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ABSTRACT: At an advanced stage of learning quantum chemistry,
undergraduate students usually encounter simple Hückel-molecular-
orbital (HMO) theory, whose primitive approach gives very useful
insight into the electronic structure of π-conjugated molecules. However,
on one hand, computational HMO software, when programmed without
using molecular symmetry, does not necessarily output chemically rea-
sonable shapes of degenerate molecular-orbitals in benzene. On the
other hand, separately inputting the molecular symmetry into the HMO
calculation is mathematically redundant (i.e., duplicate information
input). To solve this problem, in this study, a Microsoft Excel macro for
obtaining reasonable HMOs of highly symmetric molecules such as
benzene was developed. Furthermore, two other Excel macros for readily
drawing quantitative contour plots of HMOs were created as student-
friendly tools. The practical training in simple HMO theory proposed in the present report using these three macros will be very
useful for undergraduate teaching of quantum chemistry in terms of clearly showing the theoretical concept.

KEYWORDS: Second-Year Undergraduate, Physical Chemistry, Computer-Based Learning, Computational Chemistry, MO Theory,
Quantum Chemistry, Theoretical Chemistry

■ INTRODUCTION

At an advanced stage of learning quantum chemistry, under-
graduate students usually encounter simple Hückel-molecular-
orbital (HMO) theory, whose primitive approach gives very
useful insight into the electronic structure of π-conjugated
molecules.1 The continuing value of HMO theory was even
recognized in a recent Nobel lecture.2 Moreover, very recently,
an educational tool for learning HMO theory was published in
this Journal.3

However, two important pedagogical problems concerning
HMO theory must be solved. First, computational HMO soft-
ware, when programmed without using molecular symmetry,
does not necessarily output chemically reasonable atomic-orbital
(AO) coefficients of degenerate molecular orbitals (MOs) in
benzene. That is, the output often does not correspond to the
shapes of degenerate MOs for benzene depicted in text-
books1,4−6 (i.e., ϕ2−ϕ5 in Figure 1, and the MO shapes given in
Figure 1 are hereafter called “chemically reasonable” ones in this
article). In fact, at an early stage of software development, the
HMO program was limited to calculations for molecules having

nondegenerate MOs (e.g., only ϕ1 and ϕ6 in the case of
benzene).7 In an HMO calculation for benzene using the
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Figure 1. MO energies and their shapes in benzene.1,4−6
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mathematical symbolic computation program Mathematica, to
obtain reasonable AO coefficients, two calculated degenerate
MOs were linearly combined (see ref 8 and the Supporting
Information). Even when a very recent HMO program3 is used,
AO coefficients output for benzene disagree with the reasonable
ones at the second decimal place (Figure 2). Such HMO

programsmay not output reasonable degenerateMOs of various
highly symmetric molecules, either.
To solve this problem, Heilbronner and Bock9 usedmolecular

symmetry (C2 symmetry operation) in their HMO calculation.
They said, “By using molecular symmetry, we can scarcely save
CPU time, but symmetry-adapted HMOs can be output for a
degenerate eigenvalue.” However, they formulated secular
equations based on the molecular structure, so the molecular
symmetry information was already included in the secular equa-
tions. Accordingly, the molecular symmetry input by Heil-
bronner and Bock9 in the HMO calculation was mathematically
redundant (i.e., duplicate information input). On the other
hand, although duplicate information was not input into the
other previous HMO calculations3,7,8 being executed without
actually imposing the molecular symmetry, the symmetry infor-
mation originally included in the secular equations was lost
during diagonalization of the secular matrix. If the secular matrix
of benzene had been properly diagonalized without destroying
the symmetry, the result would have the chemically reasonable
shapes of the degenerate HMOs shown in Figure 1. Thus, with
regard to benzene, the HMO problem has not yet been solved.
The second pedagogical problem to be solved is visualization

of HMOs. Although a simple HMO plotter was previously
reported in this Journal,10 the HMO visualization was qual-
itative, and the program was written in a language (GNU-
Octave) unfamiliar to undergraduate students majoring in
chemistry.

On the other hand, we have reported on practical training of
students in which they get hands-on experience in drawing
quantitative contour plots of AOs, MOs, and wave functions by
using Microsoft Excel.11−14 Excel is widely used in under-
graduate teaching of quantum chemistry15,16 and is familiar to
most students. In most of the training, the students were not
given any tools except for commercially available Excel, but they
created, right from the beginning by themselves, plots of the
AOs, MOs, and wave functions. We found that using Excel is a
practical way to train students in making drawings related to
quantum chemistry on a strict time schedule and tight budget.
In the present study, we developed a method that uses an

Excel macro for diagonalizing secular matrices of highly sym-
metric molecules such as benzene, in order to obtain chemically
reasonable HMOs. The practical training of drawing quantita-
tive HMOs obtained by using the developed matrix-diagonaliza-
tion method is explained in this article. In the training, students
use two other Excel macros programmed to draw contour plots
of the HMOs. The training greatly helps students to grasp
aspects of HMO theory pictorially. Ideas developed in treating
HMO theory in this way provide students with a solid basis for
dealing with complex systems.

■ HMO CALCULATION

General Remarks

In brief, HMO theory1,3,5 assumes “σ−π separability”. That is,
each π electron moves in a field formed by the nuclei and
σ electrons. The Hamiltonian is separated into π- and σ-parts.
The total wave function is represented by the product of the
π- and σ-part wave functions. HMO theory treats only π electrons
of planar π-conjugated molecules including straight-chain ones,
and the one-electron approximation is applied. That is, the π-
part wave function is represented by the product of one-electron
π-MO functions when the wave function does not take into
account of spin or the antisymmetry requirement. The π-part of
the Hamiltonian (effective π-electron Hamiltonian, H) is
expressed as the sum of one-electron Hamiltonians. The total
π-electron energy is the sum of the energies of each π electron.
The variational method is used to obtain each π MO and its
energy.
HMOs of Benzene

Within the framework of HMO theory explained by Atkins and
de Paula,1 each πMO (ϕn) is expressed as a linear combination
of 2pz AOs that lie perpendicular to the molecular plane. In the
case of benzene, ϕn is represented as

Cn
i

in i
1

6

∑ϕ χ=
= (1)

where χi and Cin (i and n = 1−6) denote the 2pz AO on the ith
carbon atom (Ci) and its AO coefficient of ϕn, respectively.
In the present paper, the indices on C are reversed from those
in ref 1.
The interaction integral Hij and overlap integral Sij are,

respectively, given by integrating over the whole space as
follows:

H H dij i j∫ χ χ τ= *
(2)

S dij i j∫ χ χ τ= *
(3)

When Cin is real, each π electron energy (εn) is expressed as

Figure 2. AO coefficients in benzene obtained with recent HMO
software.3 In this figure, the absolute values of C32, C62, C34, and C64 in
eq 1 are greater than 5 × 10−3 (compare the highlighted cells in this
figure with those in Figure 3 where they are negligible (<10−15)).
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1
6
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= = = ≠

= = = ≠ (4)

The extent to which two 2pz AOs overlap is measured by Sij:

S
i j

i j

1,

0,ij

l
moo
n
oo=

=

≠ (5)

In eq 5, the Sij values between the two 2pz AOs on different
carbon atoms are set to zero, and the AOs are normalized.
According to the variational method, the following partial

derivative must equal zero, namely

C
0n

in

ε∂
∂

=
(6)

The secular equations are thus

C H j( ) 0 ( 1 6)
i

in ij ij n
1

6

∑ δ ε− = = −
= (7)

where the Kronecker symbol, δij, is introduced (δii = 1; δij = 0 for
i ≠ j), and Hij is assumed to be

H

H

H

for C and C bonded

0 for C and C not bonded together

ii

ij i j

ij i j

α

β

=

=

= (8)

where real parameters α and β are called the Coulomb integral
and resonance integral, respectively. All the α values are set
equal, and all the β values are also set equal. The β values are
normally negative.
Equation 7 can thus be written in matrix form as

H C HC C( ) 0 orn n n n nε ε− = = (9)

where the following matrices,H, Cn, εn, and 0, are introduced in
benzene:

H

C

C

C

0

0

0 0

0 0 0
0 0

0 0

0 0 0
0 0

0

0

, 0
0

0

0

0

n

n

n

n

n

n

1

6

i

k
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zzzzzzzzzzzzzzzzzzzzzzzzzzzzzzz
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zzzzzzzzzzz
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k

jjjjjjjjj

y
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zzzzzzzzz

i

k

jjjjjjjjjjj

y

{

zzzzzzzzzzz
ε

α β

β α β

β α

β

β

β

β

α β

β α β

β α

ε

ε

=

= =

=

∂ ∂

μ

∂ ∏ ∂
μ (10)

HMO theory treats only π MOs of planar π-conjugated mole-
cules. In addition, the resonance integral β appears on the first
diagonals above and below the main diagonal, on the first row
and sixth column, and on the sixth row and first column in H.
Note that the resonance integral is set only between bonded

atoms in the molecule. Accordingly, H shows that the molecule
has a structure of a planar six-member ring. Since all the diagonal
elements equal a single value α, the six atoms are equivalent to
one another inside the molecule. Furthermore, since all the reso-
nance integrals equal a single value β, all the interatomic dis-
tances between neighbors equal one another. Therefore, D6h
symmetry is inherent inH. If this matrix is properly diagonalized
without destroying the inherent D6h symmetry, it is unnecessary
to again impose symmetry to obtain chemically reasonable
HMOs.
The six sets of eq 9 (with n = 1−6) can be combined into a

single matrix equation:

C HC ET = (11)

where the following matrices C and E are introduced:

C E

C C

C C

,

0

0

11 16

61 66

1

6

i

k

jjjjjjjjjjj

y

{

zzzzzzzzzzz

i

k

jjjjjjjjjjj

y

{

zzzzzzzzzzz

ε

ε
= =

μ

∂ ∏ ∂

μ

μ

∂ ∏ ∂
μ (12)

and CT denotes the transposed matrix of C. Since the
transformation in eq 11 is an orthogonal one (a unitary trans-
formation taking a real matrix to another real matrix), the
transposed matrix CT is the same as the inverse matrix C−1. In C,
the rows and columns are labeled by AOs i and MOs n,
respectively. In eq 11, all 36 equations in eq 7 are summarized
into a single expression.
To find εn, it is necessary to first find a transformation of H

that makes it diagonal (eq 11). This procedure is called “matrix
diagonalization”. The diagonal elements after the diagonaliza-
tion give εn. The columns of C that bring about this diago-
nalization are the AO coefficients and hence give the com-
position of the MOs (ϕn).
H in eq 10 can be rewritten as

H

1 0 0
0 1 0
0 0 1

0 0 0
0 0 0
0 0 0

0 0 0
0 0 0
0 0 0

1 0 0
0 1 0
0 0 1

0 1 0
1 0 1
0 1 0

0 0 1
0 0 0
1 0 0

0 0 1
0 0 0
1 0 0

0 1 0
1 0 1
0 1 0

i

k

jjjjjjjjjjjjjjjjjjjjjjjjj

y

{

zzzzzzzzzzzzzzzzzzzzzzzzz

i

k

jjjjjjjjjjjjjjjjjjjjjjjjj

y

{

zzzzzzzzzzzzzzzzzzzzzzzzz

β= α +

(13)

Accordingly, in the actual HMO calculation of benzene, the
following matrix is used as the secular matrix and diagonalized:

0 1 0
1 0 1
0 1 0

0 0 1
0 0 0
1 0 0

0 0 1
0 0 0
1 0 0

0 1 0
1 0 1
0 1 0

i

k

jjjjjjjjjjjjjjjjjjjjjjjjj

y

{

zzzzzzzzzzzzzzzzzzzzzzzzz
(14)

Matrix Diagonalization in Calculating HMO for Benzene

Although the Jacobi method17 has been used as a matrix-
diagonalization tool to obtain εn and matrix C,3,9 it does not
necessarily output chemically reasonable AO coefficients of the
degenerate MOs in benzene (see Figure 2). Instead of the Jacobi
method, the Householder and QL methods17 are used here for
reasons discussed later. The Supporting Information contains an
Excel macro (HMO_H-QL.xlsm) that is a Visual Basic version
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of the FORTRAN programs included in EISPACK.18 The
Householder method tridiagonalizes a secular matrix, and
subsequently, the QL method iteratively diagonalizes the
tridiagonal matrix. Our macro can perform HMO calculations
of π-conjugated molecules that contain heteroatoms. The
Supporting Information also includes the README as well as
a listing of the statements.
In our procedure for benzene, matrix 14 is first reduced to a

tridiagonal matrix that has nonzero elements only on the first
diagonals above and below the main diagonal. The tridiago-
nalization yields

0 1 0 0 0 0
1 0 0 0 0 0

0 0 0 2 0 0

0 0 2 0 1 0

0 0 0 1 0 2

0 0 0 0 2 0

i

k

jjjjjjjjjjjjjjjjjjjjjjjjjjjjj

y

{

zzzzzzzzzzzzzzzzzzzzzzzzzzzzz

−
−

−

− (15)

The transformation matrix operating on matrix 14 for the
tridiagonalization to matrix 15 is given as

T U V V U
T U V V U

U V V U
T U V U

T U V V U
U V V U

0 2
0 2
0 0 2 2 2
0 2V

0 2
0 0 2 2 2

i

k

jjjjjjjjjjjjjjjjjjjjjjjjj

y

{

zzzzzzzzzzzzzzzzzzzzzzzzz

− −
− − −

− −
− −

− − −
− − − − (16)

where T = 1/ 2 , U = 1/3, and V = 1/ 18 . (Matrix 15) =
(matrix 16)−1 × (matrix 14) × (matrix 16), and the columns of
matrix 16 are called the Lanczos vectors.19 Matrix 15 is a
symmetric block tridiagonal matrix composed of 2× 2 and 4× 4
main-diagonal blocks and null off-diagonal blocks, that is, the
direct sum of the two tridiagonal matrices of orders 2 and 4.
Diagonalizing matrix 15 yields the following matrix

1 0 0 0 0 0
0 1 0 0 0 0
0 0 1 0 0 0
0 0 0 2 0 0
0 0 0 0 1 0
0 0 0 0 0 2

i

k

jjjjjjjjjjjjjjjjjjjjjjjj

y

{

zzzzzzzzzzzzzzzzzzzzzzzz

−
−

−

(17)

where the diagonal elements denote the eigenvalues of matrix 14
and equal (εn − α)/β. The transformation matrix operating on
matrix 15 for the diagonalization to matrix 17 is

T T
T T

W X W X
X W X W
X W X W

W X W X

0 0 0 0
0 0 0 0

0 0 2 2
0 0 2 2
0 0 2 2
0 0 2 2

i

k

jjjjjjjjjjjjjjjjjjjjjjjj

y

{

zzzzzzzzzzzzzzzzzzzzzzzz

− −
−

− − −
− − −
− − −

− − − (18)

where T = 1/ 2 , W = 1/ 12 , and X = 1/ 6 . (Matrix 17) =
(matrix 18)−1 × (matrix 15) × (matrix 18), and

C
Y Y W X W X
Y Y W X W X

W X W X
Y Y W X W X
Y Y W X W X

W X W X

(matrix 16) (matrix 18)

0 0 2 2

0 0 2 2

i

k

jjjjjjjjjjjjjjjjjjjjjjjj

y

{

zzzzzzzzzzzzzzzzzzzzzzzz

= ×

=

− − − −
− − −

− −
− − −

− −
(19)

where W = 1/ 12 , X = 1/ 6 , and Y = 0.5. The columns of C
denote the AO coefficients (eq 1) and are the components of the
eigenvectors.
Figure 3 illustrates computational results ((εn − α)/β and C)

in benzene obtained by using our macro, and the columns in the
“eigenvalues and eigenvectors” section of the figure are sorted in

Figure 3.HMO energies (εn) and their AO coefficients (matrix C) in benzene obtained with our Excel macro. The values of n and (εn− α)/βwith n =
1−6 are output in the rows starting at cells B7 and B8, respectively. The i values (see eq 1) are listed in the column beginning at cell A9, and C is shown
as a matrix with the first row beginning at cell B9. The bond orders are also given as a matrix with the first row beginning at cell B19. Since the bond-
order matrix is symmetric, only the matrix elements on and below the main diagonal are output. In the bond-order matrix, the i values are shown in the
row and column starting at cells B18 and A19, respectively. Note that the absolute values in the highlighted cells are negligible (<10−15), so the
calculation result is consistent with the MOs depicted in textbooks (Figure 1).1,4−6
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descending order of the (εn − α)/β value. It shows that the
absolute values of C32, C62, C34, and C64 are negligible (<10−15,
which is effectively zero). The AO coefficients are consistent with
the shapes of the MOs depicted in textbooks (see Figure 1)1,4−6

This means that secular matrix 14 is properly diagonalized
through block tridiagonal matrix 15 without destroying its sym-
metry. In this way, chemically reasonable AO coefficients of the
degenerate HMOs can be obtained for benzene (see Figure 3)
without the added mathematical redundancy affecting other
programs. The macro also outputs degenerate MOs of highly
symmetric molecules that are consistent with reported ones.6

The Supporting Information (sample.xlsx) contains the HMOs
of two examples besides those of benzene (cyclopropene and
cyclobutadiene). The macro appears to be very useful for prac-
tical training in quantum chemistry.
Several bond orders have been proposed,20−22 and we employ

the Coulson bond order in the present paper. In Figure 3, the
summation of the bond orders without double counting of
atomic pairs (i.e., the sum of the matrix elements below the main
diagonal in the bond-order matrix) results in 0.666667 ×
6 − 0.33333 × 3 ≈ 3, which is consistent with 3 π bonds in
benzene. Since each π MO (ϕn) is expressed as a linear
combination of only 2pz AOs in HMO theory, the bond order
between two opposite carbon atoms (e.g., between C1 and C4) is
formally calculated to be −0.33333, and then such a HMO
picture does not agree with a simple valence bond view.
Next, we will compare our matrix-diagonalization procedure

with the other ones3,7,9 and show how our macro can give chem-
ically reasonable HMOs by using only the inherent symmetry
instead of forcing it on them. If a molecule possesses symmetry,
the secular matrix can be factored into a block-diagonal form,
that is, a collection of smaller matrices whose nonzero elements
lie in blocks along the principal diagonal.6 In such a reduction,
one often focuses only on rotational symmetry, such as C2
symmetry in ref 9.
In benzene, reduction by C2 symmetry with respect to the axis

joining two opposite carbon atoms yields two nondegenerate
blocks (see the Supporting Information). So does reduction
with respect to the C2 axis joining the middle points of two

opposite C−C bonds. The reasonable HMOs shown in Figure 1
are obtained through each reduction and the subsequent
diagonalization. In order to obtain reasonable HMOs for a
degenerate energy, each block formed by the reduction should
be nondegenerate so that the degenerate eigenvectors will be
linearly independent of each other. The diagonalization through
such a reduction is schematically shown in Figure 4a. On the
other hand, reduction with respect to the C2 axis lying perpen-
dicular to the molecular plane yields two degenerate blocks (see
the Supporting Information), and the degenerate eigenvectors
are mixed up in each block. This means that a further reduction
is necessary to obtain reasonable HMOs (Figure 4b) as well as in
matrix 14 having degenerate eigenvalues. Like this, the C2 sym-
metry reduction does not necessarily give the reasonable HMOs.
Heilbronner and Bock used the Jacobi method for the matrix

diagonalization.9 The Jacobi method does not factor a secular
matrix into a set of main-diagonal blocks;17 consequently, the
inherent symmetry of the secular matrix is destroyed by the
diagonalization, and chemically reasonable degenerate HMOs
cannot be obtained as well as in refs 3 and 7 (e.g., see Figure 2).
To solve this program, Heilbronner and Bock performed the
above-mentioned symmetry-based factorization by again
imposing C2 symmetry on their HMO solver.9 However, it seems
unnecessary to force symmetry onto the HMOs in order to
obtain reasonable solutions.
In our procedure, by using only the inherent symmetry instead

of inputting duplicate information, the tridiagonalization factors a
secular matrix having degenerate eigenvalues into a set of main-
diagonal blocks, in which each block is nondegenerate as explained
in a previous paper.19 In other words, if the secular matrix has a
degenerate eigenvalue, only one of the eigenvectors in each block
formed by the tridiagonalization corresponds to the degenerate
eigenvalue.19 As a result, the degenerate eigenvectors are not
mixed up, and the subsequent diagonalization yields reasonable
HMOs. The diagonalization through the tridiagonalization is
schematically shown in Figure 4c. As shown in Figure 4, the C2

symmetry reduction does not necessarily give the reasonable
HMOs, whereas the tridiagonalization always provides them.

Figure 4. Schematic procedures of diagonalization for degenerate secular matrix. λ denotes a degenerate eigenvalue. Chemically reasonable HMOs are
provided in parts a and c, but are not available in part b. (a) Through block-diagonalization, in which each block is nondegenerate. (b) Through block-
diagonalization, in which a block is degenerate. (c) Through tridiagonalization.19
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In benzene, secular matrix 14 is reduced to block tridiagonal
matrix 15 by the tridiagonalization. In fact, each block of matrix
15 is nondegenerate as shown in matrix 17, and the chemically
reasonable HMOs shown in Figure 3 are obtained after the
subsequent diagonalization. As shown in the Supporting
Information, matrix 15 is the same as the block-diagonal matrix
reduced by imposing C2 symmetry with respect to the axis
joining two opposite carbon atoms. The 2 × 2 and 4 × 4 main-
diagonal block matrices in matrix 15 belong to the A and B
representations, respectively. Like this, the tridiagonalization
procedure employed in our macro is efficient and consistent
with the symmetry-based factorization.
Success in using our macro depends on whether or not the

tridiagonalization due to the Householder method can factor a
secular matrix into a set of main-diagonal blocks. That is, it is
important that the absolute values of the matrix elements on the
third row and second column and on the second row and third
column in matrix 15 are negligible or not. Since the computation
using the macro yields negligible values (<10−16, which is
effectively zero) for these elements, matrix 14 is certainly
reduced to matrix 15 that is the direct sum of the two tridiagonal
matrices of orders 2 and 4.
The Supporting Information explains how a similar problem

encountered in this article, that is, the problem of the inherent
symmetry in secular equations, is treated in two general-purpose
computational-chemistry software packages, one of which
obtains reasonable degenerate MOs through tridiagonalization
without actually imposing point group symmetry. For a
degenerate solution of a secular matrix, any linear combination
of eigenvectors within the degenerate set does not change the
calculated molecular properties such as the molecular structure,
vibrational frequency, and so on. Accordingly, general-software-
package users who want only the molecular properties within a
reasonable short CPU time do not pay attention to whether or
not the degenerate MOs are reasonable. However, from a
pedagogical viewpoint, that is very important because that is
closely related to whether or not the calculation results are
consistent with the MOs depicted in textbooks.

■ HMO VISUALIZATION
Having students manually draw HMO contour plots greatly
improves their intuitive understanding ofHMO theory. Bymaking
such plots, they are encouraged to master the underlying physical
concepts. Accordingly, we prepared two Excel macros for visu-
alizing HMOs in straight-chain π-conjugated molecules such as
butadiene (HMO_Plot_Linear.xlms) and in planar π-conjugated
molecules such as benzene (HMO_Plot_Planar.xlms). These
macros visualize quantitative HMOs of π-conjugated molecules
that contain boron, carbon, nitrogen, oxygen, and/or fluorine
atoms. The READMEs of these macros, together with the
program statements, are given in the Supporting Information.
When the HMOs (e.g., those for benzene of eq 1) are drawn,

the matrix element on the ith row and nth column in C (eq 11),
which performs the diagonalization, is used as AO coefficient Cin.
The 2pz AO function χi is given by the product of the corre-
sponding radial function and spherical harmonics function,23

and it is expressed in atomic units (au, 1 au = 0.529× 10−10 m) as
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(20)

where ri denotes the distance from the ith nucleus, and zi is the
value of the z coordinate when the ith nucleus is taken as the

coordinate origin. Z2p is the effective nuclear charge for χi.
According to Slater’s rule,23 Z2p takes values of 2.60, 3.25, 3.90,
4.55, and 5.20 for boron, carbon, nitrogen, oxygen, and fluorine
atoms, respectively.
The thus obtained contour plots of the HMOs for butadiene

and benzene are drawn in Figures 5 and 6, and it is clear that they

Figure 5. Contour representation of HMOs in butadiene. The MOs
(ϕn) are numbered in increasing order of energy; i.e., the n value is
assigned such that ϕ1 < ϕ2 < ϕ3 < ϕ4 in terms of MO energy. The bond
length, grid spacing, and contour interval are set to 2.6 au, 0.2 au, and
0.05, respectively. MOs ϕ2 and ϕ3 are assigned to the HOMO and
LUMO, respectively.

Journal of Chemical Education Article

DOI: 10.1021/acs.jchemed.8b00244
J. Chem. Educ. 2018, 95, 1579−1586

1584

http://pubs.acs.org/doi/suppl/10.1021/acs.jchemed.8b00244/suppl_file/ed8b00244_si_001.zip
http://pubs.acs.org/doi/suppl/10.1021/acs.jchemed.8b00244/suppl_file/ed8b00244_si_001.zip
http://pubs.acs.org/doi/suppl/10.1021/acs.jchemed.8b00244/suppl_file/ed8b00244_si_001.zip
http://pubs.acs.org/doi/suppl/10.1021/acs.jchemed.8b00244/suppl_file/ed8b00244_si_001.zip
http://dx.doi.org/10.1021/acs.jchemed.8b00244


reproduce the reported shapes.1,4−6 In particular, the plots of the
degenerate MOs in benzene are consistent with the chemically
reasonable shapes (ϕ2−ϕ5 in Figure 1). Thus, the developed
macros are useful for visualizing HMOs and understanding the
concepts of the theory.

■ PRACTICAL TRAINING
The practical training involved calculating HMOs of ethylene,
allyl, butadiene, hexatriene, formaldehyde, benzene, naphthalene,

anthracene, naphthacene, and pentacene and drawing some of
their contour plots (see sample.xlsx given in the Supporting
Information). Participating students made sure that the drawn
contour plots are consistent with the shapes of MOs given in
textbooks.1,4−6 By comparing the HMO plots of ethylene and
formaldehyde, the students came to understand that the
bonding orbital of formaldehyde is polarized toward the more
electron-negative oxygen atom, but that the antibonding orbital
is polarized toward the less electron-negative carbon atom
(sample.xlsx). In the formaldehyde calculation, the α and β
integrals for the oxygen atom are modified from those for the
carbon atom according to a reference.24 From Figures 3 and 6,
the students learned that ϕ1 in eq 1 does not have a nodal plane
lying perpendicular to the molecular plane in benzene, HOMOs
ϕ2 and ϕ3 are degenerate in relation to each other, and their
nodal planes lie perpendicular to each other. The positions of the
nodal planes of HOMOs ϕ2 and ϕ3 coincide with those of the
molecular symmetry planes (Figure 6). The same is true of those
of LUMOs ϕ4 and ϕ5. These results show that the degener-
ate HMOs obtained by using our macro are actually chemically
reasonable. The students could also find out that the π-electron
distribution in naphthalene (sample.xlsx) is consistent with
Platt’s free-electron network model.25

The conventional one-way lecture, which does not involve
significant student participation but rather relies upon passive
learning, leaves much to be desired as a method of teaching
undergraduate quantum chemistry. Furthermore, most chem-
ical-course students are not highly skilled in mathematics,26

despite mathematical skill being necessary in order to under-
stand quantum chemistry thoroughly. As a result, the conven-
tional training method of lectures followed by exercises using
only pencil and paper does not necessarily promote an intuitive
understanding of HMO theory. In contrast, our practical
training using Excel (software familiar to most of our students)
is very effective on a strict time schedule and tight budget. In our
experience, no student has expressed difficulty in using our
macros. Our students actively participate in the training and
appreciate being able to reproduce and visualize by themselves
the vivid shapes of the MOs that are described in textbooks.
They get a sense of fulfillment and achievement from the
training and, afterward, can look with confidence on their labora-
tory course knowing that they have hands-on experience with
MO theory. Furthermore, because the statements of our macros
are listed in the Supporting Information, the students are
exposed to the inner working of our macros, and can revise them
freely.

■ SUMMARY
Three Excel macros for obtaining chemically reasonable AO
coefficients of HMOs in highly symmetric molecules and for
readily drawing quantitative HMOs were created. The main
features of these macros together with the scopes of their
applicability were discussed through example HMO calculations
of benzene, butadiene, and other molecules. The opportunity for
practical training in HMO theory provided by these macros is
very significant for undergraduate students learning quantum
chemistry in terms of their clearly illustrating the concepts of the
theory.
However, our macros still leave something to be improved.

For example, combinations with some software27,28 available on
the Internet could create elegant view ofMOs. Such applications
would get extensive use in every course that teaches HMO
theory.

Figure 6. Contour representation of HMOs in benzene (ϕ1−ϕ6 in
Figure 1). The MO values on the horizontal plane 1 au above the
molecular plane are plotted. The bond lengths and angles, grid spacing,
and contour interval are set to 2.6 au, 120°, 0.2 au, and 0.05,
respectively. In accordance with Figure 1, MOs ϕ2 and ϕ3 are assigned
to degenerate HOMOs, while the ϕ4 and ϕ5 are degenerate LUMOs.
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The content of quantum chemistry courses has remained
substantially unchanged over the years. For the most part,
lectures are recycled every year. However, educators can always
tell the story of quantum chemistry in novel way.
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