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The existence of a minimal molecular model to represent some electronic properties of nano-
structures is analyzed for several kinds of nanotubes and graphene surfaces by using the Extended
Huckel Theory. It is shown that the use of only the invariance of the electronic chemical potential
upon addition of basic units, used to define the minimal molecular model, is not entirely correct. We
must add at least the study of the energies and the nature and location of the frontier molecular
orbitals. All the results presented here indicate that Extended Huickel Theory is still a valuable tool for
the study of the electronic structure of molecular systems possessing great numbers of 7 electrons.
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1. INTRODUCTION

Molecular Electronics is a relatively recent scientific dis-
cipline that seeks to use individual molecules to perform
functions identical or analogous to those of transistors,
diodes, conductors and other key components of today’s
microcircuits. This area of research is now approaching
maturity, and the field thus needs scientists having a good
understanding of the properties (electrical, chemical and
process-related) of organic electronic materials.

Molecular structure and properties are predicted on the
basis of theoretical calculations. Such calculations are
expected to play a major role in the evolution of molecular
electronics. For small and medium-sized molecular sys-
tems, first principles quantum chemical calculations can
be carried out on a daily basis without any problem.
Nevertheless, the systematic calculation of the electronic
structure of most macro-nanostructures with ab initio or
Density Functional methods is not possible yet due to
the high computational demands of these kinds of cal-
culations. From the conceptual point of view, a combi-
nation of two approaches is possible to deal with this
problem.

The first consists in using a lower level of the theory
(i.e., a semiempirical method) to get the wavefunction and
the associated eigenvalues.

The second is to find a method to obtain a “minimal
molecular model,” in such a way that we can reasonably
assert that the main features of its electronic structure can
be extrapolated to bigger ones.
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In this paper I will present and discuss previous and
new results obtained with the combination of these two
approaches.

2. METHODS AND CALCULATIONS

2.1. The Choice of the Method for
Calculating the Wavefunction

In 1963, Hoffmann developed a semiempirical quan-
tum mechanical method known as the Extended Hiickel
Theory! (EHT). EHT is the simplest and most primitive of
all all-valence-electron methodologies. EHT models all the
valence orbitals based on the orbital overlaps and exper-
imental electron affinities and ionization potentials. The
diagonal elements of the Hamiltonian are taken as the neg-
ative of the normal first ionization energy of the atom cor-
rected by spectroscopic terms to deal with the situation
where the normal ionization is not removing the electron
from the orbital in question. The off-diagonal matrix ele-
ments of the Hamiltonian are calculated according to the
modified Wolfsberg-Helmholz formula.? The use of exper-
imental ionization energies for the atoms in the molecule
implies that the correlation energy is taken care of. It is
known that, in general, EHT performs rather poorly at pre-
dicting energy differences between isomers or even cor-
rect molecular geometries,* but there are some exceptions.*
Charge differences, particularly between atoms of very dif-
ferent electronegativity, can be grossly exaggerated. The
strength of EHT is that it gives a good qualitative picture
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of the molecular orbitals (MOs). In fact it was looking
at the MOs that came from EHT that Woodward and
Hoffman devised their rules and won the Nobel Prize. It is
now known that for the occupied MOs the correspond-
ing eigenvalues agree reasonably well with experimentally
determined ionization energies from photoelectron spec-
troscopy. They are typically 2 to 3 eV too low in energy.
In 1988 a study found that EHT is also useful to deter-
mine unoccupied levels.® Tt is concluded that EHT can be
used to study both occupied and unoccupied orbitals of a
molecule, since it is directly useful for the calculation of
excitation energies.’

The reasons for the good performance of EHT have
elicited some very interesting theoretical analyses. The first
one was published shortly after EHT was born. Lipscomb
et al. suggested that EHT may be regarded as a method of
simulating Hartree-Fock (HF) calculations by guessing the
elements of the HF Hamiltonian matrix through the use of
the Wolfsberg-Helmholz approximation.$

More recently, in a series of papers, Koch et al. have
analyzed Riidenberg’s integral approximations’ and their
unrestricted and combined use in Molecular Orbital Theo-
ries of the Hartree-Fock type.®® They showed that, within
the Hartree-Fock-Riidenberg picture (HFR), EHT is com-
patible with the nonempirical Hartree-Fock method in
Roothaan’s form.! HFR thus explains why EHT turned
out to be qualitatively successful.

With the abovementioned considerations, EHT is still
undoubtedly a useful tool in areas where SCF calcula-
tions will not be feasible for some time to come. We must
keep in mind that, as the EHT formalism does not take
into account explicitly the electron—electron interaction,
we should expect that the molecular orbital energies will
be shifted downwards. Also a decrease in the energy dif-
ference between any pair of MOs is to be expected.

Both problems are minimized in molecular systems
composed of hundreds or thousands of atoms in which a
large or very large number of electrons are delocalized.
Such systems have an extremely large number of molec-
ular orbitals. The result, as the number of levels tends
to infinity, is that MOs become very similar in energy
over a certain range, forming an almost continuous band.
In this case, and if we define zero energy (also called the
Fermi Level or FL) as the midpoint between the High-
est Occupied MO (HOMO) and the Lowest Unoccupied
MO (LUMO) energies, the eigenvalues about zero will be
almost the same in EHT, HF or DFT calculations. In the
case of systems having a great number of 7 electrons,
Extended Hiickel Theory (EHT) can help to rationalize
experimental results'! 12 of SERS studies and even propose
new interpretations of them (see below).

For all the above reasons we have selected the Extended
Hiickel Theory for calculating the electronic wavefunction.
In all the EHT calculations the molecular geometry was
optimized with Molecular Mechanics; this because of the
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system’s size and also because we are dealing with normal
bond lengths, bond angles and dihedral angles.

2.2. Minimal Molecular Models

The definition of a minimal molecular model was tack-
led by Contreras et al. a long time ago when studying
lithium intercalation in 1T-TiS,."*!> As they were study-
ing a solid, their problem was to determine a minimal
molecular model able to correctly describe the local inter-
actions while retaining the main features of the electronic
structure of the solid arising from its periodical properties.
As a physical criterion they selected the invariance of the
electronic chemical potential (ECP or w) upon addition of
basic units used to build the solid. Their results compared
well with the available experimental data.

The ECP is related to the work function, a measurable
physical property.'® In Density Functional Theory, u cor-
responds to the Fermi Level (or FL) at the limit T — 0.
Within the framework of Density Functional Theory, w is

defined as:"
— |:8_E:| o~ ﬂ 1)
F=lav],~ 2 (
where E is the electronic energy; N the number of elec-
trons; v the external potential; / the ionization potential;
and A the electron affinity. Working definitions for A
and I are possible in Molecular Orbital theory.'"® Using
Koopman’s theorem we may use the approximations:'

I = —Eyomo (2)
A= —Erumo (3)

where Eyonvo and E;yyo are, respectively, the orbital ener-
gies of the HOMO and the LUMO. Therefore, w can be
evaluated as:
~ Enomo + ELumo
pu 22 ZHOMO T ILNO )
It is natural to ask if this approach is valid for all the
single molecular structures that can be built starting from a
basic unit. Below we present the results of the application
of the above ideas to some surfaces of carbon, and some
types of nanotubes (NT or NTs). We show that, for some
cases, the use of the rule of the ECP invariance could be
incorrect if it is not complemented with the analysis of
other properties.

3. RESULTS AND DISCUSSION
3.1. Previous Results

A fundamental test for the use of the EHT method is
its capacity to reproduce the band structure of molecu-
lar systems for which a great number of experimental and
theoretical results are known. We were specifically inter-
ested in the first valence and first conduction bands (BV
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and CB respectively), whose structure and gap define insu-
lators, semiconductors and metals. An associated concept
is that of density of states (DOS), which describes the
energy levels per unit energy increment. The general pro-
cedure to obtain the band structure of a single molecule
within any standard quantum chemical scheme (semiem-
pirical, ab initio or density functional) is the following.
A quantum chemical calculation is carried out to obtain
the complete eigenvalue spectrum. The band structure is
then built by synthesizing the whole eigenvalue spectrum
into a DOS spectrum by convolution using a mathematical
function with a certain width.

Our first step consisted in determining the best values
for the half-width and the scanning distance (the energy
distance between each calculated DOS value) of the math-
ematical function used to obtain the theoretical DOS spec-
trum. We examined a Gaussian function, a Lorentzian
function and a mixture of both.2’ For this task, a micro-
scopic model of buckminsterfullerene Cg, consisting of
seven molecular orbitals (3 occupied and 4 empty) was
considered. We excluded other MOs because they are
energetically well separated from the selected ones and
therefore they should have no influence on the convo-
Iuting process. The MOs result from a Density Func-
tional Theory calculation (full geometry optimization) with
the Amsterdam Density Functional (ADF) package of
programs.?2* The local density approximation character-
ized by the homogeneous electron gas exchange,? together
with the VWN parameterization” was used. The gradient-
corrected Becke?® and Perdew?’ functionals for exchange
and correlation are included, respectively. A STO basis
set of double-{ + polarization quality was used to describe
the valence electrons of all atoms. The 1s electrons were
treated as frozen core shells. This high level calculation was
necessary to compare later these results with EHT ones.

The results showed that a purely Gaussian function of
the form:

1 E—E,)?

with values for both, o and the scanning distance,
of 0.1 eV.2 The DOS spectrum for Cg, obtained with
this function (see Fig. 1) reproduces experimental results
obtained with photoemission and inverse photoemission
techniques very well. Therefore, this function has been
used later in all our work. We must stress that Cg, is a
medium-sized molecule; therefore we should not expect
the number of 7 MOs to be great enough to become sep-
arated by small energy intervals.

The reliability of the EHT methodology to calcu-
late the total DOS distribution curve was tested with
two medium-sized Xy, (X = C, N) molecular systems.?
We used EHT, Density Functional (B3LYP/6-311G**) and
ab initio Hartree-Fock (RHF 6-31G** basis set) methods.
The results showed that EHT is only reliable in the cases

J. Comput. Theor. Nanosci. 6, 1-9, 2009

Minimal Molecular Models for the Study of Nanostructures

70+

60 4 -3.26
v
» A -1.96
o
[a]
30 4
1.977 3.077
204 Band gap
3 2eV
10 )
D T T
4 -2
ENERGY (eV)

Fig. 1. Simulation of the experimental DOS spectrum for Cg,. The
Fermi level is at £ = 0.0 eV (from Ref. [20]).

of the first valence and conduction bands of these systems.
For the rest of the Density of States distribution curve EHT
performs badly. The sources of error of EHT come from
the non-inclusion of the electron—electron interaction (for
both systems) and from incorrect results regarding the rel-
ative ordering of the MO degeneracies in the case of N,
(this last system has no 7 electrons). Therefore a general
tentative conclusion is that EHT will not perform well for
medium-sized molecules and/or for molecules having no
7 electrons.

At the same time we were analyzing bigger zigzag and
armchair nanotubes searching for the existence or not of a
minimal molecular model.?* This kind of nanotubes, and
also graphene layers, has a very special electronic struc-
ture. At the extremities of nanotubes, and also at the bor-
der of graphene layers and at the surface of diamonds we
find carbon atoms with a free valence (also called dangling
bonds or free valences). Our experience indicates that the
MOs formed with these free valences are located around
the Fermi Level in between the m MOs. Therefore, all
calculations carried out by filling these free valences with
hydrogen atoms are incorrect. This is so because hydro-
genation of the free valences produces o MOs located very
far from the Fermi Level, therefore altering significantly
the electronic structure of the system.

Since for any NT with constant diameter there is an
infinite number of structures differing only in their length,
the central question is this: is there a minimal length (ML)
for a given nanotube where one can reasonably assert that
the main features of its electronic and band structures cal-
culated at that point can be extrapolated to longer ones?
To answer this question, the following kinds of nanotubes
were selected for the study: an armchair (5, 5) set of NTs
with metallic properties, a set of metallic (9,0) zigzag
NTs, and a set of semiconducting (10, 0) zigzag NTs. The
procedure to construct the elements of each set was the fol-
lowing. The first member of the family is a NT composed
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Fig. 2. Numbering of units for armchair and zigzag nanotubes
(from Ref. [29]).

by only one rod (called unit) of benzene rings rolled in the
appropriate way. The second member is a NT composed
by two fused rods of benzene rings, and so on (see Fig. 2).

The Extended Hiickel Theory results for these three
kinds of nanotubes are shown in Figures 3 to 5. Our
main result can be generalized as a conjecture stating that
all pure carbon armchair and zigzag NTs have a mini-
mal length defining the boundary between large molecules
(or short NTs) and nanotubes properly speaking.?’ The
corollary is that any NT with a length falling below the
ML should be treated only as a big molecule and not as
a nanotube whose electronic properties are similar to the
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Fig. 3. ECP curve for the family of metallic (5, 5) armchair nanotubes
(from Ref. [29]).
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Fig. 4. ECP curve for the family of metallic (9, 0) zigzag nanotubes
(from Ref. [29]).

ones of longer NTs. Notice also that the ECP curves are
very different for pure and hydrogenated NTs.

To test the goodness of EHT we studied the follow-
ing problem. There are two basic types of metal nano-
tubes: armchair and zigzag (there are also chiral NTs).
The difference is the direction in which the graphite sheet
is rolled. The sheet’s rows of carbon atoms hexagons
run along the nanotube axis in armchair nanotubes and
around its circumference in zigzag nanotubes. All arm-
chair nanotubes are metallic, as are one-third of all pos-
sible zigzag nanotubes, but recent experimental evidence
has challenged this view.

Lieber et al. used low-temperature scanning tunneling
microscopy to characterize the atomic structure and local
density of states of metallic zigzag and armchair single-
walled carbon nanotubes (SWNTs).*° Their data, recorded
for (9,0), (12,0) and (15,0) zigzag SWNTs, show the
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Fig. 5. ECP curve for the family of semiconducting (10, 0) zigzag nano-
tubes (from Ref. [29]).
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Fig. 6. From top to bottom: A (10, 0) zigzag NT composed of 11 units,
a (5, 5) armchair NT composed of 13 units, and a (9, 0) zigzag NT com-
posed of 31 units (from Ref. [31]).

existence of gap-like structures at the Fermi energy. Con-
sequently, they suggested that these metallic zigzag NTs
are in fact small-gap semiconductors. Their results also
show that isolated armchair SWNTs have neither gaps nor
pseudo gaps. No clear and simple explanations have been
offered to account for these results. To see if EHT results
can provide an explanation for those results, we made use
of the concept of minimal length to study the (5, 5) metal-
lic armchair, (9, 0) metallic zigzag and (10, 0) semicon-
ducting zigzag NTs* (see Fig. 6). For each of them we
performed an EHT calculation to obtain the eigenvalues.?’
As the electronic conductance in a NT depends only on
its 7 electrons, the Density of States curve must include
only those eigenvalues associated with a = MO (the
7 eigenvalue spectrum). For this purpose a grand total
of 1,606 MOs belonging to the three NTs were individu-
ally plotted and visually inspected to classify them as
o or dangling. Very few cases of mixing were observed,
all of them being energetically very far from the Fermi
level. For each nanotube the corresponding = DOS curves
were calculated through a convolution of the 7 eigenvalue
spectrum with Eq. (5). Figure 7 shows the 77 DOS curve
for the (10, 0) zigzag nanotube. As expected for a semi-
conducting system, we observe a gap of about 0.3-0.4 eV
between the valence (at the left side of the Fermi Level)

A
120 + Fermi level

100

Energy (eV)

Fig. 7. 7 DOS curve for the semiconducting (10, 0) NT.
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Fig. 8.  Dos curve for the metallic (5,5) NT.

and conduction (at the right side of FL) bands. Know-
ing that EHT underestimates the energy gap, this result
compares well with more sophisticated studies.*? Figure 8
shows the 7 DOS curve for the (5,5) armchair NT. We
can see that there are no impediments for the electrons to
flow from the valence band (left side of the FL) to at least
all the available states in the conduction band between
the Fermi Level and a small pseudo gap located at about
0.9 eV. This is congruent with fully metallic behavior.
Figure 9 shows the 7 DOS curve for the (9, 0) zigzag NT.
No gap is seen between the valence and conduction bands.
Here, and contrarily to the case of the (5,5) NT, the full
conduction band is accessible. Nonetheless, only the elec-
trons occupying the states between the Fermi Level and a
pseudo gap located at —0.6 eV may flow freely towards
the conduction band. This smaller number of electrons is
the reason for the less metallic behavior of the zigzag
SWNTs. We conclude therefore that zigzag SWNTs are
not small-gap semiconductors but semimetallic molecular
systems.>!
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Fig. 9. = DOS curve for the metallic (9, 0) NT.
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Fig. 10. The left side shows the basic unit of B, C and N surfaces. The
right side shows the next unit.

Fig. 11. Half-capped NT. The upper part shows the basic unit. The
lower part shows the same basic unit plus 340 atoms.

3.2. New Results

All these results prompted us to study the existence or not
of minimal molecular models for new and different molec-
ular systems. Below we present new results for surfaces
of carbon and for capped and half-capped NTs. The sur-
faces were built by considering a basic unit of six atoms
(see Fig. 10). Each member of the series was obtained
by surrounding the previous one with six-membered rings.
We also studied the series generated by filling the free
valences with hydrogen atoms, this because we were inter-
ested in the study of the variation of the HOMO and LUMO
energies (Eyomo and Ejyyo) When the structure grows.
The first group of nanotubes is one derived from the Cq,
fullerene in which one end is closed (half-capped NT, see
Fig. 11). In this case, the open part of the NTs is of the
armchair type. The next member of this series is generated
by adding a circular row of ten carbon atoms, etc. The sec-
ond group of NTs consists of the hydrogenated members
of the first group (Fig. 12). In the next two NT groups both
ends are closed (Fig. 13). The first one (called “Capped-A”)
is generated from the C,, fullerene (with Dy, symmetry)
by intercalating consecutively rods of ten carbon atoms.
The second one (“Capped-B”) is generated from the Cg,
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Fig. 13. The left side shows a view along the maximal symmetry axis
of group A of capped NTs. The right side shows the same view for
group B of capped NTs.

fullerene (with I, symmetry that is lost in the next members
of this series).

Figure 14 shows the variation of ECP, Eyqyo and Ej yyo
in growing planar sp*> carbon surfaces (or graphenes).
It can be seen that the values of Eygyo and Ep e, that
were well separated from the first to the seventh members,
suddenly become equal at the level of the ninth struc-
ture. How can we interpret this result? As we said before,
we expect that EHT results begin to approach higher-level
results only when the MO energies come close enough to
form bands. In the case of the ninth structure, the first
seventy occupied MOs span a range of only 1 eV. The
same happens for the fist 36 empty MOs. Therefore, at
the level on the ninth structure, we are not observing the
formation of a triplet state but the transition from semicon-
ducting structures to metallic ones. Experimental results
on highly ordered pyrolitic graphite show that it behaves
as a semimetal.>* Let us remember that a semimetal is a
material with a small overlap in the energy of the conduc-
tion and valence bands. We should expect that EHT results
show that the bottom of the conduction band (i.e., the
HOMO) of the ninth structure is situated in a different
place of the ninth structure than the top of the valence band
(i.e., the LUMO) but with some overlap between them.
Figures 15 and 16 show, respectively, the electron den-
sity distribution for the HOMO and LUMO of this struc-
ture. Comparison of both figures shows that the HOMO
and LUMO electronic densities are localized on the same
atoms only in a few cases. This indicates that there is
a physical (spatial) limitation for the electron flow from
the valence band to the conduction band. Therefore, EHT
results again succeed in explaining experimental results.
Therefore the ninth structure, composed of 489 carbon

Fig. 12. Half-capped hydrogenated NT. The upper part shows the basic unit. The lower part shows a member of this series.
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Fig. 14. Variation of ECP, Eyy,o and E| i, in carbon surfaces.

atoms, seems to be a good candidate to study the main
electronic properties of a graphite monolayer.

An important conclusion is that the curve representing
the variation of the ECP is not enough to get a good defini-
tion of a minimal molecular model. It seems necessary to
carry out an analysis of the variation of Eygye and Ep yvo
and, when needed, a study of the electronic densities of
the HOMO and LUMO.

Figure 17 shows the variation of ECP, Eyyo and E; o
in growing sp® planar carbon graphene surfaces in which
the free valences have been filled with hydrogen atoms.
We may see that the saturation of the free valences pro-
duces a constant ECP value almost from the beginning of
the series. Eygpo and Ej pyo converge harmoniously until
the eleventh structure, when their values become equal.
This shows again a transition between semiconducting
and semimetallic behaviors (electron density maps of the
HOMO and LUMO are not shown here but they are similar

Fig. 15. Distribution of the electron density of the HOMO in the ninth
structure (Isodensity = 0.0005 e).
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Fig. 16. Distribution of the electron density of the LUMO in the ninth
structure (Isodensity = 0.0005 e).

to the case of graphene surfaces). There is no experimental
information on these structures.

Figure 18 shows the variation of ECP, Eyvo and Ej yyo
in half-capped nanotubes. A surprising finding is that there
appear to be regions in which HOMO and LUMO are
degenerate and regions in which they are not. An analysis
of the electronic structures of HOMO and LUMO in all
the members of this series indicates that both are dangling
MOs. For the moment we cannot offer an explanation of
this fact, but we may discard a metallic behavior in these
structures because the energy of the first occupied 7 MO
is well separated from the energy of the first empty = MO.
As no experimental information exists on these molecular
systems we shall suggest, only as a hypothesis, that the
fundamental state of some of the members of this series
is a triplet because HOMO and LUMO are located on
the same atoms. If this is true, some of these systems are
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1001 ~.
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—12.0+ —e— HOMO energy
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Fig. 17. Variation of ECP, E; gy and Ej o in carbon surfaces satu-
rated with H atoms.
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Fig. 18. Variation of ECP, E};\o and E| ;o in half-capped nanotubes.

not chemically stable under normal atmospheric conditions
(they will react with ozone, some nitrogen oxides, etc.).
This prediction will be a good test for whenever the first
experimental results on these systems appear.

Figure 19 shows the variation of ECP, Eyomo and E; yyo
in the family of hydrogenated half-capped nanotubes. The
ECP tends to stabilize slowly. The behavior of Eyoumo
and E| ;o is oscillating but convergent. The value of the
band-gap decreases with increasing NT length; however,
this decrease is not monotonic but shows a well-defined
oscillation. This oscillation has also been reported for EHT
and DFT studies of a set of (6, 6) nanotubes.>* This phe-
nomenon was explained in terms of periodic changes in
the bonding characteristics of the HOMO and the LUMO.
In EHT studies of 2-D polyphenanthrenes band-gap oscil-
lations also appear.>> These facts rule out this oscillation
as an artifact of the calculation method. As the HOMO
and the LUMO are of 7 nature these systems behave as
semiconductors. It is important to notice the great differ-
ences in the results between pure carbon half-capped NTs
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Fig. 19. Variation of ECP, Eyq,o and E,yo in half-capped hydro-
genated nanotubes.
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Fig. 20. Variation of ECP, Eyqyo and E o in group A of capped
nanotubes.

and hydrogenated ones: it is an unmistakable example of
why hydrogenated nanotubes cannot be used to model pure
carbon ones.

Figure 20 shows the variation of w, Eyono and Ejpumo
in group A of capped nanotubes. HOMO and LUMO
are of 7 nature. In the last member studied the Eygvo
and E| ;o difference is of about 0.01 eV, suggesting the
appearance of metallic behavior at least in some mem-
bers of this series. More studies on longer capped NTs are
needed to see is the band-gap oscillation disappears or not.

Figure 21 shows the variation of w, Eygyo and Ejpyvo
in group B of capped nanotubes. Like group A, HOMO
and LUMO are of w7 nature. In some structures the
Eyomo and Ej o difference is of about 0.01 eV. Inter-
estingly, the oscillatory behavior of the band-gap is dif-
ferent here. There are two structures with well separated
Eyomo and E| o values, followed by one in which Eyoyvo
and E| ;o values tend to be almost equal. Up to now, we
have no clear explanation for these differences.
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Fig. 21. Variation of ECP, Ey o and E o in group B of capped
nanotubes.
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4. CONCLUSIONS

It is now clear that the analysis of only the ECP invariance
does not guarantee the definition of a minimal molecular
model. We must add the study of the Eygno and Epyvo
values and the nature and location of all the respective
MOs. For example, lacking some of these results a metallic
behavior may be confused with a triplet state.

All the results presented above indicate that Extended
Hiickel Theory is still a valuable tool for the study of
the electronic structure of molecular systems possessing
great numbers of 7 electrons. When computing capacity
increases in such a way that we could easily deal with
all the above systems, EHT will be useful for even larger
molecular structures.
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