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ABSTRACT: The increasing importance of computational chemistry in s Py
modern chemistry provides an impetus to increase the incorporation of 01\& < Tiomo oo
computational exercises in the undergraduate chemistry curriculum. zagﬁgé

Herein, a computational chemistry exercise that can be used in a physical § .10 @& o

chemistry course is described. In this exercise, students build a series of 3 | M ——a—a
AH, molecules in the computational chemistry software Spartan and E 2“?_.\,*.‘.‘.‘_.—._.—”:
construct Walsh diagrams for the molecules from calculations of the 2 (&) a0
molecular orbital energies as a function of bond angle. The Walsh © o
diagrams are then used to predict the bond angle of the ground state of 07 oy

each molecule. The exercise focuses on creating a connection between .;.‘_,___.’_.——o——v—f—k——’—'

molecular orbital theory and molecular structure and investigating the -40- , | : \ ,

effects of using different methods and basis sets on the molecular orbital 100 120 140 160 180

q q q . . . Bond Angle (Degrees)
energies. This exercise provides a means for students to visualize and

explore the molecular orbitals of small molecules.
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he growing importance of computational chemistry in

modern research has led to a corresponding need to
include computational experiences in the undergraduate
curriculum, focusing on activities or laboratories primarily for
upper-division courses.''* This article describes an exercise
using three computational methods, namely, Hartree—Fock
(HF), density functional theory (DFT), Mpller—Plesset
(MP2), and multiple basis sets to generate Walsh diagrams
for a set of triatomic AH, molecules for a computational
exercise for an upper-division physical chemistry course.
Students learn how to construct and optimize simple molecules
in Spartan (Wavefunction, Inc.), a commonly available software

occupied electronic orbitals to investigate the structure of a
variety of small polyatomic molecules.'>™*¢

MO theory provides a description of delocalized orbitals that
span the molecule. In their basic formulation, the MOs of a
molecule are formed by linear combinations of atomic orbitals,
and the labels of the MOs are based on their symmetry. The
MOs of a bent AH, molecule are constructed as outlined in
Table 1."7 Although this paper presents results for second row

Table 1. Construction of Molecular Orbitals of AH,-Type
Molecules from Linear Combinations of Atomic Orbitals

Bent Geometry Linear Geometry

package. After calculating orbital energies at different bond Molecular Linear Molecular Linear
angles, students construct Walsh diagrams to determine the Orbital Combination Orbital Combination
ideal bond angle of the molecule. Visualizations of the 2a, nsy + sy + sy 20, nsy + Lsy + sy
calculated molecular orbitals help students to bridge the 1b, np.a + lsyg — sy lo, npa + lsy — lsy
conceptual gap between calculations in the lab and the 3a, npza + lsy + lsy 1z, npoa + sy + Isy
molecular orbital (MO) theory that they learn in class. 1b, nPya Lz, nPya

In 1953, Arthur Walsh proposed a means of using electronic

orbitals to predict the shapes of polyatomic molecules of the hydrides (n = 2), it would be possible to do the exercise with

type AH,. Walsh focused on binding energy (the energy
required to remove an electron from the highest occupied
orbital) as the primary determiner of molecular structure.'' His
argument assumes that the sum of the total one-electron orbital
energies equals the total energy. Although this is not strictly
true, the sum of the orbital energies is correlated with the total
energy.'” Modern approaches focus on the total energy of the
© XXXX American Chemical Society and
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third row hydrides (n = 3). As shown in Figure 1b, as the bond
angle is increased from 90° to 180°, the 2a, orbital changes into
the 20, the 1b, changes into the 16, and finally the 3a, and 1b,
change into the 1s, orbitals. A plot showing the orbital energies
as a function of the bond angle is called a Walsh diagram, as
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Figure 1. (a) Walsh diagram calculated using the Hartree—Fock
method with 6-31G* basis set in Spartan, showing the orbital energies
of OH,. (b) Orbital representations of bent (left) and linear (right)
orbitals, including symmetry designations. Isovalues represent 90%

probability.

seen in Figure 1a for water. These diagrams are powerful visual
tools for determining the qualitative bond angles of AH,
molecules in the ground and excited states.

B LEARNING GOALS

The calculation of Walsh diagrams as an exercise in physical
chemistry can accomplish several important learning goals. As
described in the example exercise in the Supporting
Information, we expect that, after finishing this exercise,
students will be able to do the following:

e Calculate the equilibrium geometry of a molecule.

o Calculate the orbital energies of a molecule.

o Identify the symmetry designation of an orbital of a
triatomic molecule.

e Construct a Walsh diagram for a triatomic molecule.

e Use a Walsh diagram to predict the bond angle of a
triatomic molecule in its ground state.

o Compare the speed, qualitative, and quantitative results
from three different computational methods.

Before entering a physical chemistry course, many students
learn in general chemistry the importance of MO theory for
determining characteristics such as bond order or ?ara—
magnetism or diamagnetism in diatomic molecules. 821
Through the exercise presented here, these students will see
for themselves that MO theory can also be used to make

testable predictions about other molecular properties. The
exercise can be presented to students as a laboratory
experiment in computational chemistry or as an out-of-class
assignment.

B CALCULATING WALSH DIAGRAMS

Models of AH, (A = Be, B, C, N, and O) are built in Spartan’10
molecular modeling software (Wavefunction, Inc. version
1.1.0). The optimized geometry for each molecule is found
for each computational method using the 6-31G* basis set.
Then, the bond angle is varied from 90° to 180° in 10° steps.
For the DFT calculations, the bond lengths are allowed to vary
at each angle,12 whereas for the HF and MP2 calculations, the
bond lengths are fixed at the value found for the optimized
geometry of the molecule. At each step, the energies of the
lowest energy valence orbital through the LUMO are computed
and recorded. Additional details of the computational process
for Spartan and full student instructions are available in the
Supporting Information. For BeH, and H,0, the spin
multiplicity is singlet, whereas for BH, and NH, it is doublet.
For CH,, both singlet and triplet spin multiplicities are used in
the calculations.

Spartan and Gaussian Results

A comparison of Gaussian®> and Spartan calculation results
shows that the orbital energies calculated by the two programs
are quite similar, with average and maximum absolute percent
differences of 0.02% and 1.44%, respectively. This close
agreement indicates that either program can be used to carry
out the exercises described here. (Other software, such as
GAMESS™ could also be used, although we did not compare
its results against Gaussian or Spartan.) As a representative
example, Figure la shows the orbital energies calculated by
Spartan for OH,. Figure 1b shows the calculated orbitals (90%
probability) for the 90°and 180° bond angles, with the
corresponding symmetry designations. In general, the orbital
energies calculated by Spartan qualitatively agree with the
results of Walsh. Specifically, the energies of the LUMO (4a,),
HOMO (1b,), and HOMO-3 (2a;) are essentially independent
of bond angle. The energy of the HOMO-1 (3a,) increases as
the bond angle goes from 90° to 180°, whereas the energy of
the HOMO-2 (1b;) decreases. Contrary to the results of
Walsh, the HOMO-1 is not lower in energy than the HOMO-2
at 90°. As seen in Figure la, the energy of the HOMO-4 core
(localized) orbital is significantly lower than the valence
orbitals. Thus, the core orbitals are left out of the Walsh
diagrams and bond angle calculations. Similar results are
obtained for all of the other molecules tested in this work, as
shown in Figures $2—S7 and S10—S1S (Supporting Informa-
tion).

Physical Interpretation of the Walsh Diagram

The orbital correlation diagram in Figure 1b can help students
understand how the MOs of a molecule influence molecular
properties, starting with the variation of the orbital energy as a
function of bond angle. For the HOMO (1b,), which
corresponds to a & orbital in the linear geometry, bending
the molecule does not change the overlap between the 1Is
orbitals on the H atoms and the p orbital on the central atom.
Thus, this orbital does not significantly change its energy as the
molecule moves from a linear to a bent geometry. In contrast,
for the HOMO-1 (3a,), which also corresponds to a 7 orbital in
the linear geometry, bending the molecule causes the 1s orbitals
on the H atoms to overlap preferentially with one lobe of the p,
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Table 2. Bond Angles of AH,-Type Molecules Predicted from the Computational Optimum Geometry and from the Walsh

Diagrams Using Spartan with the 6-31G* Basis Set

Predicted Bond Angles of Molecules, °

Method

BeH,

Hartree—Fock (HF) Calculated 180
Walsh Diagram 180

Density Functional Theory (DFT) Calculated 180
Walsh Diagram 180

Moller—Plesset (MP2) Calculated 180
Walsh Diagram 180

BH, Singlet CH, Triplet CH, NH, OH,
126.6 103.1 130.7 104.5 10S.5
130 90 120 90 90
1279 100.3 133.1 104.5 103.7
150 90 140 90 90
127.6 102.1 131.5 103.3 103.9
130 90 120 90 90

orbital on the central atom. For the 3a, orbital, this causes an
increase in favorable overlap because the 1s orbitals and the
lobe of the p, orbital have the same phase. This, in turn, lowers
the energy of the orbital, so the energy of the 3a; orbital
decreases as the bond angle gets smaller. The 1b; orbital, with
its contribution from the p,, orbital, will have maximum
overlap (and thus lowest energy) with the 1s;; orbitals at 180°,
so the energy of the 1b, orbital will increase as the bond angle
gets smaller. For the 2a, changing the bond angle does not
significantly change the orbital overlap because of the minimal
contribution from the oxygen p,; consequently, its energy does
not significantly change with bond angle. Thus, using basic
orbital overlap arguments, the qualitative trends of orbital
energies in Walsh diagrams can be explained.

Comparison of HF, MP2, and DFT Results

The Walsh diagrams of the AH, series of molecules were
calculated using three methods: HF, MP2, and DFT. Table 2
lists the optimum bond angle predicted by each computational
method (Calcd) and the angle predicted by the Walsh diagrams
(Walsh) calculated using Spartan.

For BeH,, all of the methods correctly predict a bond angle
of 180°. For BH,, the Walsh diagrams for HF and MP2 predict
a bond angle of 130° in excellent agreement with the
computational prediction near 127°, whereas DFT predicts
an angle of 150°, which is only qualitatively in agreement. For
triplet CH,, DFT again overestimates the bond angle whereas
HF and MP2 underestimate it, although both are within 10° of
the calculated value of 131°. For the rest of the molecules, the
Walsh diagrams predict a bond angle of 90°, which is 10—15°
smaller than the computational prediction in each case. Still, the
Walsh diagrams make at least a qualitatively correct prediction
that, for these molecules, the most favorable geometry is a bond
angle significantly less than 180°.

B EXERCISE

Walsh diagrams are presented in many physical chemistry
textbooks.”*"*® The use of computational software allows
students to produce their own Walsh diagrams and explore the
relationships between orbital energies and bond angles and
between methods and basis sets. Because each Walsh diagram is
constructed using a particular method/basis set combination,
students can explore the effects of choosing either different
methods or different basis sets.

Ab initio calculations can be presented to physical chemistry
students as approximations to the Schrodinger equation. The
method provides a description of the Hamiltonian, and the
basis set approximates the wave function. Conceptually, HF is a
fairly straightforward method of self-consistently creating one-
electron wave functions in a mean field created by the many-
electron Coulomb potential. MP2 is a postself-consistent-field

method that builds on the HF methodology while including a
better description of electron correlation. DFT takes a distinctly
different approach by equating a minimum-energy electron
density to the solution of the Schrédinger equation. By doing
the same Walsh diagram calculations with these three different
methods, students can directly compare their results for these
systems. Similarly, the exercise can involve the use of multiple
basis sets for a given method. In that instance, students can
compare the effects on the calculations’ speed and accuracy
when using a minimal basis set, a routine basis set (with
polarizability), and a large basis set (with both diffuse functions
and polarizability).

As previously described, students build the full set of AH,
molecules (A = B, Be, C, N, O). Students perform a geometry
optimization on each molecule in order to determine the
optimized bond length and the optimized bond angle predicted
by a particular method and basis set. Holding the bond length
fixed at the optimized distance, students calculate the molecular
orbitals of each molecule at H-A—H bond angles of 90°—180°
in 10° increments. The energies of the occupied and
unoccupied (virtual) orbitals can be found in the output file
and then plotted against the bond angle (optionally, the
energies, generally reported in hartrees, could be converted to a
unit more familiar to the students, such as joules). To show
their results, students create plots of molecular orbital energy
versus bond angle for each molecule. For molecules in a
doublet or triplet state, the o and f orbital energies should be
plotted together. Next, the sum of the energies of the occupied
orbitals are plotted against the bond angle. The minimum of
the summed orbital energies determines the predicted bond
angle of the structure in its ground state.

B CONCLUSIONS

In this article, we present an exercise that helps students
explore molecular orbital theory and computational chemistry
at the upper level of the chemistry curriculum. This laboratory
can be completed using commercially available software on
personal computers, and it meets several learning goals.
Constructing Walsh diagrams from molecular orbital calcu-
lations helps bridge the conceptual gap between MO theory
and molecular structure. The ability to visualize orbitals of small
molecules also improves students’ intuitive understanding of
molecular orbitals. Moreover, physical chemistry students
explore different computational methods by comparing HF,
MP2, and DFT results.
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