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ABSTRACT

Density functional methods have been used for the calculation of electronic structures, electronic transitions, vertical
electron affinities and intermolecular reorganization energies for tri-aryl substituted dibenzothiophenes. These model
compounds were then compared to the predicted values for dibenzo[b,d]thiophen-2-yltriphenylsilane (DBTSI 2) and to
dibenzo[b,d]thiophene-2,8-diylbis(diphenylphosphine oxide) (PO15), known electron transport molecules. The results
indicate that these model compounds can be used in a blue OLED system.
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1. Introduction

Numerous advances in organic light emitting device
(OLED) technology have occurred since the discovery by
Tang and van Slyke [1]. This is due in part to the syn-
thetic versatility of organic materials, which can be de-
signed with tuned properties, including emission energy,
charge transport, and morphological stability, all impor-
tant for efficient OLED operation. As a result, displays
based on this technology have become available in the
marketplace. A further outcome of this progress is that
the efficiency of OLEDs has increased to the point where
they are within range of solid state lighting (white light)
applications. Realizing this potential has created new
challenges to overcome. Blue electrophosphorescence,
which is a necessary component of white light, has been
a particular challenge because the triplet excited state of
the material system (host, hole transport and electron
transport materials) must be higher than that of the
dopant in order to prevent quenching of the dopant emis-
sion (see Figure 1) [2]. This requires a host material with
even higher triplet energy than the blue phosphor dopant.
Consequently, reports of high efficiency and long-lived
blue phosphorescent OLEDs have been rare, in part be-
cause of the lack of appropriate organic charge transport
materials into which to dope the phosphorescent emitter.
The most important factor to optimize the external
quantum efficiency of an OLED is the charge balance in
the emissive layer [3]. The charge balance depends on
injection of carriers at the electrodes as well as balanced
charge mobility by the transport layers. Unlike many
other parameters that govern OLED performance, this
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needs to be addressed at the design stage of the mole-
cules. This, in turn, means that one needs to look for ma-
terials which possess desirable ionization potentials and
electron affinities at the electron and hole injecting inter-
face in order to get efficient charge injection.

Also, the molecule must possess the inherent ability to
transport the desired charge carrier. In order to ensure
that a molecule has favorable performance in an OLED,
many factors (chemical and physical) need to be opti-
mized. This means parameters such as ion stability, re-
laxation energies, luminescence yields and molecular
orbital energy levels must be known. Theoretical meth-
ods can be used to evaluate some of these potential tar-
gets [4]. Here, we use density functional theory to evalu-
ate a class of molecules as potential candidates for the
electron transport layer (ETL). These model compounds
are then compared to a state of the art material (PO15)
we have reported [S]. The model ETL we study here are
based on a dibenzothiophine moiety attached to one or
two triphenylsilane groups (Figure 2).

2. Theoretical Methods

All calculations were performed with the NWChem
computational package [6], at the Molecular Science
Computing Facility (MSCF) in the Environmental Mo-
lecular Sciences Laboratory (EMSL). Molecular orbitals
and bond lengths were visualized using Extensible Com-
putational Chemistry Environment (ECCE) a component
of the Molecular Science Software Suite (MS3) devel-
oped at the Pacific Northwest National Laboratory (PNNL)
[7]. Geometry optimization and electronic properties
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Figure 1. (a) Schematic representation of an simple OLED; (b), (c) The relationship of the relative triplet energies of ETL,
HTL and the emitter.
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Figure 2. Chemical structures of the molecules studied.

were computed at the density functional theory (DFT) high level basis set for these kind of electronic property
level. For the DFT calculations, B3LYP hybrid function- calculations.

als were employed [8]. It is common these days to use a Here, we used Pople’s standard split-valence plus po-
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larization 6-31G*, [9] and Dunning’s correlation consis-
tent (double zeta) basis set cc-pVDz basis set [9] to op-
timize the geometry of DBTSI 2. These predicted values
were then compared to the experimental values obtained
by our group previously [10] (Tables 1 and 2). The ele-
ment numbers are shown in Figure 3. Although Dun-
ning’s correlation consistent basis sets have had redun-
dant functions removed and have been rotated in order to
increase computational efficiency [11-17], the computer
time needed for 6-31G* calculations are still shorter.

Table 1. Bond lengths predicted for DBTSI2.

EXP 6-31G* ce-pVDz
Si1-C2 1.865 1.894 1.904
C2-C5 1.398 1.407 1.408
C5-C6 1379 1.396 1.398
C6-C3 1378 1.396 1.398
C3-C7 1.394 1.396 1.398
C7-C4 1.382 1.396 1.398
C4-C2 1.397 1.409 1.410
Sil-C13 1.872 1.894 1.904
CI13-C15 1.389 1.409 1.411
C15-C18 1.389 1.396 1.398
C18-Cl4 1375 1.396 1.398
Cl14-C17 1.382 1.396 1.398
C17-Cl6 1.381 1.396 1.399
Cl6-C13 1.394 1.407 1.408
Sil-C28 1.875 1.894 1.903
C28-C29 1.401 1.414 1.416
C29-C26 1.374 1.392 1.394
C26-C30 1.389 1.396 1.399
C30-C27 1.387 1413 1415
C30-S43 1.75 1.765 1.769
S43-C36 1.745 1.768 1.772
C36-C37 1.389 1.397 1.399
C37-C34 1.374 1393 1.395
C34-C38 1.401 1.404 1.406
C38-C35 1.398 1.391 1393
€35-C33 1.390 1.403 1.406
C33-C27 1.452 1.456 1.457
C36-C33 1.403 1.414 1415
Sil-C44 1.878 1.894 1.904
C44-C47 1.392 1.407 1.408
C47-C48 1.386 1.397 1.399
C48-C45 1.383 1.397 1.398
C45-C49 1.376 1.397 1.398
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Table 2. Bond angles predicted for DBTSI2.

EXP 6-31G* cc-pVDz
C2-8il-C13 109.60 110.00 110.04
C2-Si1-C28 108.22 108.64 109.84
C2-Sil-C44 110.44 109.80 108.59
C44-Si1-C13 109.05 108.54 109.99
C13-8i1-C28 110.46 110.02 108.52
C28-8il1-C44 109.04 109.84 109.87
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Figure 3. The element numbers for DBTSI 2.

From the data it is clear that the higher level of basis
set does not provide an accurate description of the ge-
ometry. As such, for the geometry optimization Pople’s
standard split-valence plus polarization 6-31G* basis set
was used.

In previous work, we studied several classes of elec-
tronic molecules using different DFT type functionals
and 6-31G* as the basis set. From this work we estab-
lished that the B3LYP/6-31G* level of theory gave val-
ues that closely matched the experimental values for
bond lengths, bond angles and orbital energies [18]. The
highest occupied molecular orbital (HOMO) and lowest
unoccupied molecular orbital (LUMO) energies were
determined from the minimized singlet geometry (Table
3). Electron binding energies and ionization potentials of
molecules were calculated by the delta self-consistent
field (ASCF) as the difference in energy between a
molecule and its radical cation. The same level of theory
was applied to both the anion and the neutral species for
the electron affinity calculations. The spin unrestricted
B3LYP (UB3LYP) density functional was employed to
treat the species with an ionized open-shell doublet (one
unpaired electron) electron configurations. The results
obtained with theASCF method were compared with
calculations based on the traditional Koopmans’ theorem
approach [19]. The DFT was used to investigate the ef-
fects of substitution on the reorganization energy. The
total reorganization energy was evaluated based on

AMPC



222 A. B. PADMAPERUMA

Table 3. Orbital energies predicted for DBTSI2.

Exp 6-31G* cc-pVDz
HOMO —6.29 —5.82 —5.94
LUMO -2.59 —0.96 -1.19
A 4.85 4.75

adiabatic potential energy surfaces (AP) model according
to work published by Brédas [20].

3. Results and Discussion
3.1. Molecular Orbitals

The m-molecular orbitals for the highest occupied and the
lowest unoccupied orbital of dibenzothiophene (DBT) is
shown in Figure 4. In the case of the occupied MO, there
is m-electron density on the sulfur atom. There are two
nodes on this MO in addition to those on the C3 and the
C7 positions. When the LUMO is considered, there are
nodes on the sulfur atom, as well as the C2 and the C8
positions. The effect of Ph;Si-substitution on the energy
of the HOMO and LUMO levels of DBT was studied
next (Figure 5). The substitution on the C1, C3 and C4
destabilized the HOMO level of DBT by 0.1 eV, 0.03 eV,
and 0.10 eV respectively. Substitution on the C2 had no
effect on the HOMO level, the same was seen for di-
substitution at C2and C8 (short axis). However, di-sub-
stitution on C3and C7 (long axis) of DBT destabilized
the HOMO by 0.05 eV. The LUMO level was stabilized
by substitution except for on the C4 position. The substi-
tution on the C1, C2 and C3 stabilized the LUMO level
of DBT by 0.11 eV, 0.02 ¢V, and 0.14 eV respectively.
Also, di-substitution on C2and C8 (short axis) and on
C3and C7 (long axis) stabilized the LUMO level of DBT
by 0.03 eV, 0.28 eV respectively.

3.2. HOMO-LUMO Gap and Lowest Excitation
Energies

The energy gap between the occupied and the unoccu-
pied levels can be theoretically predicted using two
methods. The first method is based on ground state cal-
culations, from which the band gap is estimated as the
energy difference between the HOMO and the LUMO
(Ag.p) [21-23]. The second method is the use of time de-
pendent density functional theory (TD-DFT). TD-DFT
methods can be used to study complex systems due to
their relatively low computational cost, and the ability to
include in its formalism the electron correlation effects.
The HOMO-LUMO gaps (Ay.r) and lowest singlet ex-
cited energies (S;) are both listed in Table 4. The S1
state is always due to the HOMO-LUMO transition. The
dominant transition is localized on the DBT moiety for
all the molecules. This is in accordance with what we

Copyright © 2012 SciRes.

Figure 4. The LUMO (top) and the HOMO (bottom) state
of dibenzothiophene.
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Figure 5. The predicted energy levels of the substituted si-
lanes.

observed for this type of structures before [10]. As ex-
pected, the substitution of the DBT core lowers the
bandgap. However, these molecules still maintain the
necessary values to be used as ETLs for a blue OLED
system.

3.3. Ionization Potentials, Electron Affinities,
and Triplet Energy

It is important to design host molecules with efficient
injection and transport of both holes and electrons. These
are also important parameters that need to be optimized
during the rational design of molecules for optimized
OLED:s.

Ionization potentials (IP) and electron affinities (EA)
are used to estimate the energy barrier for the injection of
both holes and electrons into the molecule in question.
The arylsilane substitution reduces the IP for the DBT
moiety, and the substitution has different effects on the
EA. As mentioned, the triplet energy (ET) of these
molecules needs to be higher than that of the emitter. The
ETL material PO15 has shown that it has a suitable ET,
and is used as the baseline for this study. The lowest en-
ergy singlet-triplet transition energy was calculated using
TD-DFT methods (Table 4). The triplet energy was also
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calculated according to methods published by Brédas
(Table 5) [24]. All molecules studied here do have an ET
similar to the baseline molecule PO15 and have the po-
tential to be used as ETLs for a blue OLED system.

3.4. Reorganization Energy

The electron transport properties can be explained using
the semi-classical Marcus theory [25] or the Bixon-
Jortner model [26]. Either way, it is clear that the reor-
ganization energy plays an important role when it comes to
controlling the electron transfer rates. The reorganization
energy includes contributions from the in tramolecular and
intermolecular energy change during a charge transfer

Table 4. Electronic transition data.

MO character

Energy (eV)
f (Contribution %)

Transition

DBT—Ay., =4.87 eV

4.20 HOMO — LUMO (95%)
S 0.02833
T, 3.15 HOMO-1 — LUMO (86%)

DBTSI 1—Ay. = 4.66 eV

4.03 HOMO — LUMO (96%)
S 0.06055
T, 3.10 HOMO-1 — LUMO (85%)

DBTSI 2—Ay. =4.85eV

4.17 HOMO — LUMO (94%)
N 0.02145
T, 3.14 HOMO-1 — LUMO (82%)

DBTSI 3—Ay., =4.70 eV

4.06 HOMO — LUMO (95%)
S, 0.02865
T 3.10 HOMO-1 — LUMO (87%)

DBTSI 4—Ay. =4.78 eV

4.10 HOMO — LUMO (95%)
S, 0.03497
T, 3.12 HOMO-1 — LUMO (83%)

DBTSI 28—Ay., =4.84 eV

4.15 HOMO — LUMO (93%)
S 0.01742
T, 3.12 HOMO-1 — LUMO (80%)

DBTSI 37—Ay., = 4.54 eV

3.93 HOMO — LUMO (96%)
S, 0.02726
T, 3.04 HOMO-1 — LUMO (88%)

PO15—Ay., =4.84 eV

4.14 HOMO — LUMO (92%)
S, 0.02056
T 3.13 HOMO-1 — LUMO (80%)

Copyright © 2012 SciRes.

Table 5. Electron affinities, ionization potentials, and triplet
energies for each molecule (in eV).

EA 1P ET
DBT 0.15 7.56 3.64
DBTSi 1 0.18 7.21 3.08
DBTSi 2 (Si 87) 0.10 7.28 3.16
DBTSi 3 0.20 7.27 3.09
DBTSi 4 0.16 7.16 3.13
DBTSi 28 (Si 15) 0.11 7.26 3.15
DBTSi 37 0.23 7.11 3.02

event. The intramolecular reorganization energy refers to
the relaxation of the molecule involved in the charge
transfer process. The intermolecular reorganization en-
ergy refers to the relaxation of the medium in which the
charge transfer takes place. First-principle quantum
chemistry calculations can be performed to investigate
the charge transport properties. In this study we have
focused on estimating the intramolecular reorganization
energy (4) to evaluate the molecules studied. The adia-
batic potential energy surfaces method, as outlined in
Figure 6 was used in the calculation of reorganization
energy.

For the neutral molecule 4, the reorganization energies
for hole transport and electron transport are as follows:

/,lhnle :/10+/1+ :(E(f*_E(;l)"'(Ef*_Ef)
Asccron =0 + A, = (ES" — B )+ (EX - E)

In these equations; E; and E! / E* are the ener-
gies of neutral and cation/anion molecules in the opti-
mized geometries. The E;” and E / E" are the
energies of neutral and cation/anion monomers with the
cation/anion and neutral geometries, respectively. The
data calculated for the substituted silanes is shown in
Table 6.

We have demonstrated previously that lower reor-
ganization energy corresponds to a higher charge trans-
port rate [27]. Based on this knowledge we can rank the
molecules in the series. Substitution on the C2 position
results in highest electron transport rate. For mono-sub-
stituted molecules the rate of electron transport is DBTSI
2> DBTSI 4 > DBTSI 1 > DBTSI 3. For mono-substi-
tuted molecules the rate of hole transport is DBTSI 3 >
DBTSI 1 > DBTSI 2 > DBTSI 4. The DBTSI 3 has the
highest hole transport rate and the lowest electron trans-
port rate. Similar results were seen for the disubstituted
cases as well.
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Figure 6. Schematic plot of reorganization energy.

Table 6. The calculated reorganization energies.

For the electron M I A
DBT 0.153 0.154 0.307
DBTSi 1 0.148 0.175 0.323
DBTSi 2 0.089 0.099 0.188
DBTSi 3 0.167 0.199 0.365
DBTSi 4 0.122 0.164 0.285
DBTSi 28 0.101 0.113 0.214
DBTSi 37 0.199 0.227 0.426

For the hole M yys A
DBT 0.065 0.066 0.131
DBTSi 1 0.077 0.088 0.165
DBTSi 2 0.094 0.111 0.205
DBTSi 3 0.068 0.076 0.144
DBTSi 4 0.098 0.115 0.213
DBTSi 28 0.240 0.112 0.353
DBTSi 37 0.088 0.109 0.198

3.5. Conclusion

Using theoretical methods we have described a set of
molecules that are promising as electron transport mate-
rials for blue OLEDs. The ETms have sufficiently deep
HOMO energies to block holes and high enough triplet
energies to prevent exciton quenching. These materials
have the chemical functionality to transport electrons and
can be used as the electron transport/hole blocking layers
in blue electro phosphorescent OLED devices.

Copyright © 2012 SciRes.
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