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Abstract. Based on the experience gained during an introductory course in physics of
materials, we argue that the tight-binding method, in its simplest form, is a useful tool
for understanding the properties of finite molecular systems. We illustrate the
applicability of this approach to study the electronic spectrum of several coumarinbased dyes successfully used in fabricating dye-sensitized solar cells. We show how the
students can find the energy levels and the corresponding molecular orbitals of the dyes
as well as how they can explain experimental results demonstrating the red-shift of the
absorption spectrum and the improved charge injection.
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1. INTRODUCTION
The electronic structure of molecules and solids is a topic of interest in most
physics curricula. Whether offered in the general modern physics or solid state
physics classes or in more specialized materials physics courses, the notions of
electronic energy states and orbitals are key to the understanding of some basic
physical properties and phenomena.
A well known approach of describing electronic states in a crystalline solid is
based on the tight-binding approximation, which constructs the wave functions of
the system as superpositions of wave functions of electrons strongly localized on
each atomic site. The method is based on writing the molecular orbitals as linear
combinations of atomic orbitals (LCAO), approach widely used in chemistry. In
fact, the LCAO method for molecules was introduced in chemistry in 1928 by
Finklestein and Horowitz [1], while the corresponding LCAO method for solids
was developed by Bloch at about the same time [2].

2

Simple electronic structure calculations – an educational approach

575

The typical tight-binding method makes further use of Bloch’s theorem,
which imposes constraints on the wave functions based on the periodicity of the
lattice [3, 4]. An alternative approach to taking into account the periodicity is to
build the solid from atoms or molecules and to describe the bands starting from the
chemistry concept of bonds [5, 6]. The simplest method used in chemistry
textbooks is the Hückel molecular orbital theory [7], which corresponds well to the
tight-binding approach, employed for describing extended solid state systems. The
Hückel method has been widely used in chemistry courses due to its simplicity,
which makes it an excellent pedagogical tool for introducing some abstract notions,
particularly the electron densities and the orbital energies, but also for illustrating
concepts such as molecular symmetry and orbital topology [8]. For these reasons,
the use of the Hückel approach has been extensively covered in chemical education
journals [9–18]. In contrast, the tight-binding approach has not received the
attention it deserves in physics education journals, one of the few meaningful
examples being the calculation of densities of states in solid state physics [19]. In
that paper, the authors stress that: ‘Students can gain much insight into solid state
research from this method since it helps to bridge the gap between the standard
textbook treatments and the highly technical discussions of the research literature.’
[19].
Inspired by such motivating statements, we attempted to use these concepts
and methods in teaching a college level introductory course in the physics of
materials. We think that addressing this topic is timely also in Romania, as
although the interest in physics education is high both at secondary and tertiary
levels, most of the publications deal with improving teaching of physics in highschools. It is worth mentioning that, of the papers focusing on physics education,
some concentrate on using computer assisted methods [20, 21] and others on
making topics in photovolatics more familiar to students [22–24]. Our work
complements these approaches, as it attempts to demonstrate that the simple tightbinding method, together with some basic computer algebra software, can
significantly improve the understanding of college level materials physics
concepts. One expected learning outcome of that class is that the students acquire
the basic knowledge regarding the electronic and photonic properties of molecular
systems, as well as some basics on organic electronics with applications in organic
optoelectronic devices.
Based on the experience gained in teaching that class, we argue in this paper
that the tight-binding method, in its simplest form, corresponding to the Hückel
approach, can be a simple and useful tool for understanding the properties of some
finite molecular systems. The method has already been used to find the crystal
orbitals for one-dimensional chains of p orbitals [4] or, equivalently, for linear
conjugated polymers, such as polyacetylene [8]. Here however, we illustrate our
ideas by applying the tight-binding (TB) approach to various coumarin-based dyes
successfully used in fabricating dye-sensitized solar cells (DSSC) [25, 26].
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The method can be easily applied to conjugated organic systems, such as
some of the dyes used in DSSCs [27] or in organic light emitting devices [28, 29].
DSSCs are low cost photovoltaic devices in which light is absorbed into a dye
attached to a wide bandgap semiconductor such as TiO2. The excited electron is
transfered from the dye to the oxide nanoparticles, diffuses through the porous film
to the photoanode, does work in the external circuit and is brought back from the
counter-electrode to the dye by either a redox electrolyte or an organic hole
transporter. High photovoltaic conversion efficiencies have been obtained for
DSSCs initially with ruthenium(II)-based dyes and a iodide-triiodide electrolyte
(over 11%) [26] and, more recently, with zinc(II)-porphyrin dyes with a cobalt
complex as a liquid electrolyte (over 12%) [30]. Even more recently, a record
efficiency of 15% has been reached with perovskite nanoparticles as TiO2
sensitizers and a solid organic hole transporter [31].
The conversion efficiencies of metal-free organic dyes are lower (less than
10%), but they display other features, such as lower costs, tunable bandgaps by
small variations of the molecular structure, which typically consists of a
π-conjugated donor-acceptor system [32]. Among the metal-free organic dyes used
in DSSCs, coumarin-based ones have shown good photoresponse in the visible
region, long-term stability under light exposure, appropriate energy level alignment
for injection into the conduction band of TiO2 [33, 34]. The molecular structures of
various coumarin-based dyes are shown in Fig. 1.
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Fig. 1 – Schematic molecular structures of some coumarin-based dyes [36, 37]: 1 = NKX-2398,
4 = NKX-2388, 5 = NKX-2311, 6 = NKX-2586, 7 = NKX-2587, 8 = NKX-2677, 9 = NKX-2697.

Initially, devices with a photovoltaic conversion efficiency of 5.6% were
reported using a dye named NKX-2311 (structure 5 in Fig. 1) [35, 36]. Later on,
the NKX-2677 dye (structure 8 in Fig. 1) has been used successfully as a
photosensitizer in DSSCs with an even larger efficiency of up to 7.4% [37]. The
stability under sun soaking and the efficiency were further improved, reaching
8.2% with NKX-2700 [38], by means of a thiophene-based bridge between the
donor/acceptor parts of the molecule. Various other coumarin-based dyes have
been synthesized and studied as TiO2 sensitizers [32, 34].
Here, for a more systematic study, we apply the simple TB approach to nine
coumarin-based dyes which differ by the number of ethenyl (vinyl) groups and by
the presence of cyano and thiophene groups. We illustrate the role of the ethenyl
and thiophene groups on fine tunning the gap between the ground and excited
states and the influence of the cyano group on the overall charge distribution. We
discuss intuitively the likelihood of the charge transfer from the dye to the TiO2
substrate illustrating concepts that are accessible at the level of junior and senior
physics students. Exploiting numerical functions of algebraic software, which
provide the eigenvalues and eigenvectors of the energy matrix, we can provide a
qualitative discussion of the influence of various dye constituents on the electronic
spectra, exemplifying the power of the simple TB method in explaining the
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properties of such materials. In the end, only to specify more clearly the limits of
this simple approach we compare its results with the ones provided by a widely
used quantum chemistry package.
2. TIGHT-BINDING APPROACH TO CONJUGATED SYSTEMS
The TB method has as prerequisites some simplifying approximations made
because of the difficulty in solving the many-body Schrödinger equation for all the
electrons and nuclei in the solid. A first approximation is that the nuclei are frozen
in their lattice positions, such that we can treat the electrons separately. Next we
assume that the electrons can be described by a single electron problem, in which
they feel only the mean field of the other ions and electrons [3, 4].
The basic assumption of the tight-binding approximation is that we can use
the wavefunctions of electrons tightly bound to the atoms as a basis for expanding
the crystal or molecular wavefunctions. As we deal here with finite molecular
systems we assume that the molecular orbitals can be written as a linear
combination of atomic orbitals:

ψ m,i (r ) =

∑c
m′ , i ′

m ,i ; m′,i ′ φ m′ (r

− r i′ ),

(1)

where φ m (r − r i ) is an atomic orbital of the electron bound to the i-th nucleus.
We can construct matrix elements of the single-particle Hamiltonian, H,
between the various atomic orbitals [4]:
H

m ,i ; m ′,i ′

= 〈φ m (r − r i ) | H | φ m ′ (r − r i ′ )〉 ,

(2)

the number of rows and columns being equal to the number of atomic orbitals
considered. Also, the overlap integrals are

S m ,i ;m′,i′ = 〈φ m (r − r i ) | φ m′ (r − r i′ )〉.

(3)

The TB approach makes use of the variational principle to determine the
energy and the LCAO coefficients of the crystal or molecular wavefunctions. The
variational principle leads to a set of equations that can be written in a matrix form,
involving the energy matrix as well as the column of the LCAO coefficients from
Eq. (1):
 H 11 − ES 11 H 12 − ES 12 … H 1n − ES 1n   c 1 

  
 H 21 − ES 21 H 22 − ES 22 … H 2 n − ES 2 n   c 2 

⋅  = 0

  
 H n1 − ES n1 H n 2 − ES n 2 … H nn − ES nn   c n 

  

  

(4)
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The roots of the secular determinant are the energies of the molecular orbitals.
They can be further used in the matrix equation (Eq. (4)) to determine the LCAO
coefficients.
We further make some more simplifying assumptions. First, we concentrate
on the valence electrons, keeping in mind that the other electron energies lie much
lower in the spectrum. For the case of interest here, where we deal with conjugated
organic molecules, this approximation means that we can concentrate on the p
orbitals, neglecting the contribution of the inner electrons. Therefore we can index
the orbitals only by the number of the atom it primarily belongs to: φ(r − r i ) .
The electron being strongly bound to the nucleus of the atom to which it
belongs, we assume that the diagonal matrix elements consist of the energy, ε, of
the electron located in the φ(r − r i ) atomic orbital. The energy ε is negative, as we
deal with a bound state. Furthermore, we presuppose that the electron can also hop
back and forth only between nearest neighbors. The hopping (transfer) integral, t, is
then nonzero only between adjacent atoms. These approximations can be written [4]:

ε, if i = j ,

H ij =  t , if i ≠ j , but adjacent atoms
0,
all
other cases.


(5)

Moreover, we consider the orbitals almost orthogonal (very weak overlap):

S ij = δ ij .

(6)

We have now set the ground for the use of this simple TB approach to several
coumarin-based dyes used in DSSCs.

3. RESULTS AND DISCUSSION
The present section is structured in five subsections. The first exposes in
some detail the method and all the procedures followed by the students, applied to
a very simple example, the basic coumarin. The next three subsections illustrate the
power of this elementary approach to reveal the role of various dye constituents
(such as the ethenyl, cyano, and thiophene groups) on the electronic structure and
optical properties of the dyes. The last subsection clarifies the limits of the simple
TB method.
3.1. ILLUSTRATION OF THE METHOD ON THE BASIC COUMARIN
The students start by analyzing the structure of the conjugates system,
labeling the atoms and counting the number of 2pz electrons. In the case of the dyes
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of interest here the atoms with crucial contributions to the electronic properties of
the dyes are mainly carbon, nitrogen, oxygen and sulfur.
The key parameters are the energy of the 2pz orbital, ε and the hopping
integral, t, between two carbon atoms, as mentioned above. The corresponding
parameters for the other atoms are: ε O ' = ε + 2t and t C −O ' = 0.8t and
ε O′′ = ε + t and t C = O′′ = t , for oxygen atoms involved in single or double bonds,
respectively [8]. The nitrogen atom bound to three carbon atoms is characterized
by: ε N = ε + 1.5t and t C − N = 0.8t , whereas for the S atom we have: ε S = ε and

tC − S = 0.8t [8, 39]. We illustrate the method described above by applying it to the
basic coumarin, shown in Fig. 2.

Fig. 2 – Schematic molecular structure of the basic coumarin showing the atom numbering.

Taking into account one 2pz orbital per atom, the students construct by linear
combinations, eleven molecular orbitals. Of the eleven atoms, nine are carbon, the
other two are oxygen atoms, one with two single bonds and the other with a double
bond. Next, they build the energy matrix. The result is a 11 × 11 matrix, which has
nonzero terms on the main diagonal (the energy of the electron in its own atomic
orbital) and next to it (the terms describing the transfer to the nearest neighbors on
both sides:
0
0
0
0
0
0
0
0
t 
ε − E t

  c1 
t
ε
−
E
t
0
0
0
0
0
0
0
0

 c 
 0
t ε−E t
0
0
0
0
0
0
0   2

  c3 
t ε−E t
0
0
0
0
0
0
0  

 0
c
 0
t ε−E t
0
0
0
0
0
0
0   4 

 c
(7)
t ε−E
t ′′
t′
0
0
0
0
0
0   5
 0
=
0,
⋅
c


6
 0
t ′′ ε O′′ − E
0
0
0
0
0
0
0
0  

 c 
t′
ε O′ − E t ′
0
0
0
0
0
0
0   7
 0

  c8 
t′
ε−E t
0
0
0
0
0
0
0  

 0
c9 
 0
t ε−E t  
0
0
0
0
0
0
0

 c 
t ε − E   10 
0
0
0
0
0
0
0
0
 t

  c 11 
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E is the energy of the molecular orbital. With a change of variable, x = (ε − E )/t ,
the matrix is further simplified, with only x, 1 and 0 elements. Thus, the energy is
expressed in units of t.
The next step is to solve the secular equation, setting to zero the determinant
of the matrix. The roots of the secular equation provide the energy values of the
molecular orbitals. They are further used to determine from the matrix equation the
coefficients of the atomic orbitals in the expansion of the corresponding molecular
orbitals.
Numerical functions of algebraic computer programs such as Mathematica
[40], MathCAD [41], Maple [42], etc., can solve the secular determinant and the
matrix equation, as already shown [13, 16]. The actual commands used by our
students to determine the eigenvalues and the corresponding eigenvectors of the
energy matrix are displayed in the supplementary materials [43].
Along with the counting of the 2pz orbitals the students need to count the
valence electrons, the electrons that can delocalize in molecular orbitals with π
character. If in the case of carbon atoms with sp2 hybridization the counting is easy,
one 2pz electron per atom, for nitrogen, oxygen or sulfur the number of electrons
involved depends on the type of bonding between the heteroatom and the
neighboring carbon atoms [8, 10, 12, 39]. For instance, the atom O8 has two
electrons involved in the σ bonds to C6 and C9 and other two in a lone pair;
therefore, two electrons are left to contribute to the 2pz orbital. In contrast, O7 has
one electron involved in a σ bond to C6 and four electrons in two lone pairs; hence
only one electron is left in a 2pz orbital to participate in π bonding. Consequently,
coumarin has 11 orbitals and 12 electrons.
The results of the calculations are shown in Fig. 3, which displays the energy
diagram [14] with the valence energy levels of the basic coumarin dye. The eleven
MOs are occupied by the 12 electrons following Pauli’s principle, with at most two
electrons starting from the one of the lowest energy. Therefore, the first six orbitals
are doubly occupied and the rest are empty. The highest occupied (HO) MO lies
just below the energy origin (taken as the energy of the 2pz orbital of carbon),
whereas the lowest unoccupied (LU) MO is located just above the origin.
The optical properties of the dye are dictated to a large extent by the HOMO
to LUMO transition. Particularly, the absorption wavelength is determined by the
energy difference between the two orbitals: ∆E=ELUMO–EHOMO. The wavelength of
the main optical transitions in the case of the basic coumarin dye can be determined
from the relation hc/λ = ∆E = 0.886t .
The values of the TB parameters have been fitted based on various
experimental data sets [8]. A typical set, obtained from the consideration of
experimental heats of atomization, is ε = −11.26030 eV [44], and t = −1.4199 eV
[45]. Correspondingly, the wavelength would be λ ≈ 986 nm, in the near infrared,
which is a poor approximation, as coumarin is transparent and the main optical
transition extends in the ultraviolet, not the infrared. As we shall see in later
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sections, the TB approach cannot render quantitatively exact gaps but it describes
qualitatively correct many electro-optical properties.

Fig. 3 – Schematic representation of the energy spectrum of the basic coumarin dye. Six of the eleven
MOs are occupied by the 12 electrons. The origin of the axis is at ε, the energy of the 2pz level of
carbon, and the scale is expressed in units of t.

Some of the MOs are displayed in Fig. 4, using a simple widely available
visualisation program [46]. The diagram is a schematic top view of the MOs with
π symmetry. The sizes and colors of the discs are correlated with the magnitude
and sign of the coefficient of the AO in the MO expansion [18].

c)

b)

a)

d)

e)

Fig. 4 – Schematic representation of some molecular orbitals of the basic coumarin dye: a) first MO
(of lowest energy); b) second MO; c) HOMO; c) LUMO; d) eleventh MO (of highest energy).

For the orbital with the lowest energy all coefficients have the same sign,
resulting in no transverse nodal planes. The electron is delocalized over the entire
molecule but the charge is mainly distributed on and around the oxygen atom with
the double bond (atom number 7 in Fig. 2). The second state has one transverse
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nodal plane and the eleventh state has the maximum number of nodal planes, the
sign of the coefficients changing from one atom to the next. Looking in between,
at the key MOs, the LUMO has one extra nodal plane than the HOMO.
Thus, the students can visualize the charge distribution in the dye and
correlate the increase in the kinetic energy with the increase in the number of
transverse nodal planes of the corresponding MO.
3.2. ROLE OF THE ETHENYL GROUPS
In the attempt to increase the photovoltaic conversion efficiency of the
DSSCs one of the key requirements is a better matching of the absorption spectrum
of the dye with the solar irradiation spectrum [27]. It was shown experimentally
[36] that the spectra of organic dyes which absorb in the UV can be red-shifted by
expansion of the π conjugation, i.e. by insertion of ethenyl groups in the dye
backbone.
In this section we study the effect of the ethenyl groups on the optical spectra
of the dyes. To better understand the origin of the red-shift of the optical spectra,
the students can perform a systematic comparative analysis of the spectra of dyes 1,
2 and 3, as well as 4, 5, and 6, as they differ by an increasing number of ethenyl
groups (Fig. 1).
Following the procedure already illustrated in the previous section the
students start from the minimal number of atomic orbitals participants in charge
conjugation [10, 12]. Referring to dye 1, we have 17 2pz AOs, one for each atom. In
addition to the 12 2pz electrons from the basic coumarin, we have 3 from the extra
C atoms, 3 from the O atoms of the carboxyl group (one for =O and two for –O–)
and 2 from the N atom, resulting in 20 electrons. Additionally, each ethenyl as well
as each cyano group participates with 2 electrons. Therefore, the numbers of
orbitals are 17, 19, 21, and 19, 21, 23 for dyes 1, 2, 3, and 4, 5, 6, respectively. In
each of these cases the number of electrons exceeds by three the number of
orbitals.
The energy of the key orbitals involved in the main optical transition is
shown as a function of the number of ethenyl units in Fig. 5. Dyes 1 and 4, have
only one ethenyl unit, 2 and 5, have two whereas 3 and 6, three. It can be seen that
an increased number of ethenyl groups systematically lowers the LUMO and
increases the HOMO such that, overall, there is a decrease of ∆E, which shifts the
optical spectrum to higher wavelengths. This redshift of the wavelength with
longer conjugated bridges is clearly seen in Fig. 5b.
To better understand these trends, the students can draw the key MOs, as
displayed in Fig. 6. They first note that the charge distributions in the MOs of the
coumarin-based dyes correspond well to those of the basic coumarin, shown in
Fig. 4c and 4d.
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a)

b)

Fig. 5 – Gap between the LUMOs (higher levels) and HOMOs (lower levels) of the coumarin-based
dyes, a), and the wavelength of the optical transition, b), as functions of the number of ethenyl groups.
Dyes 4, 5, 6 differ from dyes 1, 2, 3, respectively, only by the additional cyano group.

a)

b)

c)

d)

e)

f)

g)

h)

Fig. 6 – Schematic representation of the key molecular orbitals of some coumarin-based dyes:
a) HOMO; b) LUMO of 1; c) HOMO; d) LUMO of 2; e) HOMO; f) LUMO of 4; g) HOMO;
h) LUMO of 7.
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Comparing the HOMOs of dyes 1 and 2 (Fig. 6a and 6c) we note that there is
one more transverse nodal plane due to the presence of the additional ethenyl
group, which leads to a slight increase in energy, as seen in Fig. 5. In contrast, in
the case of the LUMO, the charge is redistributed on dye 2, the additional bonds on
the rings lowering the energy.
The students can easily understand these results also by analogy with the
problem of the particle in the one-dimensional potential well. Just as in the case of
the electron in a box, the increased width of the well leads to an overall lowering of
the energy for each state as well as a decrease in the spacing between consecutive
energy levels [10, 12, 14]. Here, the lengthening of the conjugated bridge of the
dye extends the distance within which the movement of the electron is confined,
leading to smaller differences between the energy levels.
A more thorough analysis of the band gap engineering in π-conjugated
systems takes into account the effects of ’bond length alternation’ and of aromatic
stabilization [47]. It was found experimentally that the gap increases with the bond
length alternation (with the difference between the length of the single and the
double bonds) and with the decrease of the number of carbon atoms along the
conjugated chain [47, 48]. Also, the π-electrons tend to be confined on the aromatic
ring leading to wider gaps and transitions in the UV. Hence, for better matching of
the absorption spectrum of the dyes with the solar spectrum, it is desirable to lower
the gap by insertion of double bonds, which cause a charge delocalization along the
whole conjugated system, taking away some of the charge from the aromatic rings
[14, 47]. Although the simple TB method does not take into account any variations
in the bond length, overall, these experimental observations can easily be
understood by the students based on the simple calculations described above.
3.3. ROLE OF THE CYANO GROUPS
The dyes used in DSSCs have D–π–A structure, possessing both electrondonating (D) and electron-accepting (A) groups, linked by π–conjugated bridges.
For the dyes of interest here, the electron-donating part can be associated with the
coumarin and the electron-accepting unit with the carboxyl group. Such a structure
illustrates the Push →Pull concept [27, 34]: due to light absorption during the
HOMO →LUMO transition, the charge density moves from the donor group to the
acceptor group, getting closer to the TiO2 substrate. Experimentally, it was shown
[36] that due to its strong electron-withdrawing abilities, the cyano group
connected to the anchoring carboxyl enhances the ’Push →Pull’ effect.
Consequently, the –C ≡ N group plays an important role in the effective electron
injection into the conduction band of the semiconducting oxide.
To explain these experimental observations the students can compare the
dyes already studied, this time in pairs: 1 and 4, 2 and 5, and 3 and 6. As mentioned
above, the extra cyano group brings two additional electrons in the calculations.
We return to Fig. 5, which displays the pairs of dyes with the same number of
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ethenyl groups but differing by the additional cyano group. We note that the
presence of the –C ≡ N group systematically causes a general shift towards lower
energies of both HOMOs and LUMOs, for all the three pairs of dyes. The shift is
stronger for the HOMOs, with an average of 0.19 eV, compared to the 0.13 eV for
the LUMOs. Consequently, the gap is larger for the dyes with cyano groups.
To understand intuitively these results, the students can analyze the MOs
drawn schematically in Fig. 6. Comparing the MOs of dyes 1 and 4 one notes the
bond between the carbon atoms of the dye backbone and of the cyano group, which
lowers the energy. Thus, both the HOMO and the LUMO of dye 4 lie lower than
the corresponding orbitals of 1.
Furthermore, looking at the HOMOs of Figs. 6a and 6d, it can be seen that
the –C ≡ N group tends to keep the charge density distributed more on the coumarin
side of the dye. In contrast, the LUMOs (Fig. 6b and 6f) have less charge on the
coumarin and more on the π-bridge and on the carbon atom of the cyano group.
Due to the stronger Coulomb attraction of the electron to the nitrogen nucleus and
to the presence of the triple bond, –C ≡ N acts as an electron withdrawing group.
This is a clear illustration of an increased Push →Pull effect by small alterations of
the conjugated backbone near the anchoring carboxyl group of the dye.
3.4. ROLE OF THE THIOPHENE GROUPS
The dye elongation with ethenyl groups discussed above contributes to a red
shift in the absorption spectrum. However, it can also decrease the stability of the
dye molecule, due to the possibility of isomer formation. It was demonstrated
experimentally [37] that the introduction of π-conjugated ring moieties such as
thiophene, into the dye backbone expands the π-conjugation system, improving in
the same time the stability of the molecule.
To explain these experimental results the students can explore the role of the
number of thiophene rings on the energy spectrum of the dyes. For that purpose,
we compare dyes 7, 8 and 9. The calculations lead to the key energy levels
displayed in Fig. 7.
We first note that the energy gaps between the LUMOs and the HOMOs are
significantly smaller for the dyes with thiophene rings compared to the ones with
simple backbones. Consequently, the wavelengths of the optical transitions
displayed in Fig. 7b are systematically red-shifted with respect to the ones of the
dyes 1 to 6 reported in Fig. 5b. The smaller gaps are due mostly to the higher
HOMOs, all shifted up likely because of the higher number of transverse nodal
planes. The energies of the LUMOs do not differ much because the additional
nodal planes seem to be compensated by the stronger charge confinement on the
thiophene rings.
Second, here again, it is observed that the energy gap is lowered by a longer
π-conjugated system [47]. Consequently, the spectrum is red-shifted for the dyes
with more thiophene units.
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Third, we notice another illustration of the Push →Pull effect, as on the
HOMO the charge is delocalized with an important contribution on the coumarin
part, whereas on the LUMO the electron is localized towards the opposite side of
the dye, next to the anchoring group. Both orbitals show a high electron density on
the sulfur atom, as expected for a more electronegative atom.

a)

b)

Fig. 7 – Gap between the LUMOs (higher levels) and HOMOs (lower levels) of the coumarin-based
dyes with thiophene groups (a), and the wavelength of the optical transition (b), as functions of the
number of thiophene groups.

3.5. LIMITS OF THE TIGHT-BINDING APPROACH
Using a simple tight-binding approach we determined qualitatively the
energy levels and the corresponding molecular orbitals of nine coumarin-based
dyes. The calculations explain well the general experimental trends, particularly the
effect of the longer conjugated bridge, as well as the roles of the cyano or
thiophene groups. However, to illustrate the quantitative limits of this approach it
may be useful to resort to another approach. Although such calculations may be
beyond the level of an introductory course in the physics of materials and are not
usually performed by the students, we report the results below for proper
benchmarking.
Taking as reference the simplest TB approach, the next method, in terms of
simplicity, for the calculation of the electronic energies and molecular orbitals is
the Extended Hückel (EH) Method [49], which takes into account all valence
electrons of all atoms. The hydrogen atoms, which are disregarded in the simple
Hückel method, are also taken into account in the extended Hückel calculation.
Also, the orbitals are no longer assumed to be orthogonal, the calculations
providing an overlap matrix that has many elements different from zero. The
energy matrix has as diagonal elements the energy of the electron in the particular
atomic orbital of the isolated atom. The nondiagonal elements are determined taking
into account the diagonal energies and the corresponding orbital overlaps [8].
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The extended Hückel method is not very successful in determining the
structural geometry of a molecule but it allows a more accurate computation of the
molecular orbitals and their energies. It can also determine the relative energy of
different geometrical configurations. It involves calculations in the single-electron
approximation and the electron-electron interactions are not explicitly included.
Given such limitations the EH method is in itself a crude approximation, as it does
not calculate explicitly the energy matrix elements, using parameters fitted from
experimental data instead [8]. Ab initio calculations are more accurate but are
typically beyond the scope of an introduction to the physics of materials and much
better suited for a quantum chemistry class. We chose the EH method mainly for
its simplicity and particularly to visualize more easily the molecular orbitals.
We performed EH calculations using a commercially available molecular
modeling software [50]. The results of the EH calculations are shown in Table 1
and Fig. 8, which display the energies and the electron density of the key states
[51], respectively.
We note that the gaps provided by the EH method are larger, in better
agreement with the experimental observations [35–38]. Although even the EH
method leads to gaps that are smaller than the experimentally observed values, the
agreement is clearly better than for the simplest TB approach. Experimentally, the
dyes with short conjugated bridges have transitions in the UV limit of the visible
range, the spectrum being red-shifted for longer π–conjugation paths. The
differences between the results of the two approaches show that the experimental
parameters used in the TB scheme, particularly the value of the transfer integral, t,
is too small. Also, looking at the sets of dyes, the largest differences between the
EH and the TB results are found for the thiophene-based dyes. In those cases, the
TB transfer parameter for the sulfur-carbon hopping was even lower, leading to
smaller gaps.
Table 1
Energies of the key MOs of coumarin-based dyes calculated by TB and EH methods, expressed in eV
Dye

1

2

3

4

5

6

7

8

9

TB

ELUMO

-10.87

-10.94

-10.97

-10.99

-11.06

-11.10

-10.89

-10.86

-10.89

E HOMO

-11.98

-11.87

-11.74

-12.17

-12.07

-11.96

-11.67

-11.55

-11.46

∆E

1.12

0.94

0.77

1.18

1.01

0.86

0.78

0.69

0.58

EH

ELUMO

-9.79

-9.93

-10.01

-9.87

-10.04

-10.14

-9.79

-9.76

-9.79

E HOMO

-11.5

-11.48

-11.42

-11.5

-11.48

-11.45

-11.23

-11.15

-11.10

∆E

1.71

1.55

1.41

1.63

1.43

1.30

1.44

1.38

1.30
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Examining the differences between the three sets of dyes we observe that the
gap calculated by the EH approach decreases with the length of the π–conjugated
bridge, consistent with the TB results and the experimental observations [47].
If we compare the actual values of the gaps of pairs of dyes (4 and 1, 5 and 2,
6 and 3) we note that in EH the presence of the cyano group does not increase the
gap, on the contrary. Also, as already mentioned, in EH the presence of the
tyophene groups does not decrease as much the gap.
Analyzing the electron densities of the MOs displayed in Fig. 8 in contrast
with the schemes exposed in Fig. 6 we note that the EH method indicates the
presence of some small electron density also on the saturated rings linked to the
coumarin. In the simple TB calculation those atoms were ignored and had no
contribution to the charge density.

a)

b)

c)

e)

d)

f)

g)

h)

Fig. 8 – Electron density of the key molecular orbitals of some coumarin-based dyes: a) HOMO; b)
LUMO of 1; c) HOMO; d) LUMO of 2; e) HOMO; f) LUMO of 4; g) HOMO; h) LUMO of 7.

Moreover, examining the differences between the HOMOs and the LUMOs
we consistently see the Push →Pull effect for all dyes. Although the charge is
delocalized, we can still clearly observe for the HOMOs a sizeable electron density
on the rings linked to the coumarin whereas for the LUMOs the charge moves
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towards the anchoring carboxyl group. This tendency is important in the DSSCs,
where the electron transfer from the excited state of the dye to the TiO2 substrate is
crucial.
Further, looking at dyes 1 and 2 we note that for longer conjugated chains the
charge is spread over larger volumes, consistent with our TB results. When
comparing dyes 1 and 4 we observe that the presence of additional cyano groups
increases the charge density on the anchoring group, facilitating the electron transfer.
Also, examining Figs. 6f and 8f, we find that both approaches indicate a large
electron density on the carbon atom between the coumarin and the cyano group.
Similarly, the comparison of Figs. 6h and 8h shows a high charge density on the
tyophene, particularly on the sulfur atom, consistent in both TB and EH methods.

4. CONCLUSIONS
Encouraged by the use of the simplest form of the tight-binding method to
describe extended linear systems with s and p orbitals [4] as well as by the
experience gained over a few years of teaching a senior year introductory course in
the physics of materials, we set as a goal to prove that the TB approach can be a
useful tool for understanding the properties of some finite molecular systems. We
illustrated the applicability of this approach by studying the electronic spectrum of
nine coumarin-based dyes which have been successfully used in the fabrication of
dye-sensitized solar cells. We presented the steps followed by the students, starting
from the analysis of the structure of the conjugated system, the labeling of the
relevant atoms, building of the energy matrix, solving the matrix equation, finding
the energy levels and the corresponding molecular orbitals, drawing the energy
diagrams and the simplest schemes of the molecular orbitals, etc.
To prove the power of this simplest TB approach to qualitatively predict
some of the basic optical properties of materials of practical interest we made some
systematic comparisons of results obtained for dyes with various lengths of the
π–conjugates bridge, as well as with various added constituents, such as cyano and
thiophene groups. We were able to explain experimental results demonstrating the
red-shift of the absorption spectrum with the increased length of the conjugated
backbone when intercalating additional ethenyl groups. We also justified the
improved charge injection from the dye to the TiO2 substrate when cyano groups
are added close to the anchoring carboxyl group. Moreover, we analyzed the role
of the sulfur atoms closing tyophene rings in increasing the stability of the dyes and
in lowering the gap. In summary, with the simplest possible method we could make
the basic notions of band gap engineering in molecular systems [47] more easily
understandable to our senior physics students.
Finally, we also used more advanced molecular modeling software to clarify
the limits of the simple approach proposed. We showed that while experimentally
the absorption spectra of the dyes have strong transitions starting from the UV limit
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of the spectrum and going to higher wavelengths, the EH method provides
transitions in the red limit whereas the simplest TB approach leads to lines in the
IR. Therefore, although not accurate enough EH clearly improves over the simplest
TB, a better agreement resulting from the use of density functional theory [52] and
other more sophisticated methods.
This simple TB approach can be used to understand the optical properties of
other conjugated systems of practical interest, such as cromophores used in organic
light emitting devices or building blocks of biological molecules. We strongly
believe that this method can be a powerful tool in teaching a variety of topics in
physics of materials.
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