
lable at ScienceDirect

Polymer 50 (2009) 6172–6185
Contents lists avai
Polymer

journal homepage: www.elsevier .com/locate/polymer
Theoretical investigation on the white-light emission from a single-polymer
system with simultaneous blue and orange emission

Bo Hu a,b, Jingping Zhang a,*

a Faculty of Chemistry, Northeast Normal University, Changchun 130024, China
b Faculty of Chemistry, Jilin Normal University, Siping 136000, China
a r t i c l e i n f o

Article history:
Received 8 September 2009
Received in revised form
13 October 2009
Accepted 13 October 2009
Available online 17 October 2009

Keywords:
WPLEDs
Electronic and optical properties
Reorganization energy
* Corresponding author. Fax: þ86 431 85099521.
E-mail address: zhangjingping66@yahoo.com.cn (

0032-3861/$ – see front matter � 2009 Elsevier Ltd.
doi:10.1016/j.polymer.2009.10.034
a b s t r a c t

White organic light-emitting devices (WOLEDs) have attracted considerable attention because of their
good potential for various lighting applications. Among these devices, WOLEDs based on polymers
(WPLEDs) are of particular interest. We report here a theoretical investigation of the white-light emission
from a single-polymer system with simultaneous blue (polyfluorene as a blue host) and orange (2,1,3-
benzothiadiazole-based derivative as an orange dopant) emission. A variety of theoretical methods are
used and evaluated to calculate electronic and optical properties of polyfluorene and 2,1,3-benzothia-
diazole-based derivatives. Simulated electronic and optical properties are found to agree well with
available experimental measurements. The influence of the ‘‘CH’’/N heterosubstitution on the electronic
and optical properties of the 2,1,3-benzothiadiazole-based derivative is considered. Furthermore, we find
that the electronic and optical properties of ‘‘CH’’/N substitution derivatives can be tuned by symmet-
rically adding suitable electron-donating groups on N,N-disubstituted amino groups, implying good
candidates as orange dopants in WPLEDs with polyfluorene as a blue-light-emitting host. Solvent
(dichloromethane) effects on the electronic and optical properties of 2,1,3-benzothiadiazole-based
derivatives have been investigated. In addition, low reorganization energy values of holes for designed
2,1,3-benzothiadiazole-based derivatives within the framework of the charge hopping model suggest
them to be good hole transfer materials.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

White organic light-emitting devices (WOLEDs) have received
great attention due to their good potential lighting applications in
low-cost backlighting in liquid–crystal displays, in full-colour
displays, and as next-generation lighting sources envisioned to
replace the incandescent light bulb and fluorescent lamp [1–23].
Among these devices, WOLEDs based on polymers (WPLEDs) are of
particular interest because they can be easily fabricated using wet
processes, including the spin casting, screen-printing, and ink-jet
printing techniques, which are expected to be lower in cost in mass
production, especially in the production of large-area panel
displays [15–23]. Several approaches including polymer blends
[15], polymer doped with dyes [16], bilayer exciplex [17], and
single-polymer with different functional groups [18–23] have been
reported for achieving efficient WPLEDs. However, WPLEDs fabri-
cated with polymer-blend or small-molecule-doped polymer
J. Zhang).

All rights reserved.
systems have great disadvantages, for example, it is difficult to
control the doping level of the long wavelength light-emitting
materials and, thus, to obtain balanced white-light emission, as
well as low electroluminescence (EL) efficiency, and spectral
dependence on the applied voltage. White EL from a single-poly-
mer is extremely desirable because it can offer several distinct
advantages, such as low cost, simple fabrication processes, and ease
of scaling up, without any problems associated with phase sepa-
ration of components.

In the past few years, therefore, how to generate highly efficient,
stable, and pure-white-light-emitting devices from a single-poly-
mer has attracted growing interest and the encouraging progress
has been made [18–23]. In this field, Wang et al. propose a novel
strategy to realize the white EL with simultaneous blue, green, and
red emission from a single-polymer [18]. This is achieved by
attaching a small amount of a green-emissive component to the
pendant chain and incorporating a small amount of a red-emissive
component into the main chain of the macromolecule, which itself
has a blue emission. Similarly, they also propose a strategy to
develop the white emission from a single-polymer by incorporating
a small amount of orange emission component into a blue-light-
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emitting polymer [19]. For example, they succeed in realizing
highly efficient white EL with simultaneous blue and orange
emission from a single-polymer, in which a small amount of
orange-light-emissive 1,8-naphthalimide derivatives or 2,1,3-ben-
zothiadiazole (BTD) derivatives are incorporated into the main
chain of a blue-light-emitting polyfluorene.

In parallel to recent experimental work on the WPLEDs, theo-
retical efforts have indeed begun to constitute an important source
of valuable information, complementing the experimental studies
in the characterization of the nature and the properties of the
ground-states and lowest electronic excited states. A number of
studies demonstrate the interplay between theory and experiment,
which is capable of providing useful insights to the understanding
of the molecular electronic structure of the ground and excited
state as well as the nature of absorption and photoluminescence
[24–30]. The aim of this article is to provide an in-depth interpre-
tation of the available experimental electronic and spectroscopic
characteristics reported for the single-polymer system using
theoretical approaches. Furthermore, quantum-chemical studies of
the substitution effect on the electronic and optical properties of
BTD-based derivatives are thereby called for designing novel
functional materials.

The first part of this paper, therefore, we select single-polymer
electroluminescent system containing two individual emission
species (polyfluorene, PFn, as a blue host and a BTD-based deriva-
tive, (OMC-CH3)m, as an orange dopant) [19c] as model compounds
(shown in Fig. 1a) to explore their experimentally observed elec-
tronic and spectroscopic behaviors in depth on the basis of the
quantum-chemical calculations. In the second part, the influence of
the ‘‘CH’’/N heterosubstitution on the electronic and optical prop-
erties of the BTD-based derivative (OMC, shown in Fig. 1b) is
considered. OMC, so-called donor–p-bridge–acceptor–p-bridge–
donor (D–p–A–p–D)-type molecule, is designed on the basis of
a combination of the BTD moiety and two terminal electron-
donating amino groups by benzene spacer. Lin, Tao and coworkers
[31a] have shown that donor(D)–acceptor(A) molecules featuring
benzothiadiazole and amino groups are attractive candidates for
electro-optic applications. Their architecture, including the low-
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Fig. 1. (a) The chemical structure of the model polymer d(PF)nd(OMC-CH3)md. (b)
Chemical structures of the investigated BTD-based derivatives (OMC and its
derivatives).
bandgap core and suitably substituted peripheral functional
groups, leads to molecules with tunable emission characteristics,
enhanced hole/electron affinity, and promising thermal character-
istics. Mataka and coworkers [31b] have demonstrated that a series
of D�p�A�p�D-type BTD-based dyes possessing terminal N,N-
disubstituted amino groups provide high fluorescence quantum
yields among the orange-red colour region as well as large two-
photon absorption cross-sections in the near IR region. As far as we
know, ‘‘CH’’/N substitution approach, which has been cited as an
efficient approach for tuning of the emitting colour in the case of
Mq3 (M¼Al [25h,32,33], Ga [25h,32] and q¼ 8-hydroxyquinoline)
based fluorescent materials, has not been exploited yet in the case
of BTD-based materials. Therefore, in this contribution, as
a systematic study, we take OMC as parent compound to investigate
the effect of the ‘‘CH’’/N substitution of spacer on their electronic
and optical properties. OMC has been chosen because of the exis-
tence of X-ray crystallographic data and experimental absorption
and fluorescence spectra, allowing thus a direct comparison
between experimental and calculated results. The calculated values
are compared with the available experimental data to test the
theoretical methods. OMC is theoretically analyzed and used as
referential systems to perform structural modifications in order to
develop new systems. In the third part, we find that the electronic
and optical properties of ‘‘CH’’/N substitution derivatives can be
modulated by symmetrically adding electron-donating groups
[–CH3, –OCH3, –NH2, and –N(CH3)2] on N,N-disubstituted amino
groups (shown in Fig. 1b), implying a potential application as
orange dopants in WPLEDs with PFn as a blue-light-emitting host.
Finally, a discussion on the reorganization energies of BTD-based
derivatives has been carried out to investigate the charge carrier
properties of designed compounds. To the best of our knowledge,
no detail theoretical investigation for designed compounds has
been performed to date. A detailed knowledge of these issues is
essential for the understanding of WPLEDs operation and for the
design of novel advanced materials.

2. Computational details

We take OMC as the reference sample to compare the perfor-
mance of various methods. The 6-31G(d) [34–36] split valence
polarized basis set is employed through out. This basis set has been
tested extensively and has been shown to yield reliable results for
geometries and excited state of the organic light-emitting materials
[30]. The corresponding results as well as the available experi-
mental data [31] are listed in Tables S1–S2 (in the Supporting
Information) for comparison.

The S0 geometry of OMC is optimized in the gas phase using ab
initio Hartree–Fork (HF) [37] and density functional theory (DFT)
[38] with the hybrid functional methods (B3LYP [39,40,41a], B3P86
[41–43], B3PW91 [41a,42–44], PBE0 [45]). Geometry optimizations
are restricted to C2 symmetry. To compare the optimized results
with the experimental data, Table S1 (in the Supporting Informa-
tion) collects the selected bond lengths, bond angles, and dihedral
angles in the optimized S0 geometries, as well as the corresponding
X-ray data [31]. From a careful analysis of the optimization results,
a good agreement can be observed between our results and
experimental data [31], except for the parameters involving N2–C3

of 1.301 Å by HF and S1–N2 of 1.642 Å by B3LYP, whose deviation
from the experimental values [31] (1.349 and 1.609 Å) is 0.048 and
0.033 Å. On the basis of the optimized S0 geometries, the visible
absorption spectra, or more specifically the maximum (one-
photon) absorption wavelength (labs) are obtained respectively
using time-dependent DFT (TD–DFT) [46–48] with B3LYP, B3P86,
B3PW91, and PBE0 functionals. From the results listed in Table S2
(in the Supporting Information), one may find that labs (471.2 nm)
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Fig. 2. (a) EHOMO; (b) ELUMO; (c) Eg as a function of reciprocal length n in oligomers of PFn.
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obtained at the TD-PBE0/6-31G(d)//HF/6-31G(d) level is quite close
to the experimental value (459 nm) [31], with the deviation being
12.2 nm. Therefore, the absorption spectrum is calculated using
TD-PBE0 with 6-31G(d) basis set based on the HF/6-31G(d) opti-
mized S0 geometries. PBE0/6-31G(d) single point energy calcula-
tions are performed to study the electronic properties in S0. Studies
of the excited-state properties for a number of molecules using the
single configuration interaction (CIS) [49a] method have shown
that, despite the tendency of CIS to overestimate electronic tran-
sition energies, the excited-state potential energy surface can often
be quite accurate, as evidenced by comparison of equilibrium
excited-state structure with experiments [49b�e]. The S1 geometry
is optimized at the CIS level along with 6-31G(d) basis set. The
maximum emission wavelength (lem¼ 617.1 nm) calculated at
TD-PBE0/6-31G(d)//CIS/6-31G(d) level is close to the experimental
value (639 nm) [31] with the deviation being 21.9 nm, so TD-PBE0
functional in conjunction with 6-31G(d) basis set is appropriate to
get the relatively reliable predictions on the emission spectrum. To
explicitly take into account the solvent effects on the electronic and
optical properties of the BTD-based derivatives, we adapt the self-
consistent reaction field (SCRF) approach with the polarizable
continuum model (PCM) [50] using CH2Cl2 solvent to calculate the
electronic properties, absorption, and emission spectra. In addition,
the reorganization energies of BTD-based derivatives are predicted
from the single point energy at the B3LYP/6-31G(d,p) [34–36] level
based on the PBE0/6-31G(d) optimized neutral, cationic, and
anionic geometries.

Since the optoelectronic properties of conjugated oligomers
converge rapidly with increasing chain size, we have considered
oligomers PFn containing from one to eight (n¼ 1–8) repeat units
(shown in Fig. 1a). In the calculation, the alkyl chains (attached to
the conjugated backbone to improve solubility) are systematically
replaced by methyl groups since this does not affect the electronic
and optical properties of the oligomers but significantly reduces
calculation times. The S0 geometry optimizations of PFn with
n¼ 1–8 are performed at the B3LYP/6-31G(d) level and C2

symmetry constrains. Table S3 (in the Supporting Information)
collects the selected bond lengths, bond angles, and dihedral angles
in the optimized S0 geometries, as well as available theoretical data
[51]. It can be found that, our computational results are in good
agreement with available theoretical data [51], the largest devia-
tion being found to be about 1.56� for C2–C1–C9. On the basis of the
optimized S0 geometries, electronic properties are calculated using
PBE0 functional with 6-31G(d) basis set. Due to the large size of the
PFn (n> 4), it is difficult/impossible to succeed in the corresponding
S1 geometry optimization, owing to the computational limitations.
Therefore, S1 geometries consisting of one to four monomer units
(PF1–PF4) have been optimized using CIS method. On the basis of
the optimized S0 and S1 geometries, the electronic absorption and
emission spectra are computed at the TD-PBE0/6-31G(d) level of
theory, respectively.
All calculations in this work are carried out using Gaussian 03
package [52].

3. Results and discussion

3.1. Theoretical simulation and explanation for PFn and OMC-CH3

3.1.1. Electronic properties
A novel strategy to achieving white EL is to develop single-

polymer systems with different emission components based on the
control of energy transfer and charge trapping between the chro-
mophores in the designed polymers [18,19]. In experiment, the
highest occupied molecular orbital (HOMO) and lowest unoccupied
molecular orbital (LUMO) energy levels of OMC-CH3 lie between
those of PFn, indicating that charge trapping of the orange dopant
unit is energetically favorable in the EL process. We have calculated
the energies of the HOMO (EHOMO), LUMO (ELUMO), and the energy
gaps Eg (Eg¼ ELUMO-EHOMO) for PFn (n¼ 1–8) and OMC-CH3

respectively, the corresponding values being listed in Tables S4 and
S5 (in the Supporting Information).

EHOMO, ELUMO, and Eg for PFn are plotted against the inverse
number of repeat units in Fig. 2. A good linear relationship is found.
The extrapolated EHOMO, ELUMO, and Eg to the infinite chain length
are �5.19, �1.66, and 3.53 eV, respectively. The HOMO and LUMO
energy levels of the OMC-CH3 lie at �5.07 and �1.92 eV, respec-
tively, and an Eg of 3.15 eV is obtained (see Table S5, the Supporting
Information). In experiment, the HOMO and LUMO energies are
estimated from the formulae based on the onset oxidation and
reduction potentials. Although there are some deviations between
the experimental data [19c] (EHOMO and ELUMO: �5.80 and �2.12 eV
for PFn, �5.25 and �3.06 eV for OMC-CH3) and calculated results
with respect to the HOMO and LUMO energies, they have the same



Fig. 4. HOMO and LUMO of (a) PF4; (b) OMC-CH3.

Table 1
Optical properties of PFn computed at the TD-PBE0/6-31G(d) level.

Cal Refa Expb

Ev l f l(ZINDO) l(TD-B3LYP) nabs l

Absorption Properties
n¼ 1 4.71 263.1 0.29 247.9 260.8
n¼ 2 3.86 321.5 1.34 325.8 320.4 30400 328.9
n¼ 3 3.53 351.7 2.21 346.7 354.2 28650 349.0
n¼ 4 3.37 367.4 3.06 357.1 368.9 27550 363.0
n¼ 5 3.30 376.3 3.92 27030 370.0
n¼ 6 3.25 381.6 4.81 364.2 384.8 26880 372.0
n¼ 7 3.22 384.9 5.72 26810 373.0
n¼ 8 3.20 387.9 6.61 369.3 391.1
Emission Properties
n¼ 1 4.22 293.6 0.43
n¼ 2 3.27 379.4 1.56 374.4 374.3 25770 388.0
n¼ 3 3.03 408.8 2.44 23870 418.9
n¼ 4 2.94 421.6 3.13 410.5 433.5 23200 431.0

a Reference data from Ref. [51].
b Experimental data from Re.f [53]. Ev¼ the vertical excitation energies (in eV).

nabs¼wavenumber (in cm�1). l¼ the maximum absorption/emission wavelength
(in nm). f¼ the oscillator strength.
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trend. As shown in Fig. 3, the HOMO and LUMO energy levels of
OMC-CH3 lie between those of PFn, indicating that the energy
transfer from PFn to OMC-CH3 is energetically favorable, which is in
good accord with the experimental findings [19c].

Other than the EHOMO, ELUMO, and Eg values, another way to
understand the electron transport in molecular devices is to
analyze the shape of the frontier molecular orbitals (FMOs). From
the FMOs in Fig. 4, the electronic density distribution is investi-
gated. For PF4, there is antibonding between the bridge atoms of the
inter-ring, and there is bonding between the bridge carbon atom
and its conjoint atoms of the intra-ring in the HOMO. On the
contrary, there is bonding in the bridge single bond of the inter-ring
and the antibonding between the bridge atom and its neighbor of
the intra-ring in the LUMO. In the case of the OMC-CH3, the electron
density of HOMO is mainly localized on both triphenylamine units
and that of LUMO mostly on the central BTD unit. This clearly
indicates that this molecule possesses strong intramolecular charge
transfer from the amino groups (donor) to BTD ring (acceptor) unit.

3.1.2. Optical properties
Wang et al. expect to realize individual emission from two

emissive species d PFn as a blue host and (OMC-CH3)m as an orange
dopant d for generating white emission with simultaneous emis-
sion from two colours [19c]. Incorporation of orange dopant unit
results in an additional emission peak in the photoluminescence
(PL) spectra. This is due to Förster energy transfer from the polymer
backbone to the orange dopant unit because of the overlap of the
absorption spectrum of OMC-CH3 and the emission spectrum of
PFn. The vertical excitation energies, labs/lem and oscillator
strengths for PFn and OMC-CH3 have been calculated and listed in
Tables 1 and 2 respectively, together with other available experi-
mental [53] and theoretical data [51].

Inspection of the TD–DFT results shows that, for both PFn and
OMC-CH3, the transition in the absorption corresponds to the
promotion of an electron from the HOMO to LUMO. While
the emission is regarded as an electron transition process that is the
reverse of the absorption, which corresponds to an electron transition
configuration: LUMO / HOMO. Feng and coworkers [51] have
calculated the electronic spectra of the PFn by the ZINDO and
TD-B3LYP methods. From these results listed in Table 1, a sufficiently
good agreement can be observed between our results and available
theoretical [51] and experimental data [53]. The labs (from 263.1 to
387.9 nm) and lem (from 293.6 to 421.6 nm) of the PFn increase with
the extension of oligomers chain considerably. For the OMC-CH3, the
labs and lem are calculated at 477.4 and 623.3 nm, respectively.
Experimentally, Wang et al. [19c] design and synthesize single-
polymer electroluminescent system containing two individual
emission species d PFn as a blue host and (OMC-CH3)m as an orange
dopant on the main chain. The resulting single-polymers are found to
have highly efficient white EL with simultaneous blue and orange
emission from the corresponding emitting species. Because of the
large size of the studied polymer, the corresponding S0/S1 structure
optimization is quite difficult in calculation. Therefore, the oligomer
formed by two sections (PF4 and OMC-CH3) connected by four
benzene rings, is introduced for calculation. The calculated emission
spectrum of the oligomer is depicted in Fig. 5a. The emission spectrum
shows dominant blue emission (424.9 nm) from the PF4 and addi-
tional orange emission (625.6 nm) from the OMC-CH3. Additional
orange emission peak in the emission spectrum is due to the Förster
energy transfer from the PF4 to the OMC-CH3 because of the overlap of
the absorption spectrum of the OMC-CH3 and the emission spectrum
of PF4 (PF4 taken as reference in this work, the results can reflect the
variation trend), as shown in Fig. 5b. Our calculation is in good
agreement with the experimental findings [19c]. This may justify the
choice of the methods and basis set used to calculate the electronic
and optical properties for the molecules explored in this work.

3.2. ‘‘CH’’/N substituted derivatives for OMC

With the aim to evaluate the influence of the ‘‘CH’’/N hetero-
substitution on the electronic and optical properties of the OMC,



Table 2
Optical properties of OMC, OMC-CH3, OMC-Nx, and OMC-NNx (x¼ 1–4) computed at the TD-PBE0/6-31G(d) level.

Absorption Properties Emission Properties

Gas CH2Cl2 Gas CH2Cl2

Ev labs f Ev labs f Ev lem f Ev lem f

Pristine
OMC 2.63 471.2 0.44 2.57 483.1 0.47 2.01 617.1 0.79 1.90 651.4 0.90
OMC-CH3 2.60 477.4 0.45 2.53 489.9 0.48 1.99 623.3 0.81 1.88 657.9 0.90
OMC-Nx

OMC-N1 2.76 449.0 0.38 2.65 468.4 0.39 2.17 570.3 0.95 2.01 616.0 1.01
OMC-N2 2.66 465.3 0.44 2.60 476.4 0.46 2.04 607.5 0.78 1.95 636.8 0.87
OMC-N3 2.65 467.3 0.42 2.60 476.9 0.44 2.02 614.4 0.75 1.93 641.2 0.86
OMC-N4 2.58 480.6 0.51 2.49 497.4 0.57 2.03 609.7 0.83 1.91 647.6 0.95
OMC-NNx

OMC-NN1 2.97 417.8 0.35 2.78 445.6 0.33 2.30 539.4 1.11 2.09 593.3 1.13
OMC-NN2 2.73 454.6 0.51 2.69 460.8 0.56 2.08 595.5 0.77 2.01 617.6 0.86
OMC-NN3 2.71 456.8 0.48 2.69 460.2 0.54 2.04 609.1 0.72 1.98 626.0 0.84
OMC-NN4 2.58 480.3 0.66 2.46 503.6 0.74 2.06 602.6 0.84 1.93 643.7 0.98

Ev¼ the vertical excitation energies (in eV). labs/lem¼ the maximum absorption/emission wavelength (in nm). f¼ the oscillator strength.
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both asymmetric OMC-Nx and symmetric OMC-NNx (x¼ 1–4)
substitutions are considered for this issue. The molecular models
used in our calculations, obtained by a systematic substitution of
CH groups with N atoms in positions 7, 8, 10, and 11 on the spacer
benzene ring (see labeling scheme) for OMC-Nx (x¼ 1–4) on one
hand, for OMC-NNx (x¼ 1–4) on the other hand are shown in
Fig. 1b. In the following, the results are presented according to the
labeling way adopted in the same Figure.

3.2.1. Electronic properties
In Table S5 (in the Supporting Information), we present the

predicted EHOMO, ELUMO, and Eg of the ‘‘CH’’/N substituted deriva-
tives. For a good interpretation of these results, a schematic repre-
sentation for the energy levels of the HOMO and LUMO of the PFn,
OMC-CH3, OMC-Nx, and OMC-NNx (x¼ 1–4) is displayed in Fig. 6.

Table S5 and Fig. 6 clearly indicate that ‘‘CH’’/N substitution in
position(s) 7 (7 and 70) decreases the EHOMO (�5.21 and�5.37 eV), and
increases the ELUMO (�1.90 and�1.84 eV). Consequently, an increase is
found for the Eg of OMC-N1 and OMC-NN1 (3.31 and 3.53 eV) as
compared with that of OMC. ‘‘CH’’/N substitution inposition(s) 8 (8 and
80) decreases the EHOMO (�5.19 and�5.29 eV), while the prediction for
ELUMO being almost the same (�1.96 and�1.97 eV). Thus, the net effect
is an increase of the Eg of OMC-N2 and OMC-NN2 as compared with that
of OMC, the corresponding values being 3.23 and 3.32 eV. The very
similar observation is also found for OMC-N3 and OMC-NN3. ‘‘CH’’/N
substitution in position(s) 10 (10 and 100) decreases the EHOMO (�5.20
and�5.31 eV), the ELUMO being almost the same (�1.98 and�2.00 eV).
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As a consequence, the net effect is an increase in the Eg of OMC-N3 and
OMC-NN3 in comparison with that of OMC, the corresponding values
being 3.22 and 3.31 eV. Finally, ‘‘CH’’/N substitution inposition(s)11 (11
and 110) decreases both the EHOMO (�5.18 and �5.25 eV) and ELUMO

(�2.06 and�2.13 eV) in comparison with that of OMC, giving the same
Eg for OMC-N4 and OMC-NN4 (3.12 and 3.12 eV). These results indicate
that the ‘‘CH’’/N substitution should have certain effect on the energies
of the FMOs depending on the position of the nitrogen substitution. In
addition, the above results show, as compared with those of OMC, the
magnitude of the variation for EHOMO, ELUMO, and Eg is in the increasing
order of mono-substituted derivatives< di-substituted ones (except
for Eg of OMC-N4 and OMC-NN4), indicating that di-substituted
derivatives have more substituent effect than their corresponding
mono-substituted counterparts owing to the presence of one more
nitrogen atom. It should be noted that (shown in Fig. 6) the nitrogen
substitution modified the HOMO and LUMO energy levels of the
pristine molecule OMC. Nearly all the HOMO of the ‘‘CH’’/N substituted
derivatives are lowered in energy than that of the PFn, indicating that
charge trapping from PFn to the ‘‘CH’’/N substituted derivatives is not
energetically favorable in the EL process.

It is instructive to analyze the HOMO and LUMO describing the
lowest singlet excitation. We give the electronic density contours of
the HOMO and LUMO for OMC-Nx and OMC-NNx (x¼ 1–4) in Fig. 7.
As visualized in Fig. 7, the LUMO show the same pattern, they are
mainly localized on the central BTD ring (acceptor). A significant
difference is however observed for the HOMO. The HOMO of OMC-
Nx (x¼ 1–4) is found to be mostly localized on the triphenylamine
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ure legend, the reader is referred to the web version of this article.]
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Fig. 6. Scheme of frontier molecular orbital levels. Blue: PFn; Orange: OMC-CH3;
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unit without ‘‘CH’’/N substitution instead of both units (observed for
OMC-NNx (x¼ 1–4) which seem to retain the HOMO characters in
the pristine molecule OMC, as shown in Fig. S1 in the Supporting
Information). The difference in the HOMO distribution of ‘‘CH’’/N
substituted derivatives can be understood from their S0 geometries,
since this geometric modification induces in turn changes in the
electronic structure. From a careful analysis of the optimized results
listed in Tables S7 and S8 (in the Supporting Information), one can
find that, for OMC-Nx, all of the significant changes are located on the
triphenylamine unit with ‘‘CH’’/N substitution, the one without
‘‘CH’’/N substitution remaining practically unaffected. As a conse-
quence of the symmetry breaking, the HOMO of OMC-Nx are mainly
localized on the triphenylamine unit without ‘‘CH’’/N substitution
instead of the one with ‘‘CH’’/N substitution. This maybe implicate
that the mono-substitution does not induce any significant
Fig. 7. (a) HOMO and LUMO of OMC-Nx (x¼ 1–4, from left to right).
contribution to the absorption transition and exists solely for the
absolute energies of the FMOs. In OMC-NNx, remarkable changes are
observed in both triphenylamine units due to the symmetric
substitution. As a consequence of the symmetry retaining, the
HOMO of OMC-NNx are mainly localized on both triphenylamine
units. Fig. 7 also presents that, for HOMO, electron density localized
on the triphenylamine unit with ‘‘CH’’/N substitution slightly
increases from OMC-N1 to OMC-N2, OMC-N3 and then to OMC-N4.
A close examination of the optimized S0 geometries of the OMC-Nx

derivatives (see Tables S7 and S8, the Supporting Information)
reveals a clue. Nitrogen substitutions in various positions have
a distinct effect on the dihedral angles (C3–C4–C6–C7 and C5–C4–C6–
C11) between the plane of the central BTD ring and the adjacent
phenyl ring. ‘‘CH’’/N substitution in position 7 (OMC-N1) leads to
more twisted structure (53.55� and 52.05�), mainly because of the
steric repulsion between lone pair electrons of two nitrogens (N2

and N7), thus resulting in pronounced distortion from initial
conformation (45.17� and 42.91�). As to OMC-N2 and OMC-N3, no
significant changes are observed, whose predicted values (44.16�,
41.87� and 44.10�, 41.89�) only deviate by ca. 1.00� from the corre-
sponding ones in OMC. ‘‘CH’’/N substitution in position 11 (OMC-N4)
leads to much more planar structure (16.79� and 15.16�), which
results from the relieving of the substantial steric repulsion between
the two hydrogens located on C5 and C11. Therefore, for HOMO,
electron density localized on the triphenylamine unit with ‘‘CH’’/N
substitution slightly increases from OMC-N1 to OMC-N2, OMC-N3

and then to OMC-N4 with the increasing of the degree of p conju-
gation between the central BTD ring and the adjacent phenyl ring.

3.2.2. Optical properties
Over the series, the first optical transition corresponds to

a HOMO / LUMO (absorption process)/LUMO / HOMO (emission
(b) HOMO and LUMO of OMC-NNx (x¼ 1–4, from left to right).
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process) excitation. The distribution patterns of the HOMO and
LUMO provide a remarkable signature for the charge transfer
character of the transition.

Within ‘‘CH’’/N substituted derivatives (OMC-Nx and OMC-NNx,
x¼ 1–4), in comparison with that of OMC (471.2 nm), remarkable
blue shifts of ca. 22.2 and 53.4 nm are predicted for OMC-N1 and
OMC-NN1 labs (449.0 and 417.8 nm) respectively, while for OMC-N2,
OMC-N3, OMC-NN2, and OMC-NN3, relatively slight blue shifts of
ca. 5.9, 3.9, 16.6, 14.4 nm are predicted for their labs (465.3, 467.3,
454.6, 456.8 nm). On the other side, red shifts of ca. 9.4 and 9.1 nm
are predicted on labs for OMC-N4 and OMC-NN4 (480.6 and
480.3 nm), respectively. It can be also found from Table 2 that, the
lem predicted for ‘‘CH’’/N substituted derivatives are blue shifted
with respect to that of OMC (617.1 nm). Significant lem blue shifts of
ca. 46.8 and 77.7 nm are observed for OMC-N1 and OMC-NN1 (570.3
and 539.4 nm), whereas relatively slight lem blue shifts of ca. 9.6,
2.7, 7.4, 21.6, 8.0, 14.5 nm are observed for OMC-N2, OMC-N3, OMC-
N4, OMC-NN2, OMC-NN3, and OMC-NN4 (607.5, 614.4, 609.7, 595.5,
609.1, 602.6 nm). From these results, it is obvious that di-
substituted derivatives show shorter maximal absorption/emission
wavelength than their corresponding mono-substituted counter-
parts. In Table S9 (in the Supporting Information), we show the
correlation between the labs/lem and the Eg for two series of
derivatives. Inspection of Table S9 (in the Supporting Information)
reveals that the smaller Eg is, the more obvious the red shifts in labs/
lem are. The change for labs/lem can be simply traced back to the
variation of Eg because the first optical transition corresponds to
a HOMO / LUMO/LUMO / HOMO excitation. In Fig. 8, the overlap
of the emission spectrum of PF4 with the absorption spectra of
‘‘CH’’/N substituted derivatives is presented. As Fig. 8 shows, blue/
red shifts of the absorption spectra upon nitrogen substitution lead
to increases/decreases of the overlap. Although pure ‘‘CH’’/N
substituted derivatives are not appropriated for the orange dopants
in WPLEDs with PFn as a blue-light-emitting host because their
HOMO and LUMO energy levels do not match well with those of the
PFn, this work may provide a new means for experimentalists to
design new yellow and orange light-emitting materials on the basis
of their emission spectra (539.4–614.4 nm) calculated in the gas
phase. In the following sections, we should find an efficient way to
modify the electronic and optical properties of the ‘‘CH’’/N
substituted derivatives, with the aim to develop orange dopants for
WPLEDs applications in which PFn is as a blue-light-emitting host.
 HOMO-5.5

Fig. 9. Scheme of frontier molecular orbital levels. (a) OMC-Nx/OMC-Nx-R; (b) OMC-
NNx/OMC-NNx-R. Blue: PFn; Orange: OMC-CH3; Green: OMC-Nx (x¼ 1–4, from left to
right); Olive: OMC-NNx (x¼ 1–4, from left to right); Wine: OMC-Nx-R/OMC-NNx-R. [For
interpretation of the references to colour in this figure legend, the reader is referred to
the web version of this article.]
3.3. H/R substituted derivatives for OMC-Nx/OMC-NNx

In general, changes in the molecular structure lead to
a possible modulation of the electronic energy levels and hence
of the optical properties. From the theoretical standpoint, the
electron-donor strength can be related to the EHOMO of a mole-
cule. On the basis of OMC-Nx and OMC-NNx (x¼ 1–4), therefore,
the commonly known electron-donating groups [–CH3, –OCH3,
–NH2, and –N(CH3)2] are selectively introduced on N,N-disub-
stituted amino groups (shown in Fig. 1b). It is interesting to know
how this strategy may tune the HOMO levels in the corre-
sponding ‘‘CH’’/N substituted derivatives.

3.3.1. Electronic properties
Table S5 (in the Supporting Information) summarizes the EHOMO,

ELUMO and Eg for the H/R substituted derivatives based on the OMC-
Nx and OMC-NNx (x¼ 1–4). For a better interpretation of these
results, the trends of the results are schematically plotted in Fig. 9.

First of all, a same trend is observed for the variation of the
EHOMO, ELUMO, and Eg in these two series of derivatives. Since –CH3,
–OCH3, –NH2, and –N(CH3)2 are electron-donating groups, they
push the electron to the parent ring and increase the pp electron
density. In general, the effect of the addition of an electron-
donating group to a conjugated system is to raise the EHOMO and
ELUMO. Indeed, all of the substitutions enable the HOMO and LUMO
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energy levels increase in contrast to the corresponding ‘‘CH’’/N
substituted derivatives. The EHOMO increased more than ELUMO, thus
the Eg decreases with respect to the corresponding derivatives
without substituents. The substituent effect with the electron-
donating groups has the following order: –CH3< –OCH3< –
NH2< –N(CH3)2. Taking OMC-NN1-R (R¼ –OCH3, –NH2, –N(CH3)2)
as examples, going from OMC-NN1-OCH3 to OMC-NN1-NH2, and
then to OMC-NN1-N(CH3)2, the EHOMO is predicted in the increasing
order of �5.19<�5.06<�4.92 eV and the ELUMO in the order of
�1.78<�1.73<�1.69 eV. As a result, our prediction shows
a decreasing Eg in the order of 3.41>3.33> 3.23 eV. From Fig. 9 it is
clearly shown that EHOMO and ELUMO of ‘‘CH’’/N substituted deriv-
atives can be efficiently tuned with different electron-donating
groups on N,N-disubstituted amino units.

In Fig. 10, we give the electronic density contours of the HOMO
and LUMO for OMC-N1-R (R¼ –CH3, –OCH3, and –NH2) and OMC-
NN1-R (R¼ –OCH3, –NH2, and –N(CH3)2) as representatives of the
derivatives under investigation, the others being plotted in Fig. S2
(in the Supporting Information). As shown in Fig. 10 and Fig. S2,
we find that a similar description of the electronic structure for
H/R substituted derivatives and the corresponding ones without
Fig. 10. (a) HOMO and LUMO of OMC-N1-R (R¼ –CH3, –OCH3, –NH2, from left to right). (
substituents. The HOMO of OMC-Nx–R (x¼ 1–4) is found to be
mostly localized on the triphenylamine unit without ‘‘CH’’/N
substitution, while for OMC-NNx-R (x¼ 1–4), the HOMO are
mainly localized on both triphenylamine units. The LUMO show
the same pattern; they are mainly localized on the central BTD
ring. It is important to note that all of the substituents interact
mainly with the HOMO, whereas their interaction with the LUMO
is very little.

3.3.2. Optical properties
Analogous to the ‘‘CH’’/N derivatives, OMC-Nx-R and OMC-NNx-

R derivatives show strong charge transfer for the HOMO / LUMO
(absorption process) and LUMO / HOMO (emission process)
transition.

Table 3 presents a general trend that the labs exhibit red shifts
on introducing the electron-donating groups with respect to the
corresponding ‘‘CH’’/N substituted derivatives. The red shift upon
substitution increases in the following order: –CH3< –OCH3< –
NH2< –N(CH3)2. Taking OMC-NN1-R (R¼ –OCH3, –NH2, –N(CH3)2)
as examples, as the strength of the donors increases from –OCH3

to –NH2, and then to –N(CH3)2, the labs prediction shows the
b) HOMO and LUMO of OMC-NN1-R (R¼ –OCH3, –NH2, –N(CH3)2, from left to right).



Table 3
Optical properties of OMC-Nx/OMC-Nx-R and OMC-NNx/OMC-NNx-R (x¼ 1–4) computed at the TD-PBE0/6-31G(d) level.

Absorption Properties Emission Properties

Gas CH2Cl2 Gas CH2Cl2

Ev labs f Ev labs f Ev lem f Ev lem f

OMC-Nx/OMC-Nx-R
OMC-N1 2.76 449.0 0.38 2.65 468.4 0.39 2.17 570.3 0.95 2.01 616.0 1.01
OMC-N1-CH3 2.73 454.6 0.38 2.61 475.1 0.40 2.15 575.9 0.96 1.99 622.4 1.02
OMC-N1-OCH3 2.67 463.8 0.37 2.56 484.3 0.39 2.12 584.0 0.95 1.96 631.9 1.00
OMC-N1-NH2 2.62 473.6 0.36 2.46 504.5 0.37 2.09 593.0 0.93 1.90 652.5 0.98
OMC-N2 2.66 465.3 0.44 2.60 476.4 0.46 2.04 607.5 0.78 1.95 636.8 0.87
OMC-N2-CH3 2.64 470.5 0.44 2.57 482.3 0.45 2.02 612.6 0.79 1.93 642.1 0.88
OMC-N2-OCH3 2.59 478.0 0.41 2.53 489.9 0.43 2.00 618.7 0.77 1.91 648.9 0.86
OMC-N3 2.65 467.3 0.42 2.60 476.9 0.44 2.02 614.4 0.75 1.93 641.2 0.86
OMC-N3-CH3 2.62 472.4 0.42 2.57 482.6 0.44 2.00 619.6 0.76 1.92 646.6 0.87
OMC-N3-OCH3 2.58 481.0 0.40 2.53 490.9 0.41 1.98 627.0 0.75 1.90 654.2 0.85
OMC-N4 2.58 480.6 0.51 2.49 497.4 0.57 2.03 609.7 0.83 1.91 647.6 0.95
OMC-N4-CH3 2.55 486.5 0.52 2.46 504.1 0.58 2.01 615.7 0.84 1.90 654.2 0.95
OMC-NNx/OMC-NNx-R
OMC-NN1 2.97 417.8 0.35 2.78 445.6 0.33 2.30 539.4 1.11 2.09 593.3 1.13
OMC-NN1-OCH3 2.86 433.2 0.33 2.68 462.9 0.32 2.24 553.1 1.10 2.03 610.5 1.11
OMC-NN1-NH2 2.80 443.5 0.32 2.56 485.1 0.29 2.21 561.9 1.09 1.96 632.9 1.08
OMC-NN1-N(CH3)2 2.72 455.0 0.30 2.50 495.7 0.27 2.17 572.3 1.08 1.93 643.4 1.06
OMC-NN2 2.73 454.6 0.51 2.69 460.8 0.56 2.08 595.5 0.77 2.01 617.6 0.86
OMC-NN2-OCH3 2.70 459.8 0.51 2.66 466.1 0.54 2.06 602.6 0.77 1.98 624.8 0.86
OMC-NN2-NH2 2.67 464.7 0.49 2.60 477.6 0.51 2.04 608.5 0.76 1.94 638.4 0.84
OMC-NN2-N(CH3)2 2.63 471.5 0.49 2.57 483.1 0.50 2.01 615.5 0.78 1.93 643.4 0.85
OMC-NN3 2.71 456.8 0.48 2.69 460.2 0.54 2.04 609.1 0.72 1.98 626.0 0.84
OMC-NN3-OCH3 2.68 462.0 0.48 2.66 465.7 0.52 2.01 616.8 0.73 1.96 633.4 0.84
OMC-NN3-NH2 2.65 467.6 0.46 2.59 478.2 0.49 1.99 622.7 0.71 1.91 647.5 0.82
OMC-NN3-N(CH3)2 2.61 475.9 0.45 2.56 484.8 0.47 1.96 631.9 0.74 1.90 653.8 0.84
OMC-NN4 2.58 480.3 0.66 2.46 503.6 0.74 2.06 602.6 0.84 1.93 643.7 0.98
OMC-NN4-OCH3 2.51 494.4 0.65 2.39 518.8 0.72 2.01 617.0 0.84 1.88 660.7 0.97

Ev¼ the vertical excitation energies (in eV). labs/lem¼ the maximum absorption/emission wavelength (in nm). f¼ the oscillator strength.
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increasing order of 433.2< 443.5< 455.0 nm. The same observa-
tion is also found for lem. The results displayed in Table S9 (in the
Supporting Information) reveal that, the trend in labs/lem is
directly correlated to the Eg because the S0 / S1/S1 / S0 transition
is mainly described by an electronic excitation from the HOMO to
the LUMO levels/from the LUMO to the HOMO levels. On the basis
of the emission spectra calculated in the gas phase (553.1–
631.9 nm), we predict that H/R substituted derivatives can be used
as yellow and orange light-emitting materials. Fig. 11 shows the
overlap between the emission spectrum of PF4 and the absorption
spectra of H/R and the corresponding ‘‘CH’’/N substituted deriva-
tives. It is found that red shifts of the absorption spectra upon H/R
substitution lead to decreases of the overlap. Moreover, the results
indicate that the HOMO and LUMO energy levels of these H/R
substituent derivatives lie within the range of the band gap of the
PFn (shown in Fig. 9). These results presented in this section show
that the introduction of electron-donating groups to the ‘‘CH’’/N
substituted derivatives is a highly effective way to develop orange
dopants for WPLEDs applications in which PFn is as a blue-light-
emitting host.

3.4. Solvent effects on the electronic and optical properties
of the OMC-based derivatives

The solvent effects are receiving considerable attention as most
of the chemical processes occur in solution phase. The solvent effects
are included in the calculations to ensure the calculations are
compatible with the typical experimental conditions under which
the optical and electrochemical properties are measured. The
influence of the chemical environment is discussed further below.

The combined calculations of DFT (PBE0) and PCM on the
investigated BTD-based derivatives are carried out on the HF/6-
31G(d) gas-phase optimized geometries to explore the electronic
properties in the dichloromethane solution. The calculated EHOMO,
ELUMO, and Eg are listed in Tables S5, the Supporting Information.
Including dichloromethane effects induces the lowering in the
HOMO and LUMO energy levels and the decreasing in the Eg (except
for OMC-NN2, OMC-NN3 and OMC-NN3-OCH3). In Fig. 12, we show
the HOMO and LUMO of OMC-CH3, OMC-N1, and OMC-NN1 as
representatives of the series of the derivatives under this study, the
others being plotted in Fig. S3 (in the Supporting Information). It is
worth noting that all the HOMO and LUMO of OMC-CH3, OMC-N1,
and OMC-NN1 in dichloromethane have very similar appearance to
the corresponding orbitals in the gas phase (shown in Figs. 4, 7, and
12). These features strongly indicate that inclusion of the solvent
effect does not change the nature of the FMOs, but exists solely for
the obvious shift in absolute energy.

In addition, the TD–DFT (PBE0) spectral calculations have been
performed on the HF/6-31G(d) and CIS/6-31G(d) gas-phase opti-
mized geometries using the PCM description of dichloromethane.
The results for absorption and emission transitions are given in
Tables 2 and 3. Compared with that of in the gas phase, the intro-
duction of the solvent effects (PCM model) in our TD–DFT calcu-
lation leads to red shifts for all labs and lem values, that can be
estimated to w3–42 nm and w17–71 nm respectively, which
indicates that the impact of the medium on the optical properties is
to be larger for the emission spectra than for the absorption ones.
The lem of these designed BTD-based derivatives are located at
yellow to red scope (593.3–660.7 nm), implying that they can be
used as yellow to red light-emitting materials involving the envi-
ronmental influences. The maximum absorption/emission wave-
length still corresponds to the charge transfer transition involved in
the gas phase, i.e., to the HOMO / LUMO/LUMO / HOMO elec-
tronic excitation. It may be reasonable to conclude that, when
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Fig. 11. (a–d) Overlap of the simulated absorption spectra of OMC-Nx-R (x¼ 1–4) and the simulated emission spectrum of PF4. (a0–d0) Overlap of the simulated absorption spectra of
OMC-NNx-R (x¼ 1–4) and the simulated emission spectrum of PF4. Blue: PF4; Orange: OMC-CH3; Green: OMC-Nx/OMC-NNx; Olive: OMC-Nx-CH3/OMC-NNx-OCH3; Yellow: OMC-Nx-
OCH3/OMC-NNx-NH2; Red: OMC-Nx-NH2/OMC-NNx-N(CH3)2. [For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this
article.]
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accounting for the solvent effects, only the labs and lem numerical
values significantly increase, whereas the transition character does
not reveal any changes.

3.5. Reorganization energy

Our calculations of the reorganization energy associated with
different geometries of two states are based on the hopping model
schematically illustrated in Fig. 13. For each molecule, the geometry
is optimized for both the neutral and the cationic/anionic states at
the PBE0/6-31G(d) level. The energies corresponding to the neutral
and cationic/anionic electronic configurations are then computed
for each of the two optimized geometrical structures at the B3LYP/
6-31G(d,p) level in order to compare with the values available
[54–56]. The results are summarized in Table 4. The reorganization
energies computed for hole (lh in the range of 0.168–0.287 eV) are



Fig. 12. HOMO and LUMO of (a) OMC-CH3; (b) OMC-N1; (c) OMC-NN1 considering solvent effects.

Table 4
Intramolecular reorganization energies (in eV) of OMC, OMC-CH3, OMC-Nx/OMC-Nx-
R, and OMC-NNx/OMC-NNx-R (x¼ 1–4) computed at the B3LYP/6-31G(d,p)//PBE0/6-
31G(d) level.

Reorganization for hole Reorganization for electron

lh1 lh2 lh¼ lh1þ lh2 le1 le2 le¼ le1þ le2

Pristine
OMC 0.143 0.087 0.230 0.176 0.322 0.498
OMC-CH3 0.146 0.059 0.205 0.191 0.321 0.512
OMC-Nx/OMC-Nx-R
OMC-N1 0.145 0.077 0.222 0.203 0.343 0.546
OMC-N1-CH3 0.134 0.065 0.199 0.211 0.342 0.553
OMC-N1-OCH3 0.131 0.066 0.197 0.231 0.342 0.573
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all smaller than that of N,N0-diphenyl-N,N0-bis(3-methlphenyl)-
(1,10-biphenyl)-4,40-diamine (TPD) which is a typical hole transport
material (lh¼ 0.290 eV) [55], while for electron le (between 0.446
and 0.613 eV), they are much larger than that of tris(8-hydrox-
yquinolinato)aluminum(III) (Alq3) which is a typical electron
transport material (le¼ 0.276 eV) [56]. The smaller l value is, the
bigger the charge transport rate is. lh are all smaller than their
respective le, suggesting that the carrier mobility of the hole is
larger than that of the electron. It indicates that BTD-based deriv-
atives explored in this work can be used as better hole transport
materials in the organic light-emitting diodes (OLEDs) from the
stand point of the smaller reorganization energy. The data in Table
4 show that, lh of OMC-Nx and OMC-NNx (x¼ 1–4) decrease (in the
range of 0.168–0.222 eV) in comparison with that of OMC
(0.230 eV), indicating the hole transportation is improved with the
‘‘CH’’/N substitution. Moreover, lh of the di-substituted derivatives
(0.220, 0.168, 0.177, 0.192 eV) are smaller than their corresponding
mono-substituted counterparts (0.222, 0.199, 0.205, 0.215 eV),
implying that there is a relationship between lh and the number of
nitrogen atoms. Table 4 also presents, in comparison with that of
the corresponding ‘‘CH’’/N substituted derivatives, introducing
Cation/Anion

Neutral

Energy

*

*

E0

E0

E+/-

E+/-
λ2

λ1

Fig. 13. Sketch of the potential energies of neutral and cation/anion species, illus-
trating the neutral (l1) and cation/anion (l2) relaxation energies.
–CH3 and –OCH3 groups on N,N-disubstituted amino groups result
in a decrease of lh, except for OMC-NN2-OCH3 and OMC-NN3-OCH3.
It suggests that –CH3 and –OCH3 substitution lead to further
improvement for hole transportation. However, lh significantly
increase when introducing –NH2 and –N(CH3)2 groups on N,N-
disubstituted amino groups, indicating that –NH2 or –N(CH3)2

substitution has no positive effect on hole transportation.
OMC-N1-NH2 0.163 0.105 0.268 0.230 0.348 0.578
OMC-N2 0.127 0.072 0.199 0.201 0.321 0.522
OMC-N2-CH3 0.115 0.063 0.178 0.208 0.312 0.520
OMC-N2-OCH3 0.114 0.069 0.183 0.182 0.304 0.486
OMC-N3 0.132 0.073 0.205 0.205 0.327 0.532
OMC-N3-CH3 0.131 0.059 0.190 0.220 0.333 0.553
OMC-N3-OCH3 0.125 0.066 0.191 0.206 0.328 0.534
OMC-N4 0.145 0.070 0.215 0.183 0.289 0.472
OMC-N4-Me 0.130 0.061 0.191 0.202 0.325 0.527
OMC-NNx/OMC-NNx-R
OMC-NN1 0.151 0.069 0.220 0.239 0.347 0.586
OMC-NN1-OCH3 0.141 0.059 0.200 0.220 0.332 0.552
OMC-NN1-NH2 0.178 0.109 0.287 0.268 0.345 0.613
OMC-NN1-N(CH3)2 0.136 0.109 0.245 0.238 0.329 0.567
OMC-NN2 0.109 0.059 0.168 0.191 0.305 0.496
OMC-NN2-OCH3 0.109 0.070 0.179 0.190 0.311 0.501
OMC-NN2-NH2 0.146 0.108 0.254 0.193 0.319 0.512
OMC-NN2-N(CH3)2 0.121 0.127 0.248 0.194 0.326 0.520
OMC-NN3 0.123 0.054 0.177 0.233 0.331 0.564
OMC-NN3-OCH3 0.123 0.065 0.188 0.208 0.301 0.509
OMC-NN3-NH2 0.158 0.103 0.261 0.207 0.316 0.523
OMC-NN3-N(CH3)2 0.130 0.105 0.235 0.176 0.270 0.446
OMC-NN4 0.123 0.069 0.192 0.194 0.303 0.497
OMC-NN4-OCH3 0.117 0.059 0.176 0.209 0.307 0.516

Pentacene 0.098a

TPD 0.290b

Alq3 0.276c

a Reference data from Ref. [54].
b Reference data from Ref. [55].
c Reference data from Ref. [56].
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4. Conclusions

Using ab initio and DFT approaches, we investigate the white-
light emission from a single-polymer system with simultaneous
blue (PFn as a blue host) and orange (a BTD-based derivative as an
orange dopant) emission. Good consistency is found between the
calculated results and available experimental data. The influence of
the ‘‘CH’’/N heterosubstitution of the spacer part on the electronic
and optical properties of the BTD-based derivatives is considered.
Compared with the pristine molecule OMC, ‘‘CH’’/N substitution
has an effect on the energies of the FMOs depending on the position
of the nitrogen substitution. Di-substituted derivatives have more
substituent effect than their corresponding mono-substituted
counterparts. Moreover, the distribution patterns of HOMO of
mono-substituted derivatives are found to be mostly localized on
the triphenylamine unit without ‘‘CH’’/N substitution instead of
both units (observed for di-substituted derivatives which seem to
retain the HOMO characters in the pristine molecule OMC). This
suggests that the mono-substitution does not induce any signifi-
cant contribution to the absorption transition and exists solely for
the absolute energies of the FMOs. The change of labs/lem for these
‘‘CH’’/N substitution derivatives can be simply traced back to the
variation of Eg because the first optical transition corresponds to
a HOMO / LUMO/LUMO / HOMO excitation. Although ‘‘CH’’/N
substituted derivatives are not appropriated for the orange dopants
in WPLEDs with PFn as a blue-light-emitting host, this work may
provide a new means for experimentalists to design new yellow
and orange light-emitting materials. In addition, we find that the
electronic and optical properties of ‘‘CH’’/N substitution derivatives
can be tuned by symmetrically adding suitable electron-donating
groups [–CH3, –OCH3, –NH2, and –N(CH3)2] on N,N-disubstituted
amino groups, suggesting them to be good candidates as orange
dopants in WPLEDs with PFn as a blue-light-emitting host. The
dichloromethane solvation effects on the electronic and optical
properties of BTD-based derivatives leads to the lowering in the
HOMO and LUMO energy levels, the decreasing in the energy gap
(except for OMC-NN2, OMC-NN3 and OMC-NN3-OCH3), as well as
red shifts for absorption and emission spectra. A series of low
reorganization energy values (lh) are also obtained based on the
BTD-based derivatives under study, indicating that these deriva-
tives can be used as better hole transport materials in the OLEDs.
We expect that the theoretical investigation of the electronic and
optical properties for these light-emitting derivatives will help to
design more efficient functional molecules.
Acknowledgments

Financial supports from the NSFC (Nos. 50873020, 20773022),
NENU-STB07007, and NCET-06-0321 are gratefully acknowledged.
References

[1] Kido J, Kimura M, Nagai K. Science 1995;267:1332.
[2] (a) Strukelj M, Jordan RH, Dodabalapur A. J Am Chem Soc 1996;118:1213;

(b) Jordan RH, Dodabalapur A, Strukelj M, Miller TM. Appl Phys Lett
1996;68:1192.

[3] Shen Z, Burrows PE, Bulovic V, Forrest SR, Thompson ME. Science
1997;276:2009.

[4] Xie ZY, Huang JS, Li CN, Liu SY, Wang Y, Li YQ, et al. Appl Phys Lett 1999;74:641.
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