ground and
excited states. In addition to predicting the frequencies and intensities of spectral
lines, the program can also describe the displacements a system undergoes in its
normal modes. Put another way, it can predict the direction and magnitude of the
nuclear displacement that occurs when a system absorbs a quantum of energy.

Molecular frequencies depend on the second derivative of the energy with respect to
the nuclear positions. Analytic second derivatives are available for the Hartree-Fock
(HF keyword), Density Functional Theory (primarily the B3LYP keyword in this
book), second-order Moller-Plesset (MP2 keyword) and CASSCF (CASSCF keyword)
theoretical procedures. Numeric second derivatives—which are much more time
consuming—are available for other methods.

' The equilibrium geometries produced by electronic structure theory correspond to the spectroscopic
geometry R, which assumes that there is no nuclear motion. Contrast this to the R, geometry, defined via
the vibrationally-averaged nuclear positions.
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Gaussian can also predict some other properties dependent on the second and higher
derivatives of the energy, such as the polarizabilities and hyperpolarizabilities. These
depend on the second derivative with respect to an electric field, and are included
automatically in every Hartree-Fock frequency calculation.

To The Teacher: The Harmonic Oscillator

This chapter offers a number of opportunities for relating the text to topics
in an elementary quantum mechanics course, including the following:

¢ Discuss how to compute vibrational frequencies using a simple
harmonic oscillator model of nuclear motion.

4 Present formal definitions of intensities and Raman depolarization
ratios.

¢ Rationalize nonzero zero-point energies by reference to the
harmonic oscillator model once again, and its energy:

hv(n+§)

The ground state corresponds to n=0, yielding a non-zero
energy.

#® Relate characterization of stationary points via the eigenvalues of the
Hessian to the corresponding matrix under the harmonic oscillator

problem.

Input for Frequency Jobs
Including the Freq keyword in the route section requests a frequency job. The other
sections of the input file are the same as those we've considered previously.

Because of the nature of the computations involved, frequency calculations are valid
only at stationary points on the potential energy surface. Thus, frequency calculations
must be performed on optimized structures. For this reason, it is necessary to run a
geometry optimization prior to doing a frequency caiculation. The most convenient
way of ensuring this is to include both Opt and Freq in the route section of the job,
which requests a geometry optimization followed immediately by a frequency
calculation. Alternatively, you can give an optimized geometry as the molecule
specification section for a stand-alone frequency job.
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A frequency job must use the same theoretical model and basis set as produced the
optimized geometry. Frequencies computed with a different basis set or procedure
have no validity. We'll be using the 6-31G(d) basis set for all of the examples and
exercises in this chapter. This is the smallest basis set that gives satisfactory results for
frequency calculations.

Note: The sample job files for this chapter do not generally include the optimization
step. The molecule specifications in these input files have already been set to their
optimized values.

Example 4.1: Formaldehyde Frequencies

file: ¢4 01

For our first example, we'll look at the Hartree-Fock frequencies for formaldehyde.
Here is the route section from the input file:

# RHF/6-31G(d) Freq Test

The values of the variables were taken from an optimization job on formaldehyde.

Frequencies and Intensities

A frequency job begins by computing the energy of the input structure. It then goes
on to compute the frequencies at that structure. Gaussian predicts the frequencies,
intensities, and Raman depolarization ratios and scattering activities for each
spectral line:

1 2 3 4

Bl B2 Al Al
Frequencies --- 1336.0041 1383.6449 1679.5843 2028.0%971
Red. masses --- 1.3689 1.3442 1.1039 7.2497
IR Intensities --- 0.3694 23.1589 8.6240 150.1861
Raman Activities --- 0.7657 4.5170 12.8594 8.1124
Depolarizations --- 0.7500 0.7500 0.5908 0.3281

This display gives predicted values for the first four spectral lines for formaldehyde.

The strongest line (IR) is line 4 at 2028.1 cm’,

Raw frequency values computed at the Hartree-Fock level contain known systematic
errors due to the neglect of electron correlation, resulting in overestimates of about
10%-12%. Therefore, it is usual to scale frequencies predicted at the Hartree-Fock
level by an empirical factor of 0.8929. Use of this factor has been demonstrated to
produce very good agreement with experiment for a wide range of systems. Qur
values must be expected to deviate even a bit more from experiment because of our
choice of a medium-sized basis set (by around 15% in all).
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Computed values of the intensities should not be taken too literally. However, the
relative values of the intensities for each frequency may be reliably compared.

Scaling Frequencies and Zero-Point Energies

Frequencies computed with methods other than Hartree-Fock are also scaled to
similarly eliminate known systematic errors in calculated frequencies. The followng
table lists the recommended scale factors for frequencies and for zero-point energies
and for use in computing thermal energy corrections (the latter two items are
discussed later in this chapter), for several important calculation types:'

Scale Factor

Method Frequency ZPE/Thermal
HF/3-21G 0.9085 0.9409
HF/6-31G(d) 0.8929 0.9135
MP2(Full)/6-31G(d) 0.9427 0.9646
MP2(FC)/6-31G(d) 0.9434 0.9676
SVWN/6-31G(d) 0.9833 1.0079
BLYP/6-31G(d) 0.9940 1.0119
B3LYP/6-31G(d) 0.9613 0.9804

As the table indicates, the optimal scaling factors for the frequencies themselves and
for the zero-point energies and for use in computing thermal energy corrections are
slightly different. However, it is also common practice to use the same factor for both
of them (0.8929 in the case of Hartree-Fock). For example, the G2 high accuracy
energy method scales computed HF/6-31G(d) zero-point energy corrections by
0.8929 (see Chapter 7).

You should be aware that the optimal scaling factors vary by basis set. For example,
Bauschlicher and Partridge computed the B3LYP/6-311+G(3df,2p) ZPE/thermal
energy correction scaling factor to be 0.989.* Additional scaling factors have also been
computed by Wong and by Scott and Radom.

Consult the references for detailed discussions of these issues.

Most of the scale factors in this table are from the recent paper of Wong. The HF/6-31G{d) and MP2(Full)
scale factors are the traditional ones computed by Pople and coworkers and cited by Wong. Note that the
MP?2 scale factor used in this book is the one for MP2(Full) even though our jobs are run using the (default)
frozen core approximation. Scott and Radom computed the MP2(FC) and HF/3-21G entries in the table,
but this work came to our attention only just as this book was BOIng to press.

Their value is 0.980 for the 6-31G(d) basis set. Note that published scale factors often vary slightly from one
another due primarily to differences in the molecule sets used to compute them.
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Normal Modes

In addition to the frequencies and intensities, the output also displays the
displacements of the nuclei corresponding to the normal mode associated with that
spectral line. The displacements are presented as XYZ coordinates, in the standard
orientation:

Standard orientation:
Center Atomic Coordinates (Angstroms)
Number Number X Y Z
1 6 0.000000 0.000000 -0.542500
2 8 0.000000 0.000000 0.677500
3 1 0.000000 0.940000 -1.082500
4 1 0.000000 -0.940000 -1.082500

The carbon and oxygen atoms are situated on the Z-axis, and the plane of the
molecule coincides with the YZ-plane.

Here is the first normal mode for formaldehyde:

In the standard orientation, the X coordinates for all four atoms are 0. When
interpreting normal mode output, the signs and relative values of the displacements
for different atoms are more important than their exact magnitudes. Thus, for this
normal mode, the two hydrogen atoms undergo the vast majority of the vibration, in
the negative X direction. This means that they are moving perpendicular to the plane
of the molecule. Although the values here suggest movement below the plane of the
molecule, they are to be interpreted as motion in the opposite direction as well (in
other words, as motion about the equilibrium positions). In our diagram, we
illustrate the motion by showing the paths of the nuclei in both directions. Thus, the
hydrogens are oscillating above and below the plane of the molecule in this mode. It
produces a peak in the IR spectra at about 1189 cm™'( which is 0.8929 times the value
in the output).
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The motion in the fourth normal mode is more complex:

Here, the values of the displacement indicate that the oxygen and carbon atom move
closer together, and the two hydrogen atoms also move toward one another, resulting
in a decrease in the H-C-H bond angle. The actual vibration also occurs in the
opposite directions, resulting in a stretching of the C-O bond, and the two hydrogens
moving farther apart.

This mode corresponds to the IR peak associated with carbonyl stretch, used to
identify the C-O double bond. Its predicted frequency is about 1810 (after scaling).
This is in reasonable agreement with the experimental value of 1746. Using a larger
basis set will improve this value. We'll discuss basis set effects in the next chapter.

Normal mode analysis provides a good example of information which is obtainable
only through a theoretical calculation, since spectroscopic data does not directly
indicate the specific type of nuclear motion producing each peak. Note that it is also
possible to animate vibrational modes in some graphics packages.

Thermochemistry

All frequency calculations include thermochemical analysis of the system. By default,
this analysis is carried out at 298.15 K and 1 atmosphere of pressure, using the
principal isotope for each element type. Here is the start of the thermochemistry
output for formaldehyde:

Temperature 298.150 Kelvin. Pressure 1.00000 Atm.
Atom 1 has atomic number 6 and mass 12.00000
Atom 2 has atomic number 8 and mass 15.99491

Molecular mass: 30.01056 amu.
.

This section lists the parameters used for the thermochemical analysis: the
temperature, pressure, and isotopes.
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Gaussian predicts various important thermodynamic quantities at the specified
temperature and pressure, including the thermal energy correction, heat capacity and
entropy. These items are broken down into their source components in the output:

E {Thermal) cv S
KCAL/MOL CAL/MOL-KELVIN CAL/MOL-KELVIN
TOTAL 20.114 6.255 52.101
ELECTRONIC 0.000 0.000 0.000
TRANSLATIONAL 0.889 2.981 36.130
ROTATIONAL 0.889 2.981 15.921
VIBRATIONAL 18.337 0.294 0.049

thermal energy constant volume molar eniropy
correchion heat capacity

To The Teacher: Connecting Thermochemistry to Statistical Mechanics

It is important that students be aware of how thermochemical properties
arise from the energetics of vibrational frequencies. This connection is based
upon . partitioning the total energy of a macroscopic system among the
constituent molecules. Nash's Elements of Statistical Thermodynamics
provides an excellent discussion of the mathematical details of this
transformatlon

Changing Thermochemistry Parameters

You can specify a different temperature, pressure, and/or set of isotopes for the
thermochemical analysis by specifying the Readlsotopes option to the Freq keyword in
the route section. Values for all parameters must then be specified in a separate input
section following the molecule specification—and separated from it by a blank line,

Here is the general format for the Readlsotopes input section:

temp pressure [scale] Temp. (°K), pressure (atmospheres), and scale factor.
isotope for atom 1 Isotopes are specified as integers although the program
isotope for atom 2 will use the actual value.

isotope for atom N

! The scale factor is optional. If included, it says to scale the frequencies before performing the
thermachemical analysis. Note that including the factor affects the thermochemistry output only (including
the ZPE); the frequencies printed earlier in the output remain unscaled. This parameter is the means by
which scale factors are applied to thermal energy corrections.
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All parameters other than the scale factor must be included, even if the default values
are used.

Here is the thermochemistry parameters section of an input file for formaldehyde,
requesting that the thermochemical analysis be done at 400 K, under 3 atmospheres
of pressure, using the standard isotopes and without scaling:

400 3.0
12

16

1

1

Zero-Point Energy and Thermal Energy

The thermochemistry section of the output also gives the zero-point energy for this
system. The zero-point energy is a correction to the electronic energy of the molecule
to account for the effects of molecular vibrations which persist even at 0 K.

When comparing calculated results to thermodynamic quantities extrapolated to zero
Kelvin, the zero point energy needs to be added to the total energy. As with the
frequencies themselves, this predicted quantity is scaled to eliminate known
systematic errors in frequency calculations. Accordingly, if you have not specified a
scale factor via input to the Readlsotopes option, you will need to multiply the values
in the output by the appropriate scale factor (see page 64).

In order to predict the energy of a system at some higher temperature, a thermal
energy correction must be added to the total energy, which includes the effects of
molecular translation, rotation and vibration at the specified temperature and
pressure. Note that the thermal energy includes the zero-point energy automatically; do
not add both of them to an energy value.

When comparing energy results to experiments performed at particular
temperatures, the thermal energy correction given in the output should be added to
the total energy (this sum is also given in the output).? In order to apply the
appropriate scale factor to a thermal energy correction, you must specify a scale factor
via input to the Readlsotopes option. The quantity reported in the output cannot
simply be multiplied by the scale factor itself as it is composed of several terms, only
some of which should be scaled.

' For a review of these thermodynamic terms, see Barrow and/or Nash.
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Here is how the zero-point and thermal energy-corrected properties appear in the
output from a frequency calculation:

Temperature 298.150 Kelvin. Pressure 1.0000 Atm.

Zero-point correction= 0.029201
Thermal correction to Energys= 0.032054
Thermal correction to Enthalpy= 0.032999
Thermal correction to Gibbs Free Energy= 0.008244
Sum of electronic and zero-point Energies= -113.83713n0
Sum of electronic and thermal Energies= -113.834277
Sum of electronic and thermal Enthalpies= -113.,833333
Sum of electronic and thermal Free Energies= -113.858087

The raw zero-point energy and thermal energy corrections are listed first, followed by
the predicted energy of the system taking them into account. The output also includes
corrections to and the final predicted values for the enthalpy and Gibbs free energy.
All values are in Hartrees.

Polarizability and Hyperpolarizability

The other major properties computed by a frequency job are the polarizability and
hyperpolarizability tensors. Normally, the polarizability is printed at the end of the
output, just before the archive entry:

Exact polarizability: 6.478 0.000 12.919 0.000 0.000 17.€41

Approx polarizability: 6.257 0.000 10.136 0.000 0.000 16.188 I

The tensor i.s give.n in lower-triangular form.at (i.e. Oy, Otyyp Oyyn Olyzs Oy o,,) in the
standard orientation. The Approx polarizability line gives the results of the
cruder polarizability estimate using sum-over-states perturbation theory, which is
suggested by some older texts.

In a normal Hartree-Fock job, the hyperpolarizability tensor is given only in the
archive entry, in the section beginning HyperPolar=. This tensor is also in lower
tetrahedral order, but expressed in the input (Z-matrix) orientation. (This is also true
of the polarizability tensor within the archive entry.)
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If you begin the route section with #P rather than #T, then additional information is
printed at various points in the job. One of these items is a display of the polarizability
and hyperpolarizability tensors much earlier in the output, just prior to the frequency
results:

Polarizability= 6.47820724D+00 5.07658124D-15 1.29193830D+01
-5.41397131D-17 ~1.33226763D-15 1.76406785D+01

HyperPolar= 2.32586107D~15 9.61495144D-15 -1.40039539D-15
-5.91016464D~14 -3.29194932D+00 -2.38774194D-14
-3.78952198D+01 9.31476424D-15 5.88564322D-14
-3.65521797D+01

The tensors are again in lower triangular (tetrahedral) format, expressed here in the
standard orientation.

Characterizing Stationary Points

Another use of frequency calculations is to determine the nature of a stationary point
found by a geometry optimization. As we’ve noted, geometry optimizations converge
to a structure on the potential energy surface where the forces on the system are
essentially zero. The final structure may correspond to a minimum on the potential
energy surface, or it may represent a saddle point, which is a minimum with respect
to some directions on the surface and a maximum in one or more others. First order
saddle points—which are a maximum in exactly one direction and a minimum in all
other orthogonal directions—correspond to transition state structures linking two
minima.

There are two pieces of information from the output which are critical to
characterizing a stationary point:

4 The number of imaginary frequencies.
4 The normal mode corresponding to the imaginary frequency.

Imaginary frequencies are listed in the output of a frequency calculation as negative
numbers. By definition, a structure which has n imaginary frequencies is an n™ order
saddle point. Thus, ordinary transition structures are usually characterized by one
imaginary frequency since they are first-order saddle points.

If applicable, the program notes that there is an imaginary frequency present just
prior to the frequency and normal modes output, and the first frequency value is less
than zero. Log files may be searched for this line as a quick check for imaginary
frequencies.
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Here is a UNIX example:

% grep imagin job.log
x KKk k k 1l imaginary frequencies {(negative signs) **=x+++

The equivalent VMS command would be:
$ Search Job.Log imagin

Under Windows, use the built-in search command in your preferred text editor to
locate this line if present.

Itis important to keep in mind that finding exactly one imaginary frequency does not
guarantee that you have found the transition structure in which you are interested.
Saddle points always connect two minima on the potential energy surface, but these
minima may not be the reactants and products of interest. Whenever a structure
yields an imaginary frequency, it means that there is some geometric distortion for
which the energy of the system is lower than it is at the current structure (indicating a
more stable structure). In order to fully understand the nature of a saddle point, you
must determine the nature of this deformation.

One way to do so is to look at the normal mode corresponding to the imaginary
frequency and determine whether the displacements that compose it tend to lead in
the directions of the structures that you think the transition structure connects. The
symmetry of the normal mode is also relevant in some cases (see the following
example). Animating the vibrations with a chemical visualization package is often
very useful. Another, more accurate way to determine what reactants and products
the transition structure connects is to perform an IRC calculation to follow the
reaction path and thereby determine the reactants and products explicity; this
technique is discussed in Chapter 8.

The table on the next page summarizes the most important cases you will encounter
when attempting to characterize stationary points.
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If you were And the frequency

looking for... calculation found ... It means ... So you should ...

A minimum 0 imaginary The structure is Compare the energy to that of other isomers if
frequencies a minimum. you are looking for the global minimum.

A minimum > 1 imaginary The structure is a saddle ~ Continue searching for a minimum (try
frequencies point, not a minimum.  unconstraining the molecular symmetry or

distorting the molecule along the normal mode
corresponding to the imaginary frequency).

A transition state 0 imaginary The structure is a minimum, Try using Opt=QST2 or QST3 to find the TS (see

frequencies not a saddle point. Chapter 3).
A transition state 1 imaginary The structure is a Determine if the structure connects the correct
frequency true transition state. reactants and products by examining the

imaginary frequency’s normal mode or by
performing an IRC calculation.

A transition state > 1 imaginary The structure is a higher-  QS8T2 may again be of use. Otherwise, examine
frequency order saddle point, but is not the normal modes corresponding to the imagi-

a transition structure that  nary frequencies. One of them will (hopefully) “
connects two minima.  point toward the reactants and products. Mod-

ify the geometry based on the displacements in
the other mode(s), and rerun the optimization.

Example 4.2: Characterizing Stationary Points

files: e4_02a(0’) We are interested in exploring the C;HsF potential energy surface. We will begin by
e4_02b(180) running optimization and frequency jobs on these three isomers of 1-fluoropropene:
ed4_02c (cis)
e4_02d(TS) T |.|.| T
H e H e H e
H"",",’:c Xe¢ ~c7 ¢ H"'J#-'c ¢
| | R | | |
H H H H H F
trans {0°} trans (1807) ds (0%

All of the optimizations are successful. The frequency jobs for the two forms where
the H-C-C-H dihedral angle is 0° produce no imaginary frequencies, and the cis form
is lower in energy than the trans form by about 0.63 kcal/mole.
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The frequency job on the middle structure produces one imaginary frequency,
indicating that this conformation is a transition structure and not a minimum. But
what two minima does it connect? Is it the transition structure for the cis-to-trans
conversion reaction (i.e. rotation about the C=C bond)?

We look first at the energies of the three compounds:

Conformation;  Energy

trans (0°) -215.92046
trans (180°) | -215.91694
[cis -215.92147

The 180° trans structure is only about 2.5 kcal/mol higher in energy than the 0
conformation, a barrier which is quite a bit less than one would expect for rotation
about the double bond. We note that this structure is a member of the C, point group.
Its normal modes of vibration, therefore, will be of two types: the symmetrical A’ and
the non-symmetrical A" (point-group symmetry is maintained in the course of
symmetrical vibrations).

To investigate the status of this structure further, we next examine the frequency data
and normal mode corresponding to the imaginary frequency:

1
I
Frequencies -- -226.6781
Red. masses -- 1.1175
Frc consts -- 0.0338
IR Inten -— 0.1566
Raman Activ -- 2.8462
Depolar -- 0.7500
Atcom AN X Y Z
1 6 0.00 0.00 0.00
2 1 0.00 0.00 0.54
3 6 0.00 0.00 -0.06
4 1 -0.19 -0.42 -0.25%5
5 1 0.19 0.42 -0.25
& 1 g.00 0.00 -0.28
7 6 0.00 0.00 0.08
8 1 0.00 0.00 0.28
9 9 0.00 0.00 -0.01

Note that the magnitude of the imaginary frequency is not very large (-226),
indicating that the geometric distortion desired by the molecule is modest. The
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largest motion is in the three hydrogen atoms in the methyl group (consult the
standard orientation to determine which atom is which).

This becomes even clearer when we examine the alternate version of this normal
mode included later in the output, labeled as the eigenvector of the Hessian:

Eigenvalue 1 out of range, new value = 0.002670 Eigenvector:
1
R1 0.00000
R2 0.00000
R3 0.00160
R4 -0.00160
Al 0.00000
AZ -0.00316
A3 -0.00305
ad 0.00316
AS 0.00305 ]
D1 0.41000
D2 0.41598
D3 0.41598
D4 0.39778
D5 0.40376
D6 0.40376
D7 0.02724

This table gives the displacements for the normal mode corresponding to the
imaginary frequency in terms of redundant internal coordinates (several zero-valued
coordinates have been eliminated). The most significant values in this list are for the
dihedral angles D1 through D6. When we examine the standard orientation, we
realize that such motion corresponds to a rotation of the methyl group.

Looking back at the frequency output once again, we note that its symmetry is A",
indicating that this is a symmetry-breaking mode. The molecular structure has C,
symmetry, indicating that there is a single plane of symmetry (in this case, the plane
of the carbon atoms). The structure wants to move down the PES to a lower-energy
structure of equal or lower symmetry.

From all of this, we can deduce that this transition structure connects two
structurally-equivalent minima, and that the path between them corresponds to a
methyl rotation. This is not a very interesting transition structure.

We must look further in order to locate the transition structure linking the cis and
trans forms of 1-propene. Since we are looking for a normal mode which suggests
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rotation about the C=C bond, then we can expect that its major motion will be in the
dihedral angles involving those carbon atoms and the fluorine and hydrogen atoms.

Here is another transition structure that we located. An optimization and frequency
calculation on it reveals that it too has one imaginary frequency, of significantly larger
magnitude (-1517 vs. -226). Examining the normal mode reveals displacements in the
dihedral angles involving the two carbons of interest, strongly suggesting that this is
the transition structure that we seek (the output format for the eigenvector of the
Hessian is slightly different when the program knows that it is searching for a
transition structure):

Eigenvectors required to have negative eigenvalues:

R1 R2 R3 R4 RS

1 -0.00496 0.02656 0.00351 0.02361 -0.03319
R6 R7 RE Al AZ

1 ¢.03211 -0.00007 -0.01430 -0.03200 0.00684
A3 Ad A5 A6 A7

1 -0.02217 -0.01426 0.07040 -0.0121¢ 0.00888
AB A9 AlQ All Al2

1 ~-0.43072 0.22027 -0.01413 0.00280 0.0115+
D1 D2 D3 D4 D5

1 -0.05683 -0.03471 -0.04809 0.02073 0.04285
Dé D7 D8 D9 D10

1 0.02947 0.43757 0.39467 0.46699 0.424069

Examining the standard orientation for the molecule verifies that angles A8 through
A10 and dihedral angles D7 through D10 involve the atoms in question.”

The predicted energy of this structure is approximately -215.76438 Hartrees, yielding
a reaction barrier of about 86.6 kcal/mol. This value is more in line with expectations,
although it is on the high side. Rotation of a double bond is a problem which often
requires a higher level of theory than Hartree-Fock (for example, CASSCF) for
accurate modeling.

We will continue exploring this potential energy surface in Exercise 4.6.

' You may wonder why so many coordinates apply to these same few atoms. Remember that we are using
redundant internal coordinates.
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Exercise 4.1: Frequencies of Vinyl Alcohol Isomers

files: 4 O1a (180"

Run frequency calculations on the two vinyl alcohol isomers we considered in the last

4 01b (0") chapter. Optimize the structures at the RHF level, using the 6-31G(d) basis set, and
perform a frequency calculation on each optimized structure. Are both of the forms
minima? What effect does the change in structure (i.e., the position of hydrogen in
the hydroxyl group) have on the frequencies?

Solution Neither frequency job produces any imaginary frequencies, indicating that both
H H structures are minima. A quick way to check for this is to search the output file for the
\ / string “imagin”; such a search indicates that there is no matching line in the file.
/C—C\ As we noted in Chapter 3, the 0° form has lower energy and is in fact the global
(o] H minimum. The 180° form is a higher energy minimum elsewhere on the potential
\ energy surface.
H

O=2
H
CQ fransition state

c H@ minine c@H

8 =180°

Based on the results for propene, we might guess that the transition structure is
halfway between the two minima: the structure with a C-C-O-H dihedral angle of
90°. We would need to verify this with optimization and frequency calculations.
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ol is a good system "far*discussing' transition state optimizations. The
transition state starting from the 90° form proceeds easily, making
¢ ta the general topic.

Here is the {unscaled) frequency data for the two forms of vinyl alcohol:

0¢ Isomer 180° Isomer
Peak | Freq. Intensity | Freq. Intensity

1 459 151 186 140
2 533 16 518 4
3 785 1 785 6
4 965 93 988 84
5 1048 14 1048 60
6 1128 17 1104 13
7 1234 230 1236 13
8 1447 5 1419 266
9 1468 5 1476 16
10 1595 24 1582 0.3
11 1879 158 1907 112
12 3334 8 3345 18
13 3404 6 3364 9
14 3433 20 3443 14
15 4096 54 4146 111

In most cases, the frequency and intensity of each peak are essentially equal;
differences of up to about 50 cm™! are not significant. The one noticeable shift comes

with the first normal mode, which differs in frequency by about 272 cm™!.
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To understand this shift, we need to look at the displacements for the two forms:

0° form 180° form
Atom AN X Y Z Atom AN X Y Z
1 6 0.00 0.00 0.04
2 6 0.00 0.00 -0.02
3 1 0.00 0.00 0.18
4 1 0.00 0.00 -0.09
5 8 0.00 0.00 -0.07
6 1 0.00 0.00 -0.14
7 1 0.00 0.00 0.97
-. ]

Most of the movement occurs in the hydrogen attached to the oxygen atom, moving
out of the plane of the molecule. This atom is positioned very differently in the two
forms, and so it is not surprising that they generate substantially different vibrational
frequencies in this normal mode. Wl

To The Teacher: Additional Modes Discussion |

A similar shift of peak between the two forms occurs in modes 7 and 8 (in
the 0° form, peak 7 is quite strong while peak 8 is weak; these intensities are
reversed for the 180° form). These modes are characterized by motion of
several hydrogen nuclei. They could be used for further discussion of normal
modes in this more complex system.

Exercise 4.2: Characterizing Planar Vinyl Amine

files: 4_02a Determine whether the vinyl amine structure we considered in the last chapter is a
4 02b minimum or not. If it is not 2 minimum, characterize its nature and then locate the
minimum and compute its frequencies.
H
H // C—H
N— C\
H H
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A frequency job on the optimized structure for planar vinyl amine will produce one
imaginary frequency. This indicates that it is a transition state, not a minimum.

In order to find the minimum, we look at the normal mode associated with the
imaginary frequency. Here are the displacements:

Atom AN X Y Z
1 6 0.00 0.00 0.02
2 6 0.00 0.00 0.02
3 1 0.00 0.00 -0.03
4 1 0.00 0.00 0.01
5 1 0.00 0.00 -0.01
6 7 0.00 0.00 -0.13
7 1 0.00 0.00 0.57
8 1 0.00 0.00 0.81
L

There is motion in the nitrogen atom and the hydrogens attached to it out of the
plane of the molecule. This suggests that if we vary the structure of the NH, group, we
will be able to locate the minimum. It turns out that the nitrogen atom exhibits
pyramidalization in the optimized structure.

H\c/ H H\C/H
g H g H
H/ \N/ H/ \N’
| A
H H
tronsition state minimum

The frequency job on this structure will confirm that it is a minimum. We’ll consider
more of the results of this frequency calculation in the next exercise. B
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Exercise 4.3: Vinyl Series Frequencies

files: 4_03a (CoH,)
4 03b (C,HjF)
4 03c (C3Hg)

ethylene

Solution

80

Perform frequency calculations on the members of the vinyl series listed below
(lowest energy minima only):

H H H H H H H H
\c/ \c/ \c/ \c/
DS N
H
H N v ~No” H \;c/ H \NA
$h A
H H H
flvoroethylene vinyl aleohol propene vinyl amine

If you completed the previous exercises in this chapter, you've already run the jobs for
vinyl alcohol and vinyl amine,

Once you've run all the jobs, describe the effect the substituent has on the vibrational
mode associated with the C=C double bond in these systems.

In order to locate the relevant frequency for C=C stretch, you'll need three pieces of
information:"

4+ The center numbers for the atoms of interest. Gaussian’s numbering
scheme assigns each atom the number corresponding to its input line
within the molecule specification section, where the charge and multiplicity

line is line 0. Thus, the first atom listed is center number 1, and so on.

The standard orientation for the molecule, and specifically the coordinates
of the atoms of interest. Sometimes, the atomic numbers alone are enough
to identify the atoms you want, but for larger systems, the center numbers
will be needed to pick out specific atoms within the standard orientation.
Their coordinates will enable you to characterize the expected components
of the displacement for the motion under investigation.

The frequency and normal mode displacement output. Once you know the
sort of displacement to expect, you can determine which normal mode
corresponds to it and its associated frequency.

We'll go through this process in some detail for ethylene and propene and then
summarize the results for the remaining systems.

" You can also find the appropriate mode by animating each one in turn in a graphics program.
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Here are the standard orientations for ethylene and propene:

Standard crientation:

Center Atomic Coordinates (Angstroms)

Number Number X Y yA
1 & 0.000000 0.000000 0.658480
2 6 0.000000 0.000000 -0.658480
3 1 0.000000 0.914361 1.225701%
4 1 0.000000 -0.914361 1.225703
5 1 0.000000 0.914361 -1.225703
6 1 0.000000 -0.914361 -1.225703

Center Atomic Coordinates {(Angstroms)

Number Number X Y Z
1 6 1.281948 0.164710 0.000000
2 6 0.000000 0.473222 0.000000
3 6 -1.130350 -0.516977 0.000000
4 1 1.620546 -0.857728 0.000000
5 1 2.045038 0.922802 0.006000
6 1 -0.285763 1.513801 0.0000G0
7 1 -0.763538 -1.537412 0.000000
8 1 -1.762935 -0.383599 0.873865
9 1 -1.762935 -(.383599 -0.873865%

It’s easy to identify the carbons involved in the double bond in ethylene: atoms 1 and
2.In propene, things are slightly more complicated. In this case, the carbon which has
three hydrogens attached to it is not involved in the double bond. We can identify this
carbon atom as center number 3 by noting that it along with the final three hydrogen
atoms all lie in the third quadrant (-X and -Y). Therefore the two carbons of interest
are again atoms 1 and 2.
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Here are plots of the positions of these carbon atoms in the two molecules:

Z | ethylene y propene

C C
1 , 2\‘ .

C <,

By examining the positions of the atoms, we can determine what type of
displacements would occur when the C=C bond stretches. The carbons in ethylene
must both move in the Z direction, since they are situated on the Z-axis, while those
in propene must move primarily in the X direction.

We can now search the normal modes for each system, looking for ones which exhibit
these types of displacements. In each case, there is only one mode with any significant

displacements in the required coordinates.

Here are the modes associated with C=C stretch:

ethylene propene

8 15

AG Al

1856.1319 1880.7099
AN X Y Z Atom AN X Y Z

6 0.00 0.00 0.30 1 6 0.35 -0.07 Q.00
6 0.00 0.00 -0.30 2 6 -0.40 0.03 0.00
1 0.00 0.38 -0.25 3 6 0.06 0.01 0.00
1 0.00 -0.38 -0.25 4 1 -0.35 -0.36 0.00
1 0.00 0.38 0.25 5 1 -0.09 0.44 0.00
1 0.00 -0.38 6 1 0.33 0.28 0.00
7 1 -0.18 -0.07 0.00
8 1 0.13 0.03 0.04
9 1 0.13 0.03 -0.04

In ethylene, both carbons have significant displacements in the Z direction (with
opposite sign). In propene, their displacements are essentially in the X direction. In
both cases, the hydrogens attached to these carbon atoms also move, as would be
expected.
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Here are the complete results for the vinyl series (the double-bonded carbons are

Y Eﬁ,“;'lzne center numbers 1 and 2 in all cases):
¢
e x Vinyl Series (CH,=CHR) C=C Stretch
Ca Standard Expected Scaled Peak
System Orientation (C,, C,) | Displacement | Frequency | Number
Ethylene (R=H) {0.00, 0.00, 0.66), Z 1652 8
(0.00, 0.00, -0.66)
viny! Fluoroethylene (R=F) | (0.00, 0.43, 0.00), X, minor Y 1685 9
Y akohol (1.17,-0.15, 0.00)
C Propene (R=CHj) (1.28, 0.16, 0.00), X 1674 15
2‘\. {0.00, 0.47, 0.00)
x
G Vinyl Alcohol (1.20, -0.10, 0.00}, | X, minor Y 1672 11
(R=0OH) (0.00, 0.44, 0.00)
Vinyl Amine (1.24, -0.20, 0.02), XY 1680 13
(R=NH,) (0.07, 0.43, -0.01)
¥y ;i:‘{'m The frequencies for these systems fall into the expected range for C=C stretching
(1690-1600 cm™!). Replacing one of the hydrogens in ethylene with any substituent
C, results in a frequency shift to a higher wave number, with the more electronegative
e x groups producing the largest shifts. ll
e
¢

| To The Tcachei-: mterpretihg"ﬂaa Phase Frequencies

: -Be sure to remind staécnts that these frequencws are gas phase data and are

'thus not t:he samc as. the Imre-famllm solution spectra (we will treat

Even 50, such gas phase calculations make
- excell : ere ,::For example, students may be asked to

i explam d e.substxtu eﬂ’ ‘cts : erved usmg baslc chemistry knowledge.
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Exercise 4.4: Carbonyl Stretch by Substituent

files: 4_04a (C,H,0) This exercise will investigate various carbonyl compounds. Examine the frequencies
4_04b (C3H50) for the systems pictured below and determine the frequencies associated with
4_04¢ (CNH;0) carbonyl stretch in each case. In addition, locate the characteristic peak produced by

4_04d (C3H40)
4_050 (C2H3Cb)
4_04f (C3H,0,)

the single hydrogen attached to the carbonyl for the applicable systems. (We looked at
this mode in formaldehyde in Example 4.1.)

<I'i‘ ¢"3 o o
c c H Ic| C
H H CH, H \c ~ H NHQ/ H
formaldehyde acetaldehyde " acrolein formamide
CH,
1 I 1
C C C
~ 7NN
cHy” ScHy ¢ ScH, © CH,
acetone acetyl chloride I methyl acetate
CH,
Solution The following table summarizes the results of the frequency jobs on these systems:
C=0 Stretch for Carbonyl Series
Molecular | Center #’s Standard Exp. | Scaled {
System Formula (C,0) | Orientation (C,0) | Displ.| Freq. | Peak #
Formaldehyde H,CO 1,2 (0.00, 0.00, 0.00), Z 1805 4
{0.00, 0.00, 1.18)
Acetaldehyde CH;CHO 2,6 {0.00, 0.46, 0.00), X 1809 1 14‘
(-1.19, 0.40, 0.00)
Acrolein CH,CHCHO 3,4 (-0.15,-0.75,0.00), | X, Y | 1792 14
(-1.20, -1.32, 0.00)
Formamide HCONH, 2,3 | (000,042,000, | X | 1780 | 9
(1.18, 0.24, 0.00)
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C=0 Stretch for Carbonyl Series

Molecular | Center #’s Standard Exp. | Scaled
System Formula (C,0) | Orientation (C,0) Displ.l Freq. Peak #
Acetone CH;COCH; | 1,2 | (0.00,0.00,0.19), | Z | 1799 & 18
(0.00, 0.00, 1.38) |
Acetyl Chloride | CH,COCI 1,4 | (0.00,0.52,000), | X,Y | 1850 12

(-0.82, 1.35, 0.00)

i
S — ‘! .
Methyl Acetate | CH;COOCH; 1,2 (0.00, 0.49, 0.00), X | 1797 21
{-1.15,0.77, 0.00} i

After scaling, the predicted frequencies are generally within the expected range for
carbonyl stretch (~1750 cm™). The table below reproduces our values, published
theoretical values using the 6-31+G(d) basis set (this basis set includes diffuse
functions), and the experimental values, arranged in order of ascending experimental
frequency:

System HF/6-31G(d) | HF/6-31+G{d)| Experiment
Acrolein 1792 1773 1723

Acetone 1799 1777 | 1737
Formamide 1780 1750 | 1740
Formaldehyde 1805 1787 o 1746 -
Acetaldehyde 1809 1789 | 1746
Methyl Acetate 1797 1771 N A]A761_
Acetyl Chloride| 1850 1832 1822

This table provides an introduction to the basis set effects we’ll discuss in the next
chapter. Adding diffuse functions lowers the frequency by about 20(-30 cm’.
However, both sets of numbers are in reasonable agreement with the observed values,
with the better theoretical values producing quite good agreement. However, even

using the smaller basis set, we can successfully identify the carbonyl stretch.

The largest shifts in frequency occur for methyl acetate, where the hydrogens in
formaldehyde are replaced by a methyl group and a methoxy group, and most
strikingly in acetyl chloride, where the hydrogen atom is replaced by a chlorine atom
and a methyl group.

We'll compare these gas phase frequencies to those for these systems in solution in
Chapter 9.
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Here are the results for the peaks associated with a lone hydrogen on the carbonyl

group:
Carbonyl Hydrogen Peaks
Center Scaled
System Number | Frequency Peak #
Acetaldehyde 7 2802 12
Acrolein 8 2813 15
Formamide 4 2859 10

The normal modes associated with these frequencies are characterized by motion
limited to the hydrogen atom in question. The values of the frequencies are in
reasonable agreement with observations which place this peak in the range 2745-2710
cm’!, given our knowledge of basis set effects from the carbonyl stretch frequencies. B

Advanced Exercise 4.5: Strained Hydrocarbons

files: 4 05a
4 05b

.

Perform frequency calculations for each of these strained hydrocarbon compounds:

bicyclo[1.1.1]pentane (CsHy) prismane (C,H,)
cyclobutene (C4H,)

—/

. pentaprismane [CgH gl
bicyclo{2.2.0lhex-1(4}-ene (CsHg}  [1.1.1]propeliane [C5H,)

For the four smaller systems, determine how well the predicted frequencies compare
to the experimental IR spectral data given below. Identify the symmetry type for the
normal mode associated with each assigned peak,

System Prominent IR Peaks (cm ')
Cyclobutene 2955, 2916, 2933, 635
Bicyclo(2.2.0)hex-1(4)-ene 2933, 2966, 1226
Bicyclo[1.1.1]pentane 2976, 2973, 2878
[1.1.1]Propellane 611, 3020, 3079

86 Exploring Chemistry with Electronic Structure Methods




For prismane and pentaprismane, predict the dominant IR peaks.

Exercises

We've included several papers in the References section which perform theoretical
and experimental studies of the IR and Raman spectra for these compounds. These
compounds were among the earliest ab initio frequency studies of such systems. In
addition, in the case of propellane, theoretical predictions of its energy and structure

preceded its synthesis.

Solution Here are the results of the frequency jobs:

Frequency
System Calc. Scaled Exp. Symmetry | Intensity
Cyclobutene 3266 2906 2955 B, 90.3
3212 2859 2916 B, 67.2
3223 2868 2933 A 59.8
726 647 635 B, 439
Bicyclo(2.2.0)hex-1(4)-ene 3218 2864 2933 B,, 136.9
3224 2870 2933 B, 190.7
3275 2915 2966 By 171.1
1362 1212 1226 Byy 17.0
Bicyclo[1.1.1]pentane 3285 2923 2976 A" 150.3
3282 2921 2973 E 92.6
3223 2868 2878 E 90.4
[1.1.1]Propellane 625 558 611 A" 1920 |
3322 2956 3020 E 32.0
3406 3032 3079 E' 16.7

These results are in good agreement with the experimental values. Note that two
different normal modes produce the doubly degenerate E' frequencies, and the
intensity is the sum of the two.
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Here are the strongest predicted peaks for prismane and pentaprismane:

System Scaled Freq.| Intensity
Prismane 3022 56.8
802 55.8
3028 332
Pentaprismane 2935 1859
2934 176.0
745 9.3

Remember that intensities can be compared qualitatively, but should not be taken too
literally. When we examine the other frequencies for these compounds, we find that
most of the normal modes are not IR active (the intensity is 0). #l

' -T'o'Th'e- Teachér:_ Further Frequency Discussion

We've only scratched the surface of the frequency data for these compounds.
More detallcd treatments zmght mclude
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Advanced Exercise 4.6: A 1,3 Hydrogen Shift on the C;HsF Potential Energy Surface

files: 4_06a (min.)
4_06b (TS)

Solution

In this exercise, we continue our study of C3HsF potential energy surface begun in
Example 4.2. Another sort of transformation that cis 1-fluoropropene can undergo is
a 1,3 hydrogen shift, resulting in 3-fluoropropene (left):

H H

H C
\c/ \c.\\\"' H\c/ \c.-~
| A
H

H

Determine whether the structure on the right is the transition structure for this
reaction based on an optimization and frequency calculation on it. What evidence can
you provide for your conclusion?

The optimization of 3-fluoropropene leads to a minimum on the PES, indicated by
the fact that the frequency calculation results in no imaginary frequencies.

The transition state optimization (Op#=(T5,CalcFC)) of the structure on the right
converges in 12 steps. The UHF frequency calculation finds one imaginary frequency.
Here is the associated normal mode:

Frequencies -- -2290.8426

Atom AN X Y Z
1 6 0.03 -0.02 -0.02
2 1 -0.04 -0.08 -0.16
3 6 0.01 -0.06 0.05
4 6 0.04 0.04 -0.03
5 9 -0.01 0.0F1 -0.02
6 1 0.04 -0.03 0.05
7 1 0.10 0.10 0.00
8 -1 .22 -0.20 0.
9 1 .63 0.54 Q.

The majority of the motion in this mode involves the shifting hydrogen atom, so it
appears that this is the correct transition structure (this could be confirmed with an
IRC calculation, as we'll discuss in Chapter 8). The large magnitude of the frequency
(about -2291 unscaled) also indicates a substantial change in structure. Finally, the
predicted energy barrier of about 120 kcal/mol is of the right order of magnitude. @
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A General
Procedure for
Predicting
Total Energies

Introduction

Real research studies with Gaussian involve not only larger molecules than the ones
we've generally looked at so far, but also multiple calculations to thoroughly
investigate systems of interest. Here is an example procedure that might be used to
predict the total energy of a system:

+

Perform a low-level geometry optimization with a medium-sized basis set,
for example, a Hartree-Fock or B3LYP Density Functional Theory
calculation with the 6-31G(d) basis set. (For very large systems, a smaller
basis set might be necessary.)

Predict the zero point or thermal energy by running a frequency job at the
optimized geometry, using the same method and basis set. (Note that these
two steps may be run via a singte Gaussian job via the Opt Freq keyword.)

If it is computationally feasible, improve on the structure by using it as the
starting point for a more accurate optimization (using a larger basis set
and/or run at a higher level of theory).

Run a very high level single point energy calculation—for example, MP4 or
QCISD(T)—at the newly optimized structure, using a large basis set. Final
energies should be computed at the most accurate model chemistry that is
practical for the system in question. You may also choose to compute the
energy using a high-accuracy compound method (discussed in Chapter 7).

Once these steps are complete, the energy can then be computed as the sum of the
final single point energy and the zero point or thermal energy, as appropnate.

_LHis hypothétical $equence o1 10DS sndbuid give you a serse o1 fidw a rea Sudtay nomgint
proceed. We'll begin this part of the book by looking at each of the components of a
model chemistry in more detail.

Model Chemistries

In the first chapter, we described a model chemistry as an unbiased, uniquely defined,
and uniformly applicable theoretical model for predicting the properties of chemical
systems. A model chemistry generally consists of the combination of a theoretical
method with a basis set. Each such unique pairing of method with basis set represents
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a different approximation to the Schrodinger equation. Results for different systems
generally may only be compared when they have been predicted via the same model
chemistry. Different model chemistries may be compared and tested by comparing
their results on the same systems to one another and to the results of experiments.

The chart below lists various model chemistries definable via traditional ab initio
methods and standard basis sets:

Electron Correlation —»
HF MP2 MP3 MP4 QCISD(T) .. Full CI

Minimal
STO-3G

Split valence
3-21G

Polarized
6-31G{(d)

6-311G(d,p)

Diffuse
6-311+G(d,p)

High ang. momentum
6-311+G(2d,p)

6-311++G(3df,3pd)

HF Schrodinger
Limit Equation

Each cell in the chart defines a model chemistry. The columns correspond to different
theoretical methods and the rows to different basis sets. The level of correlation
increases as you move to the right across any row, with the Hartree-Fock method at
the extreme left (including no correlation), and the Full Configuration Interaction
method at the right (which fully accounts for electron correlation). In general,
computational cost and accuracy increase as you move to the right as well. The
relative costs of different model chemistries for various job types is discussed in
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Chapter 6 (page 122); the relative accuracies of various model chemistries is discussed
in Chapter 7 (page 146). See Appendix A for a discussion of the approximation
techniques used by the various methods.

The rows of the chart correspond to increasingly larger basis sets. The specific basis
sets cited there serve as examples, illustrating the additional types of functions added
as you move down any column. The bottom row of the chart represents a completely
flexible basis set, and the cells in it correspond to the basis set limit for each specified
theoretical method.

The cell in the lower right corner of the chart represents the exact solution of the
Schrodinger equation, the limit toward which all approximate methods strive. Full CI
using an infinitely flexible basis set is the exact solution.’

The first cell in the last row of the table represents the Hartree-Fock limit: the best
approximation that can be achieved without taking electron correlation into account.
Its location on the chart is rather far from the exact solution. Although in some cases,
quite good results can be achieved with Hartree-Fock theory alone, in many others, its
performance ranges from only fair to quite poor. We'll look at some these cases in
Chapters 5 and 6.

Choosing a model chemistry almost always involves a trade-off between accuracy and
computational cost. More accurate methods and larger basis sets make jobs run
longer. We'll provide some specific examples of these effects throughout the chaprers
in this part of the book.

Terminology

We will designate model chemistries using this naming convention (which we have
already used in earlier chapters without comment):

energy_method/energy_basis_set |/ geometry_method/geometry_basis_set

where the model to the left of the double slash is the one at which the energy is
computed, and the model to the right of the double slash is the one at which the
molecular geometry was optimized. For example, RHF/6-314+G{d,p)//RHF/6-31G(d)
means that the energy calculation was performed using Hartree-Fock theory and the
6-31+G{(d,p) basis set on a structure previously optimized with Hartree-Fock theory
and the 6-31G(d) basis set. Similarly, MP4/6-311+G(2d,p)//MP2/6-31G(d) specifies
an MP4 single point energy calculation using the 6-311+G(2d,p) basis set computed
at the MP2/6-31G(d} geometry.

' Non-relativistic, Born-Oppenheimer.
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Recommendations for Selecting Research Models
The following table summarizes some recommended research-level model
chemistries for predicting total energies for molecular systems of various sizes (the
details of the reasons behind these choices will unfold along with the chapters in this
part of the book), arranged in order of increasing computational cost:

Range of
MAD'/Max. Error Applicability

Model Chemistry on G2 Molecule Set [# heavy atoms] Relative Cost
AM1// AM1 19.7/176.3 many hundreds 1
B3LYP/6-31G(d) // AM1 11.7/54.2 hundreds 25
B3LYP/6-31G(d) // HF/3-21G(d) 8.0/54.2 o100 10
B3LYP/6-311+G(3df,2df,2p) // HF/6-31G(d)} ~32/~21.2 50-75  40-50
B3LYP/6-311+G(3df,2df 2p) // B3LYP/6-31G(d)  2.7/125 50 50-100
CBS-4 20/7.0 25 ~ 80-100
CBS-Q 1.0/3.8 N 0 7400'800*
CBS-APNO 0.5/1.5 s 55000

¥ Mean absolute deviation. t Larger, floppy molecules might need to be optimized with a smaller basis set.

The general strategy embodied by this table is to select the most accurate calculation
that is computationally practical for a given size system. Note that for the lower-cost
methods, you will also need to add diffuse functions and/or additional polarization
functions on the hydrogen atoms as appropriate for the systems you are studying.

All models include zero-point corrections via frequency calculations at the optimized
geometry and using the same method. The ranges of applicability are approximate
and represent what is “practical” as of this writing: we are assuming that the
combined calculations must take less than a week of CPU time on a high-end
workstation such as an IBM RS/6000 or DEC AlphaStation 600. Users with
significantly greater or fewer CPU resources will need to adjust the applicability
ranges and/or model chemistries accordingly.

The relative accuracies of various model chemistries are discussed in more detail in
Chapter 7 (page 146). Resource requirements for various models and calculation
types are discussed in Chapter 6 (page 122). Recommended models for NMR
calculations were discussed earlier in this work (pages 21 and 53).

Selecting Methods for Zero-Point Zero-point and thermal energy corrections are usually computed with the same
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model chemistry as the geometry optimization. However, you may also choose to
follow the common practice of always using the HF/6-31G(d) model chemistry for
predicting zero-point and thermal energies (see page 149). Of course, such frequency
calculations must follow a HF/6-31G(d) geometry optimization.
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In This Chapter:

Split Valence Basis Sets
Polarized Basis Sets
Diffuse Functions

Pseudopotentials

Basis Set Effects

A basis set is the mathematical description of the orbitals within a system {(which in
turn combine to approximate the total electronic wavefunction) used to perform the
theoretical calculation. Larger basis sets more accurately approximate the orbitals by
imposing fewer restrictions on the locations of the electrons in space. In the true
quantum mechanical picture, electrons have a finite probability of existing anywhere
in space; this limit corresponds to the infinite basis set expansion in the chart we
looked at previously.

Standard basis sets for electronic structure calculations use linear combinations of
gaussian functions to form the orbitals. Gaussian offers a wide range of pre-defined
basis sets, which may be classified by the number and types of basis functions that they
contain. Basis sets assign a group of basis functions to each atom within a molecule to
approximate its orbitals. These basis functions themselves are composed of a linear
combination of gaussian functions; such basis functions are referred to as contracted
functions, and the component gaussian functions are referred to as primitives. A basis
function consisting of a single gaussian function is termed uncontracted. These
concepts are illustrated in detail in Advanced Exercise 5.5.

Minimal Basis Sets

Minimal basis sets contain the minimum number of basis functions needed for each
atom, as in these examples:

H: 1s
C: 1s, 2s, 2py, 2py, 2p,

Minimal basis sets use fixed-size atomic-type orbitals. The STO-3G basis set is a
minimal basis set (although it is not the smallest possible basis set). It uses three
gaussian primitives per basis function, which accounts for the “3G” in its name.
“STO” stands for “Slater-type orbitals,” and the STO-3G basis set approximates Slater
orbitals with gaussian functions.

T Slater orbitals have been demonstrated to be more accurate than a similar number of gaussian functions for
molecular orbital computations, but they are not as mathematically convenient to use. This is why it s
preferable to gaussian functions even if larger numbers of functions are required.
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Chapter H; Basis Set Effects

Split Valence Basis Sets

c,8 o8-

The first way that a basis set can be made larger is to increase the number of basis
functions per atom. Split valence basis sets, such as 3-21G and 6-31G, have two (or
more) sizes of basis function for each valence orbital. For example, hydrogen and
carbon are represented as:

H: 1s, 1§’
C: 1s, 25, 25, 2p,, 2p,» 2p,, 2py, 2p,', 2p,’

where the primed and unprimed orbitals differ in size.

The double zeta basis sets, such as the Dunning-Huzinaga basis set (D95), form all
molecular orbitals from linear combinations of two sizes of functions for each atomic
orbital. Similarly, triple split valence basis sets, like 6-311G, use three sizes of
contracted functions for each orbital-type.

Polarized Basis Sets

R

Split valence basis sets allow orbitals to change size, but not to change shape.
Polarized basis sets remove this limitation by adding orbitals with angular
momentum beyond what is required for the ground state to the description of each
atom. For example, polarized basis sets add d functions to carbon atoms and f
functions to transition metals, and some of them add p functions to hydrogen atoms.

So far, the only polarized basis set we've used is 6-31G(d). Its name indicates that it is
the 6-31G basis set with d functions added to heavy atoms. This basis set is becoming
very common for calculations involving up to medium-sized systems. This basis set is
also known as 6-31G*. Another popular polarized basis set is 6-31G(d,p), also known
as 6-31G**, which adds p functions to hydrogen atoms in addition to the d functions
on heavy atoms.

+ i i . )
For details on basis set nomenclature, consult the Gaussian 94 User’s Reference.
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Diffuse Functions
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Diffuse Functions

To The Teacher: Basis Set Details

The ‘concept of polarization is often a difficult one to introduce. Students
will typically ask, “Why do you need to include d function on a first row
atom like carbon?” A good analogy for explaining this is the hybnd:zatxon of
‘orbitals discussed in. Valence Bond Theory. For example, sp> orbitals are
formed on carbon by mmng ﬁﬂed 23 orbltals and partlally-ﬁlled 2p orbitals.
: 3d orbltais as well S:rmiaﬂy, d:ffuse ﬁmcnons (d:scussed in the next section
of thns chapter) can be thought ofas tixc :mxmg in of 3s orbitals.

d polanzatmn functmns can consmt of the 6 Cartcsmn types, which have

' :thcmselves.

*'Cartesmﬂ dxz, d,z, d 3 d d d

xz’ ‘
Pure: dzz_rz,d 2_,’,2,(1 & de : -

XY’ xzy
-Each polanzcd basxs set mcludm wh:ch type is used as part of its deﬁmtxon
(this is illustrated in Advanced Exerase 5.5). You may want to discuss the
differences between the two. You can specify the use of one or the other type

explicitly by mc!udmg the 50 or 6D keyword in the route section (the

,_keywordsﬁ and iOF simila apply to all hlgh:r angular momemum basis

Diffuse functions are large-size versions of s- and p-type functions (as opposed to the
standard valence-size functions). They allow orbitals to occupy a larger region of
space. Basis sets with diffuse functions are important for systems where electrons are
relatively far from the nucleus: molecules with lone pairs, anions and other systems
with significant negative charge, systems in their excited states, systems with fow
ionization potentials, descriptions of absolute acidities, and so on.

The 6-31+G(d) basis set is the 6-31G(d) basis set with diffuse functions added to
heavy atoms. The double plus version, 6-31++G(d), adds diffuse functions to the
hydrogen atoms as well. Diffuse functions on hydrogen atoms seldom make a
significant difference in accuracy.
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