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a b s t r a c t

This study presents an approach where semi-empirical molecular orbital theory can be used to screen for
desirable optical properties of conjugated organic materials including Organic Light Emitting Diode
(OLED) molecules prior to more elaborate computational study or actual experiments. Band-gap, HOMO
(for ionization potential), and LUMO (for electron affinity) orbital energies from the PM6 method can be
adjusted by shifting vertically to reproduce experimental data or accurate calculated data of one refer-
ence molecule in the class, and then the shifting constants can be used to estimate properties for other
molecules in the class. The approach was tested with five different subclasses of oligothiophene deriva-
tives which have different end-capped groups. Error analyses indicate that this approach is nearly as
accurate as TDDFT but cost significantly less.

Published by Elsevier B.V.

1. Introduction

Applications of conjugated organic materials such as organic
light-emitting diodes (OLEDs) based on electroluminescence prop-
erty of these organic materials [1] in multimedia electronic indus-
try have just been possible in the last few years. This is due to the
fact that OLED has a number of properties superior to the currently
dominant liquid–crystal displays (LCDs), such as its low driving
voltage, high brightness, high contrast, fast response time, wide
viewing angle, and high flexibility, etc. [2,3]. During the past dec-
ade, many studies have been carried out to improve the perfor-
mance and enhance the stability of OLEDs [4–7]. However, since
blue light-emitting materials are more rapidly aged than green
and red ones, OLED devices have shorter life cycle [8]. Increasing
the life cycle of OLED materials will continue to be a challenge.

Experimentally there is a well-known reciprocal rule for conju-
gated polymers [9–12] in which several properties such as band
gaps, absorption wavelengths, ionization potential and electron
affinity tend to vary linearly as functions of reciprocal chain
lengths. Such relationships are of great importance for functional
design of new OLED materials. However, deriving such relation-
ships experimentally would be rather time consuming and expen-
sive. There have been a number of computational studies
investigating different properties of OLED materials such as thin

film thickness distribution [13], charge transport property [14],
excitation energies [15], as well as quantitative structure–property
relationship (QSPR) for optical limiting of organic compounds [16].
The calculated results were able to assist in the design of new
materials with desirable optical properties [17,18]. With regarding
to predicting optical properties from excitation energies of the
OLED materials, time dependent density functional method
(TDDFT) has been used broadly because of its reliable results for
a wide range of systems [19–23]. Nevertheless, because of the
increase of molecular size from monomers to oligomers, it is still
impractical to treat large oligomers using TDDFT methodology.
Therefore, a more cost-effective strategy to assist experimentalists
in functional design of OLED materials would be of great interest
and valuable. The use of a semi-empirical MO theory would pro-
vide a possibility. The accuracy of the semi-empirical MO methods,
however, is always in question. Recently, Puzyn et al. [24] found
that the use of general semi-empirical MO PM6 and RM1 methods
can provide rather accurate descriptors for QSPR models with
accuracy comparable to those from DFT calculations. However,
the use of standard semi-empirical MO method such as PM6 for
virtual screening of excited state properties of conjugated organic
materials so far has not been addressed.

The objective of this study is to develop an approach for using a
semi-empirical molecular orbital theory as virtual screening tool
for conjugated organic materials. Such virtual screening tool will
enable quick estimate of optical properties of oligomers before
investing more resources for actual synthetic experiments or elab-
orated TDDFT calculations. Our hypothesis is that semi-empirical
MO would be sufficiently accurate to predict the slopes of linear
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structure–property relationships while the intercepts can be ad-
justed by TDDFT calculations or experimental data for the mono-
mer or a small oligomer. To test this hypothesis five subclasses
1–5 as shown in Figure 1 all belong to thiophene-based conjugated
organic material type [25–29] were chosen since they have suffi-
cient experimental and TDDFT data for comparisons. The chosen
subclasses 1–4 have electron donor end-capped groups while
sub-class 5 has both electron acceptor and donor end-capped
groups. This difference may cause the shift in the optical properties
of sub-class 5 differently comparing those of other four subclasses.
The electronic properties of the end-capped groups have known to
affect the HOMO–LUMO gaps [30]. The use of different end-capped
groups enables the range of applicability of the approach proposed
here. The results of this error analysis suggest a procedure for how
semi-empirical MO method can be used to screen properties of
conjugated organic materials.

2. Methodology

All calculations were performed using the MOPAC2009 package
[31]. The ground-state geometries of the molecules in each sub-
class were fully optimized with PM6 semi-empirical molecular

orbital level of theory without any constraints. The new PM6
method corrects many short-coming in previous well-known AM1
and PM3 semi-empirical MO methods such as having more accurate
heats of formation, geometries, hydrogen-bond structures and
parameters for many transition metal atoms [32]. The band gap
was estimated from the HOMO – LUMO gap from the ground-state
orbital energies. Since the proposed methodology is for screening
purpose rather being a predictive tool and would be used by
mostly bench chemists rather than quantum chemistry experts,
more sophisticated methods for calculating excitation energies
are not needed since these methods are difficult to employ and
thus would discourage the use of the proposed methodology.

3. Results and discussion

3.1. Geometry

Figure 2 depicts some geometry parameters of molecule 2b in
ground state including bond lengths, bond angles, and dihedral
angles. The calculation results indicate that both PM6 and DFT
calculations give non-planar conformation with small differences
between bond lengths and bond angles. However, the differences
in the dihedral angles fluorene and thiophene rings are larger,
namely 28.9o and 30.1o. These differences lead to the differences
in the PM6 band-gap, HOMO, LUMO orbital energies by about
0.15 eV. This is within the uncertainty of the shifted PM6 approach
as discussed below.

Figure 3 presents the HOMOs and LUMOs of molecules in sub-
class 1 obtained from PM6 calculation along with the available
results from DFT calculations [33]. There is a reasonable agreement
between PM6 and DFT results in the characteristics of the HOMO
and LUMO orbitals. The HOMOs show anti-bonding character
between rings that attributes to the non-planar structures of those
molecules at ground state. Meanwhile, the more planar structures
at excited states can be explained by the fact that LUMOs show
bonding character between rings. PM6 calculations for these mol-
ecules with methyl substituents as in previous DFT calculations
show that hexyl and methyl substituents yield very little differ-
ences on chain planarity.

3.2. Shifted PM6 method

There are three important properties of OLED materials that are
the band-gap, HOMO and LUMO orbital energies. The band-gap
provides information on the color of the light whereas HOMO
and LUMO orbital energies are used to estimate the ionization
potential and electron affinity of the materials. From our hypothesis,
PM6 can be adjusted by shifting vertically to reproduce experimen-
tal data (or accurate calculated if experimental data is not avail-
able) of one reference point which is often the smallest molecule
in the sub-class. This approach is called Shifted PM6 method. The
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Figure 1. Molecular structures of subclasses 1–5.

Figure 2. The optimized geometrical parameters of molecules 2b using PM6
(normal numbers) and DFT data (italic numbers, taken from Ref. [26]). (a) Angles in
degree; (b) Bond lengths in Angstrom.
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shifting constant can be calculated for each sub-class or averaged
over the whole class for a given property. These constants are pre-
sented in Table 1. The standard deviation in the averaged shifting
constants for all three properties, band gap, HOMO and LUMO
energies are relatively small. This suggests that shifting constant
determined for a given sub-class can be used for the whole class
with acceptable errors of 0.20 eV for the band gap, 0.13 and
0.12 eV for HOMO and LUMO energies.

PM6 band gaps were estimated from the energy difference be-
tween the HOMO and LUMO energies. By adding shifting constant

for each sub-class, we obtained the shifted PM6 values for mole-
cules in a given sub-class. Alternatively, the PM6 values can be
shifted by the average shifting constants for the whole class (see
Table 1), i.e. one shifting constant is used for all subclasses. The
shifted PM6 band gaps are listed in Table 2 along with TDDFT
and experimental data for comparisons. Figure 4 shows that the
shifted PM6 band gaps are in good agreement with the experimen-
tal ones. Note that for low band gap region there appears to
be a consistent overestimation of the shifted PM6 method.
Whether this feature is systematic and also exists in other classes

Figure 3. HOMO and LUMO of molecules in sub-class 1 using PM6 method and comparison with DFT data (Ref. [33]).

Table 1
Shifting constants S (eV) for the band gap and HOMO energies (eV) for each sub-class and averaged S for the whole class.

Sub-class Reference molecule EExpt:
g

HOMO/LUMO PM6 Shifting constant S
(eV)

Eg HOMO/LUMO Eg HOMO

1 1a 3.48a �5.65/�2.17a 7.96 �8.58/�0.62 �4.48 2.93
2 2a 2.92b �5.39/�2.47b 7.58 �8.30/�0.72 �4.66 2.91
3 3a 2.66c �5.32/�2.66c 7.34 �8.41/�1.07 �4.68 3.09
4 4a 2.84d �5.34/�2.59d 7.21 �8.12/�0.91 �4.37 2.78
5 5a 2.27e �5.47/�3.20f 6.47 �8.23/�1.76 �4.2 2.76
Class �4.48 ± 0.20 2.89 ± 0.13

a Ref. [25].
b Ref. [26].
c Ref. [27].
d Ref. [28]; Note: For subclasses 1–4, Eg was estimated from the onset of absorption spectra (Eg = 1240/konset). HOMO was calculated by the empirical equation

HOMO = �(4.44 + Eonset).
e Ref. [29].
f EHOMO was calculated by EOx + 4.5 V (vs. normal hydrogen electrode) (eV) and ELUMO = EHOMO � Eg. The first oxidation potential EOx values were taken from Ref. [29].
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of conjugated organic materials would require further study. A
more systematic error analysis, namely the minimum (Min), max-
imum (Max) and average unsigned errors (AUEs) are presented in
Table 3. The difference in AUE for the whole class of the shifted
PM6 and available TDDFT band gaps is 0.09 eV. It is interesting to
note that if using sub-class shifting constants for the band gap
and the AUE’s and the error ranges of the shifted PM6 method
are smaller than those of TDDFT. This confirms our hypothesis that
PM6 can accurately predict the trend in a given sub-class. If using
the averaged shifting constant for the whole class, the errors of the
shifted PM6 method are slightly larger than those of TDDFT.

There are two differences between molecules in sub-class 5 and
those in other subclasses, namely the acceptor end-capped group
and substituent at thiophene unit. As presented in Table 1,
although the shifting constants of sub-class 5 are not significantly
different from those of other four subclasses we observe a somewhat

large error range in this case. In particular, the largest band gap
unsigned error of 0.49 eV belongs to molecule 5c in sub-class 5.

Replacing the hexyl group at thiophene unit by hydrogen atom
in sub-class 5 changes the band gap, HOMO and LUMO energies by
0.01, 0.03 and 0.02 eV, respectively. This further extends our earlier
finding that these substituents at thiophene unit have little effect
on the electronic properties. We have also tested the effect of
end-capped group electronic characteristics by replacing the cyan-
oarcrylic acid by triphenylamine in sub-class 5. This results in the
differences of 1.02, 0.27, and 1.29 eV for the band gap, HOMO and
LUMO energies, respectively. This suggests that the electronic
characteristics of end-capped groups have larger effects on the
considered properties. This suggests the application of the screening
approach here should be used for molecules in the same sub-class
with the same end-groups but for different number of oligomer
unit.

4. Conclusion

In conclusion, the virtual screening approach based on the PM6
semi-empirical MO theory is proven to be a cost-effective method
to estimate the optical properties of OLED material providing these
properties are shifted by constants to reproduce the experimental
or accurate calculated data for one reference point. Error analyses
indicate that this approach has nearly the same level of accuracy as
of TDDFT but cost significantly less. The screening approach here is
for extrapolating TDDFT band gap, HOMO and LUMO orbital ener-
gies to larger oligomers where the calculations are computation-
ally prohibitive and for screening classes for desirable properties
prior to more accurate calculations and experiments. It is not
meant to replace TDDFT where properties including those consid-
ered here are systematically more accurate.
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