
Chemistry 4681 Module:

Electronic Structure of Small Molecules
Last Revised: 20 August 2002

Instructor

Instructor: Professor David Sherrill
Email: sherrill@chemistry.gatech.edu
Phone: 404-894-4037
Office: Boggs 3-71

Requirements and Grading Scheme

Students are required to perform both projects described and to prepare a written lab report
according to the instructions provided. The course CHEM 4681 may have additional requirements
that go beyond my requirements.

Required Reading

1. Handout on Background Information

2. G. Herzberg, Molecular Spectra and Molecular Structure. III. Electronic Spectra and Elec-

tronic Structure of Polyatomic Molecules, Reprint ed. (Krieger, Malabar, FL, 1991). Pages
316-321 (Walsh diagrams).

Suggested Reading

Will be provided to those doing this module.

1. I. N. Levine, Quantum Chemistry, 4th ed. (Prentice Hall, Englewood Cliffs, NJ, 1991).
Pages 342-350 (diatomic molecules), 402-406 (Hartree-Fock method), 455-475 (polyatomic
molecules), and 498-506 (geometries and Walsh diagrams).
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Supplemental Reading

These are available upon request.

1. F. Jensen, Introduction to Computational Chemistry (Wiley, New York, 1999). Pages 1-5
(introduction to computational chemistry), 53-72 (electronic structure and Hartree-Fock),
and 150-176 (basis sets).

2. M. Head-Gordon, J. Phys. Chem. 100, 13213-13225 (1996). Review article giving an
overview of the current state of the art in quantum chemistry as of 1996.

1 Brief Lab Overview

This lab will give you some hands-on experience with electronic structure theory as applied to
small molecules in the gas phase. We will run computations on PC’s using a graphical front-end
to the Q-Chem quantum chemistry program package [1]. You will choose a small molecule and
use the computer program to obtain the equilibrium geometry, harmonic vibrational frequency,
dipole moment, thermodynamic properties, etc. Then, you will choose another small molecule
and obtain a Walsh diagram by obtaining the orbital energies at different geometries. The Walsh
diagram will allow you to make simple predictions about the geometries of the ground and excited
electronic states of your molecule. One component of the lab will be the investigation of how your
predictions change when you use different levels of theory.

This lab module assumes you have already studied quantum chemistry at the undergraduate
level. It aims more for a “working knowledge” of quantum chemistry, rather than a detailed
mathematical understanding of the underlying theories. However, it is probably not possible
to gain this working knowledge without at least some type of understanding of the quantum
mechanical foundations. The background handout will hopefully teach you the fundamentals, and
the suggested reading can provide additional information and fill in any blanks.

The real point of this lab isn’t to have you run calculations, but to have you start to learn
how to learn calculations for the purpose of making real predictions. Although you will make some
comparisons to experiment, the real goal is to get you to think about how you would interpret
your results if you didn’t have any experimental data available. This lab has been made shorter
on purpose to allow you time to do the required reading and to write a good lab report.
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2 Literature Review

Before beginning Project 1 (below), go to the library and try to find as much experimental data as
you can for the molecular properties you’ll be computing for the molecule of your choice. Note that
the calculations will yield absolute enthalpiesHo(298K), which you probably will not be able to find
(you’ll find ∆Ho

f (298K), which depends on the standard chosen for the formation reaction). Hence,
don’t bother trying to compare to experimental enthalpies or Gibbs free energies of formation,
since that isn’t what’s computed. Please make photocopies of the relevant experimental data and
bring it to Prof. Sherrill for approval before launching into the calculations. This will probably
take the whole first lab period.

3 Project 1: Molecular Properties and Comparison of

Theoretical Methods

Select any small molecule of your choice, as long as it satisfies the following criteria:

• At least two atoms, and not H2

• No more than 6 non-hydrogen atoms, plus any number of hydrogens

• Work with the ground electronic state, which must be closed-shell (i.e., no radicals, except
by special permission)

Use three different correlation methods:

• Hartree-Fock

• Density Functional Theory (DFT): use whichever flavor of DFT you prefer. Examples: S-
VWN (Slater exchange plus VWN correlation, often called LSDA), BLYP (Becke exchange
plus LYP correlation), B3LYP, B3PW91, EDF1.

• MP2

For each of these three correlation methods, HF, DFT, MP2, use any two basis sets of your
choice. This will give you a total of six different levels of theory. For each level of theory, optimize
the molecule to obtain the equilibrium geometry, and at that geometry, obtain the following
equilibrium molecular properties:
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• Geometry (in angstroms and degrees)

• Energy (in hartrees)

• Harmonic vibrational frequencies (in cm−1) and infrared intensities (in km mol−1)

• Dipole moment (in Debye)

• Ho(298 K) (in kcal mol−1)

• So(298 K) (in cal mol−1 K−1)

• Go(298 K) (in kcal mol−1)

Results: Prepare a table listing your molecular properties at each level of theory and any
available experimental results.

Questions for Discussion (VERY IMPORTANT):

1. For this question, completely ignore any experimental results you may have obtained. This
will simulate your doing computations on systems where the experimental data isn’t available
(which is often the situation when you’re doing computations!) Compare the theoretical
results to each other. Do they appear to be converging with improved basis set and treatment
of correlation, or is there a lot of scatter in the data? Would additional computations be
required to obtain reliable predictions? If so, what computations would you recommend?
Based on your analysis (and NOT by comparing to experiment!), give a set of “best”
theoretical predictions and estimate the uncertainties.

2. Compare the theoretical data, including your “best estimates” with the experimental data.
Note any significant disagreements and explain them if possible.

4 Project 2: Constructing Walsh Diagrams for a Small

Polyatomic Molecule

Depict an ab initio Walsh diagram with respect to the specified geometrical parameter for an
assigned molecule using the Hartree-Fock 6-31G** level of theory. Include only the valence orbitals:
you may omit core orbitals. One molecule will be assigned per individual.

One of the following
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1. H2S (
1A1) with respect to the bond angle

2. CH2 (
1A1) with respect to the bond angle

3. SO2 (
1A1) with respect to the bond angle

4. CO2 (
1Σ+

g ) with respect to the bond angle

5. CS2 (
1Σ+

g ) with respect to the bond angle

6. HCN (1Σ+) with respect to the bond angle

7. NNO (1Σ+) with respect to the bond angle

8. OCS (1Σ+) with respect to the bond angle

9. C2H2 (
1Σ+

g ) with respect to the cis and trans bends

10. Si2H2 (
1Σ+

g ) with respect to the cis and trans bends

11. HNNH (1Σ+
g ) with respect to the cis and trans bends

12. H2O2 (
1A) with respect to the torsional angle

13. H2S2 (
1A) with respect to the torsional angle

14. NH3 (
1A) with respect to the bond angle

15. BH3 (
1Ag) with respect to the bond angle

16. H2CO (
1A1) with respect to the out-of-plane angle

17. H2CS (
1A1) with respect to the out-of-plane angle

To prepare the Walsh diagram, first you will need to optimize the geometry at the given (6-
31G** HF) level of theory. Then, you will need to perform single-point energies at a series of
geometries (10o increments are suggested) displaced from the equilibrium geometry. Bond lengths
should be fixed at their equilibrium values; only the given parameter (usually an angle) should be
allowed to change from its equilibrium value. At each geometry, perform the 6-31G** HF single-
point computation and tabulate the orbital energies of all the valence orbitals (both occupied and
unoccupied). If in doubt, tabulate more orbitals than you need, and cut them out later. This will
keep you from having to re-run anything. You might be able to cut and paste the relevant orbital
energies into a file to avoid having to write them all down. For at least one geometry point, you
will need to record the orbital energies for all occupied orbitals, along with the total Hartree-Fock
energy, to answer one of the questions in the discussion.
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Orbitals should be labeled with their appropriate symmetry designations (e.g., 5a1) in the
diagram; refer to the Q-Chem output or the Walsh diagrams in Herzberg. Note that for some
molecules the Q-Chem program may choose a different axis convention than Herzberg, making
some irrep labels swap. For example, for a C2v molecule, what Q-Chem calls the 1b1 orbital might
be called 1b2 in Herzberg, depending on whether the molecule lies in the xz or yz plane. In such
cases, Herzberg’s choice is usually more acceptable.

Questions for Discussion:

1. Is the Walsh diagram consistent with the theoretically determined equilibrium geometry of
the given state?

2. Consider a different electronic state obtained by moving an electron from the highest-
occupied MO (HOMO) to the lowest-unoccupied MO (LUMO). Without doing any more
computations, what would you predict for the geometry of this electronic state based on the
Walsh diagram?

3. An implicit assumption of Walsh diagrams is that the total energy is the sum of the “orbital
binding energies.” Is the total electronic energy from Hartree-Fock equal to the sum of the
occupied orbital energies?

5 Lab Report

Use the usual format: introduction, (theoretical) methods, results, discussion, conclusions. You
may also include an abstract if you wish. Be sure to give proper citations to the literature,
especially for any experimental data you include. If in doubt, try to make your report look like a
journal article presenting ab initio results (you can find plenty of examples in Journal of Chemical
Physics or Journal of Physical Chemistry or Theoretical Chemistry Accounts).

Your theoretical methods section does not need to explain any of the theoretical methods used,
but you need to specify precisely what levels of theory were employed. So, if you used 6-31G*
B3LYP for your DFT computations, list it as such, not as “DFT.” Give just enough detail so that
anyone else could obtain exactly the same results you did. Above all, make sure you do not just
say that you used the Q-Chem package. Q-Chem can do lots of different types of calculations! It
is also common practice (at least among some groups) to list how many total basis functions were
required for each molecule for each basis set, so that future workers (perhaps not an issue in this
case) can make sure that they have exactly the same basis set you had. Finally, please do NOT
use the Q-Chem “descriptions” of the basis sets. That is, if you used STO-3G, please say so, and
not “minimal.”
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Your results section should present a table or tables of the requested molecular properties at
each level of theory, plus a (properly labeled) Walsh diagram of your other molecule. Please do not
include extraneous information, and I certainly do not want to see any raw printouts! Remember,
you are going for the look of a journal article, not a notebook.

Your discussion section should include answers to the questions above, plus whatever other
discussion you feel is appropriate.

6 Using Q-Chem for Windows and Hyperchem

In this lab we will use an ab initio program package called Q-Chem for Windows. The graphical
front-end, which handles the drawing of molecules and plotting of graphical results, is HyperChem
Pro. To start the program, go to the Start menu on the Windows taskbar and select Programs,
then Hyper51, and finally Hyperchem Pro 5.1.

Once you draw your molecule in HyperChem, it will be necessary to set up the ab initio

calculation by specifying the basis set and type of calculation (i.e., treatment of correlation).
Once this is done, you can perform the actual computations by telling HyperChem to launch a
Q-Chem single-point, optimization, or frequency computation. The Q-Chem part will run in a
new window and is text-only. You can cut and paste the relevant parts of your computations into
your own file using Windows word pad or another appropriate text editing program; alternatively,
you may also save the entire Q-Chem output file if you wish. In either event, please save your
files to a floppy or a Zip disc — DO NOT clutter the hard drive with your files! Personal files
are subject to deletion without notice!

HyperChem is fairly straightforward to use, and so is Q-Chem, if you have an idea of what you
are trying to do. The biggest danger is that you may not have the calculation set up exactly right
before you begin. If you get crazy answers, this is a sign that something is not set up properly.
However, there is always a chance that you might have found a bug in the program...

6.1 Drawing a Molecule

Drawing in HyperChem is somewhat similar to drawing in ChemDraw. Feel free to experiment
with this part, it is easy to start over or to delete wrong atoms or groups. The very first thing
you need to do is to select what type of atom you want to draw first. To change the current atom
type, go to the Build menu and select Default element. A little periodic table will appear.
Double-click on the atom you wish to draw. Now you may place the atom by clicking on the
drawing tool, which is the left-most icon in the toolbar and looks like a circle with a crosshairs
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type design in it. Once this tool is selected, if you click a point on the screen, it will create an atom
of the currently selected atom type. To draw a bond to another atom of the same type, you can
drag the mouse from the current atom to the new atom. If you need a bond to a different type of
atom, first change the default atom type, and then click your previous atom and drag to the new
atom to make a bond. To make a double bond, click on the single bond and it will change into
a double bond. Click the bond again to make it a triple bond if you need to. One problem you
may encounter is that the program sometimes thinks you need to have an H atom, even if you’ve
selected a different atom type! If your bond is half white, this may be a sign that you’ve actually
drawn an H atom instead of whatever atom you picked. To tell HyperChem to stop trying to be
too smart about H atoms, go to the Build menu and click Explicit Hydrogens until no check
mark appears by it.

After you’ve drawn your first three atoms or so, you may need to rotate the molecule to put
the next atom in the correct 3D position. There are rotation tools in the toolbar which will allow
you to rotate your molecule however you need it. The third and fourth icons in the toolbar rotate
out of plane and in plane, respectively.

You will also find the selection tool to be useful; it is a circle with another circle inside of it.
Once you click this tool, any atom or bond you click will turn green to indicate it is selected. If
you select an atom, it will give you the atom type (useful for double-checking that you input it
right), if you click a bond it will give you the bond length, and if you click an angle it will give
you the bond angle. At this stage, it doesn’t matter if you have unreasonable geometries when
drawing your molecule; this can be cleaned up later by the Model Build option. If you have any
extraneous atoms/groups, select them and hit the delete key to remove them.

Once your molecule is drawn, HyperChem will clean it up a bit and make intelligent guesses
for bond lengths, angles, etc, if you go to the Build menu and select Model Build. This is highly
recommended before optimization; otherwise, your guess geometry might be too far off (there is
no clear sense of scale in the drawing). Be careful not to select this option if you have changed the
geometry for any reason (optimization, or changing the angle for a Walsh diagram), because doing
so will reset the geometry to HyperChem’s guess. You may find that HyperChem is confused by
your molecule (example: C2) and wants to add H atoms during the model build. If so, let it add
the hydrogens, and then delete them after model building.

For the single-point calculations in the Walsh diagram, you will need to scan across different
values for an angle. To input your own value for an internal coordinate in HyperChem, select that
bond or angle or torsion angle using the selection tool (making sure the relevant atoms and bonds
are green), and go to the Edit menu and pick Set Bond Length or Set Bond Angle or Set Bond

Torsion as appropriate. Then type in the value for that coordinate when prompted.

This should give you enough information to set up the molecule with the appropriate geometry
for your computation. You might want to play with the drawing features for a while before
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launching into the ab initio computations to make sure you understand how they work.

6.2 Setting up a Level of Theory

Once you have drawn your molecule with the geometry you want, you need to set up the type
of computation (or “level of theory”) for the Q-Chem module. First make sure that the title
HyperChem Menus appears to the left of Help in the menu bar. If you see QChem Menus, then
click it so that the title changes to HyperChem Menus. This will give you access to the Q-Chem
menus in the menu bar. Now go to the Setup menu and select Choose Basis Set. Click the
button next to the basis set of your choice, or click Other to get additional choices. Then you
need to select Apply Basis Set to place your basis set on all the atoms in your molecule. When
you apply the basis, make sure either no atoms or all atoms are selected. Otherwise, the basis
will only be applied to the selected atoms. You should not change anything under Options or
Advanced Options.

Once the basis is applied, select Q-Chem Exchange and Correlation under the Setup menu
to set up the correlation treatment. For Hartree-Fock and MP2 computations, Exchange should
be set to Hartree-Fock. For DFT computations, you may select whichever Exchange setting
you like, except for Hartree-Fock exchange, which doesn’t really make sense for DFT. The value
of the Correlation selection should be No correlation for your Hartree-Fock computations
(since HF doesn’t include correlation by definition). For MP2, select MP2, and for DFT select
whichever correlation option you like, except for No correlation, MP2, or CIS(D). Note that
for DFT methods, certain choices for Exchange will override the choice of Correlation. If you
pick B3LYP or B3PW91, this automatically selects your correlation treatment for you (LYP or
PW91, respectively). Additionally, if you choose EDF1 exchange, you ought to select LYP(EDF1)
correlation.

6.3 Optimizing a Geometry

Once you have drawn your molecule, obtained a reasonable guess geometry using the Model Build

option, and specified the level of theory, you can tell Q-Chem to find the equilibrium geometry at
that level of theory by going to the Computemenu and specifying QChem Geometry Optimization.
Q-Chem will run in a separate window and produce quite a lot of output. Finding the optimum
geometry is an iterative process, requiring an energy and gradient computation at a series of
geometries. If your initial guess for the geometry is poor or if there is some other problem, the
geometry optimization may not converge! Look carefully towards the end of your output to see if
Q-Chem says it has converged or not. Once you have converged on the optimum geometry (and
perhaps even before then?), the picture of your molecule in HyperChem will be updated with
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the new geometry. The total energy, orbital energies, and other properties for the equilibrium
geometry may be found in the output towards the end, in the final geometry cycle. A common
mistake is to take data from previous geometry points before the geometry has been converged.
Only the final geometry point corresponds to the optimized geometry.

6.4 Single-Point Energies

If your molecule has the desired geometry and a level of theory has been set up, you may perform
a single-point calculation by selecting QChem Single Point under the Compute menu. Q-Chem
will keep the geometry fixed where it is and simply obtain the energy (and orbital energies) and a
few other molecular properties. The Hartree-Fock (or DFT) total electronic energy and the orbital
energies will be printed out in the scfman section of the output. MP2 energies are printed later
in the output if MP2 is specified; they are labeled “MP2 total energy.”

6.5 Obtaining Vibrational Frequencies and Thermodynamic Proper-
ties

To obtain harmonic vibrational frequencies and thermodynamic properties, make sure you have
the correct equilibrium geometry for the given level of theory and that the level of theory has been
specified. Then simply select QChem Vibrations under the Compute menu. Q-Chem will run in
a separate window and will perform a second derivative calculation (either an analytic second
derivative for Hartree-Fock, or a numerical second derivative by differentiating first derivatives for
DFT and MP2). This will provide all the information needed for harmonic vibrational frequencies
and thermodynamic properties, which will be printed out towards the end of the output. As a
check, for an analytic second derivative computation, your total energy should be exactly the
same as at the end of the optimization. For a numerical second derivative calculation, a series of
gradients will be evaluated, and the energy at each point should be within 0.001 hartree of the
equilibrium total energy found at the end of optimization. If not, you have the wrong geometry
or the program is finding the wrong solution.
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