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Abstract The photophysical properties of a series of
multifunctional compounds applied in organic light-emit-
ting diode (OLED) materials have been studied by quan-
tum chemistry. These compounds have been integrated by
an electron and hole transporting component as well as an
emitting component into the donor—n—acceptor (D-n—A)
structures. To reveal the relationship between the structures
and properties of these multifunctional electroluminescent
materials, the ground- and excited-state geometries were
optimized at the B3LYP/6-31G(d), HF/6-31G(d), and CIS/
6-31G(d) levels, respectively. The ionization potentials and
electron affinities were computed. The mobilities of hole
and electron in these compounds were studied computa-
tionally based on the Marcus electron transfer theory. The
maximum absorption and emission wavelengths of com-
pounds 1-4 were calculated by time-dependent density
functional theory method. As a result of these calculations,
it was concluded that the electron injections of compounds
2-6 are much easier than Mes,B[p-4,4’-biphenyl-NPh(1-
naphthyl)] (BNPB) due to the introduction of the thiophene
group, anthracene group, and N=N as a part of the
n-conjugated bridge, compounds 5 and 6 can act as elec-
tron transport and hole transport materials, respectively.
Compounds 1 and 2 have higher electron mobility and
light-emitting efficiency as compared to compounds 3 and
4. Compounds 3 and 4 have quite longer fluorescence
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lifetimes than compounds 1 and 2 due to the larger Stoke’s
shifts.
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1 Introduction

In recent publication, we reported on electronic structure
and optical properties of a series of donor—m—acceptor
(D-n—A) type compounds with trivalent boron as acceptor
for organic light-emitting diodes (OLEDs) [1]. These
D-n-A type compounds have received wide attention for
the potential use in the next-generation full-color flat-panel
displays since they take advantage of excellent chemical,
thermal, and photochemical stabilities as well as ease of
structural tuning to adjust the electronic and morphological
properties [2-8]. Experimentally, amine-based n electron
donors have been widely adopted in optoelectronic mate-
rials, but few reports about boron compounds with amine-
based 7 electron donors as multifunctional OLEDs can be
found due to most of the boron compounds are not stable in
air [9, 10]. Thus, some bulky groups must be attached to
protect the boron from attacking by oxygen. However,
suitable bulky groups for protecting boron atom are very
limited. Some complexes of two mesityl groups directly
conjugating with boron atom are the most common and
successful synthesis. Therefore, the electron transport
properties of the molecules were restricted by the acceptor
B(mesityl),. Nevertheless, our group’s study [1] has
showed that different m-conjugated bridges have greater
influence on the LUMOs than HOMOs. To improve the
electron transport properties, some different n-conjugated
bridges are introduced into the designed molecules to
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combine with B(mesityl), in this contribution. Meanwhile,
the investigation in this field has attracted great research
interest and required in many applications such as in car
radios, mobile phones, digital cameras, camcorders, per-
sonal digital assistants (PDAs), games, notebook personal
computers (PCs), etc., due to the simplifying process and
reduction of the fabrication costs of OLED devices. To our
knowledge, up to now, there have been few investigation
reports on bifunctional or multifunctional properties of the
trivalent boron-based compounds combined with amine-
group in theory and experiment. In this work, we extend
our earlier theoretical study on a computational investiga-
tion of another series of amine- and trivalent boron-based
bifunctional or multifunctional compounds (Fig. 1).

The dimethylamino group is chosen as the donor of the
studied molecules because it is eminent donor than car-
bazolyl [10]. Besides the adoption of N(CHs), and
B(mesityl), as donor and acceptor, we introduced the thi-
ophene group, anthracene group, and N=N as n-electron
reservoir. It is because of that aromatic thiophene and
anthracene system, and nitrogen atom could provide more
rich electronic density and better electron-withdrawing
ability compared to a benzene ring and carbon atom.

Fig. 1 Sketch map of the structures for the studied systems
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To rationalize the experimentally observed properties of
known materials and to predict those of unknown ones,
theoretical investigations on the structures, electronic
spectra, and emissive properties of these materials are
indispensable, especially of some parameters, such as the
ionization potential (IP), electron affinity (EA), and reor-
ganization energies (4), which are difficult to be obtained
from experiments. Thus, we apply the density functional
theory (DFT), ab initio HF and configuration interaction
with single excitations (CIS), and time-dependent DFT
(TD-DFT) methods to investigate the geometrical struc-
tures and optical properties of these compounds such as the
highest occupied orbital energies (HOMO), the lowest
virtual orbital energies (LUMO), Ay_p (the energies dif-
ference between the HOMO and LUMO), the lowest
excitation energies (E,), IPs, EAs, 4, and the absorption
and emission spectra are obtained and discussed in detail.
The aim of the present work is to provide an in-depth
understanding of optical and electronic properties of these
compounds, and to offer excellent candidates for bifunc-
tional and multifunctional OLEDs. The useful information
can shed some light on designing more bifunctional and
multifunctional OLED materials.
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2 Computation methods

All calculations of the studied compounds in this work
have been performed on the SGI origin 2000 server using
the Gaussian03 program package [11]. Geometric and
electronic structures of the considered molecules, as well as
their cationic and anionic structures, were investigated by
making use of DFT. After B3LYP optimization for each
ground state, the vibrational frequencies were calculated
and the results showed that all optimized structures are
stable geometric structures. The lowest singlet excited-state
geometries were computed with ab initio CIS on the basis
of the optimized geometries obtained from HF calculations.
The various properties of these compounds, such as IP, EA,
Z, and fluorescence lifetime (t), were derived from the
computed results. In addition, compositions of molecular
orbitals and overlap populations between molecular frag-
ments were analyzed using the PYMOLYZE program [12].
All the calculations were performed using the 6-31G(d)
basis set.

3 Results and discussion
3.1 Geometry optimization

The sketch maps of the studied compounds are depicted in
Fig. 1, and the optimized structures of compounds 1-6 by
B3LYP/6-31G(d) are plotted in Fig. 2. The selected
important bond lengths and bond angles of these com-
pounds in the ground state, together with the available
experimental values [10], are listed in Table 1. The results
show that the adopted basis set and functional can reflect
the change trend of the optical and electronic properties.
It can be clearly seen from Fig. 1 that compounds 1-6
have the same frame on both sides of the molecules but
different n-conjugated bridges in the middle. As shown in
Table 1, the substitution of anthracene for phenyl increases
the bond length of N;—C3 in compound 5 compared with
compounds 1-4 and 6, decreases the rigidity and increases
the possibility of vibration relaxation. Meanwhile, two C
atoms of methyl group around N; atom deviate from the
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Table 1 Selected important bond lengths (A) and bond angles (°) of compounds 1-6 obtained by B3LYP/6-31G(d) calculations, as well as

experimental data

1 Exp* 2 Exp* 3 4 5 6
Ni-C; 1.4528 1.4529 1.4535 1.4539 1.4560 1.4535
N,-C, 1.4531 1.4530 1.4538 1.4542 1.4560 1.4531
N,-C; 1.3852 1.3838 1.3778 1.3769 1.4320 1.3786
C4—C5(Ny) 1.4580 1.525 (8) 1.4546 1.454 (4) 1.4011 1.3950 1.3896 1.4045
Cs(N,)—Cs(Ny) 13527 1.345 (5) 1.3553 1.335 (4) 1.2678 1.2743 1.2763 1.2685
B-Cy 1.5885 1.572 (6) 1.5887 1.571 (5) 1.5864 1.5863 1.5848 1.5864
B-Cy 1.5879 1.566 (6) 1.5896 1.585 4) 1.5861 1.5877 1.5862 1.5861
B-Cy 1.5636 1.556 (6) 1.5411 1.544 (5) 1.5681 1.5485 1.5514 1.5916
Cy—Cs/(Ny) 1.4606 1.554 (8) 1.4432 1.443 4) 1.4149 1.3781 1.3753 1.4028
C-N,-C, 118.70 118.91 119.60 119.58 115.88 119.65
C-N-C; 119.57 119.65 120.06 120.08 117.77 120.05
Co-N-C5 119.71 119.85 120.35 120.34 117.48 120.30
Cy—B-Cy 122.18 123.06 122.27 123.14 123.45 119.75
Cy—B-Cx 118.85 119.47 118.81 119.41 119.29 120.37
Cy—-B-Cyx 118.98 117.47 118.92 117.45 117.26 119.88

? The experimental values were subjected to X-ray diffraction study [10]

n-conjugated bridge plane in compound 5 more obvious
than that in compounds 1-4 and 6. It indicates that the
anthracene group combining with N; atom reduced the
coplanar. The lengthened N;—C; bond and the reduced
coplanarity in compound 5 will slow down the hole transfer
rate, whereas the sums of the angles around B atom are
perfectly coplanar for compounds 1-6, irrespective of the
group combining with the B atom. Furthermore, the bond
of N,=N, and the heavy sulfur atom in thiophene in these
compounds, strengthening the combination with the con-
jugated n-bridge, may enhance intersystem crossing or
other non-radiation processes to quench fluorescence.
However, the electron transfer rate in compound 6 will be
slower than others due to the longer B—C5 bond length.
The CIS method has been used to obtain the excited-
state geometries in this study. To compare the geometries
at the same level, the ground structures of compounds 1-4
are again optimized by HF. The HF and CIS results are
listed in Table 2. Interestingly, the main characters of the
front orbitals, and the change trend of bond lengths and
bond angles by HF are the same to that by B3LYP. The
corresponding bond lengths and bond angles in each mol-
ecule have significant differences between HF and CIS
methods, and imply that these complexes have large Stokes
shifts. However, two carbons of methyl group around N,
atom for compounds 1-4 in excited state is closer to be in a
plane with the conjugated bridge than in their ground state,
indicating that the singlet excited structures of compounds
1-4 should be more planar than in their ground structures.

@ Springer

3.2 Frontier molecular orbitals

It will be useful to confirm the HOMO and LUMO of
molecules since the relative ordering of the occupied and
virtual orbitals provides a reasonable qualitative indication
of the excitation properties [13] and of the ability of
electron or hole transport. Therefore, we have plotted the
HOMO and LUMO of compounds 1-6 by GaussView in
Fig. 3.

As shown in Fig. 3, it is noted that the electronic cloud
distribution of HOMO in compounds 1-4 localizes near the
nitrogen atom, while that of LUMO localizes near the
boron atom. The transition from the benzene rings con-
nected with atom N; to those connected with atom B is
attributed to the electron push—pull effect of the substitu-
ents. The nitrogen and boron atoms are the centers of the
electron donor and acceptor, respectively. Meanwhile, to
observe and shed light more easily on the chemistry
activity of these compounds with the same D and A, but
different n-conjugated bridges in HOMO and LUMO, the
local density of states (LDOS) have been compared in
Table 3. From Table 3, compared with compounds 1 and 3,
the m-conjugated bridges of compounds 2 and 4 have more
rich electronic density in both HOMO and LUMO due to
the thiophene group. However, the electronic cloud distri-
bution of HOMO and LUMO in compounds 5 and 6 almost
localizes at the m-conjugated bridges. In addition, the
introduction of the thiophene and anthracene groups as a
part of the m-conjugated bridges has more rich electronic
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Table 2 Optimized important bond lengths (A) and bond angles (°) of compounds 1-4 with HF/6-31G(d) and CIS/6-31G(d)

1 2 3 4

HF CIS HF CIS HF CIS HF CIS
Ni-C 1.4466 1.4477 1.4467 1.4478 1.4468 1.4471 1.4454 1.4471
Ni-C, 1.4469 1.4474 1.4470 1.4476 1.4474 1.4468 1.4529 1.4469
N;-C; 1.3894 1.3638 1.3877 1.3640 1.3824 1.3912 1.4046 1.3829
C4—C5(N,) 1.4728 1.4083 1.4702 1.4138 1.4105 1.4011 1.4103 1.3950
Cs5(N,)—Cs/(Ny) 1.3292 1.3982 1.3302 1.3930 1.2221 1.2678 1.2234 1.2743
B-Cy 1.6003 1.6058 1.5997 1.6045 1.5988 1.6015 1.5974 1.6016
B-Cy 1.6002 1.6058 1.6005 1.6051 1.5988 1.6014 1.5983 1.6023
B-Cy 1.5781 1.5565 1.5609 1.5391 1.5823 1.5741 1.5688 1.5536
Cy—Cs/(Ny) 1.4755 1.4038 1.4610 1.3898 1.4202 1.4149 1.3972 1.3781
C1-N-C, 116.56 119.28 116.73 119.32 117.37 116.43 112.30 117.38
Ci-N-C; 118.50 120.43 118.60 120.35 119.02 118.33 117.57 118.97
Co-N-C; 118.61 120.29 118.73 120.33 119.20 118.45 116.67 119.13
C;-B-Cy 122.14 121.25 123.16 122.62 122.33 122.00 123.37 123.01
Cy—B-Cyx 118.97 119.39 119.40 119.40 118.87 119.01 119.32 119.50
Cy—B-Cy 118.90 119.37 117.44 117.98 118.79 119.00 117.31 117.49

density compared to benzene ring in both HOMO and
LUMO.

The HOMO and LUMO energies are experimentally
estimated from an empirical formula proposed by Brédas
et al. [14] based on the onset of the oxidation and reduction
peaks measured by cyclic voltammetry [15]. The hole and
electron injection of the materials is usually estimated by
the values of HOMO and LUMO, in accord with the work
function values of cathode and anode. The hole transport
material (HTM) with the smaller negative value of HOMO
should lose their electrons more easily, while the electron
transport material (ETM) with larger negative value of
LUMO should accept electrons more easily. The HOMO
and LUMO energies were calculated by DFT in this study.
The HOMO and LUMO energies, and energy difference
Ayt s of compounds 1-6 are listed in Table 4. In addition,
the total density of states (DOS) of compounds 1-6 have
been compared in Fig. 4 to more easily and vividly observe
the varieties of the HOMOs, LUMOs, and energy gaps.

It can be seen from Table 4 and Fig. 4 that the HOMO
and LUMO levels for compounds 1-4 were found to be
—4.84 and —1.71, —4.81 and —1.84, —5.17 and —2.11, and
—5.11 and —2.31 eV, respectively, which match well with
the energy levels for Mes,B[p-4,4’-biphenyl-NPh(1-naph-
thyl)] (BNPB) (¢gomo, —5.01 eV) and (¢ ymo, —1.63 eV)
[16]. Meanwhile, HOMO level of compounds 1-4 match
well with the work function of the Indium Tin Oxides
(ITO; from —4.8 to —5.1 eV) [17], and the LUMO levels
are close to that of tris(8-hydroxylquinoline)aluminum
(Algs, —1.81 eV) [18], one of the most widely used ETM.
Thus, we predict that compounds 1-4 with similar shapes
and molecular weight to BNPB may act as tri-functional

(emitter, electron transport, and hole transport) molecular
OLEDs. However, the introduction of the thiophene group
in compounds 2 and 4 improve both of the hole and elec-
tron injection compared to compounds 1 and 3. In addition,
according to the LUMO values of these compounds, the
introduction of electron-deficient N=N indeed improves the
electron-injection ability compared to C=C.

Furthermore, on comparison of the results of compounds
4 with 5, the substitution of anthracene for phenyl slightly
change (0.05 eV) in HOMO, but decrease the value
(0.48 eV) in LUMO. In contrary, the HOMO level in
compound 6 is obviously higher (0.53 eV) than that of
compound 3, but LUMO level nearly no change (0.01 eV)
due to the substitution of anthracene for phenyl. The
LUMO value of compound 5 is lower 0.98 eV than that of
Alq;, showing its good ET ability. The HOMO value
of compound 6 is higher than that of the well-known
HTM N,N'-di-1-naphthyl-N,N'-diphenylbenzidine (NPB,
—4.732 eV) [19], showing its good HT ability. According
to the results of compounds S and 6, it can be deduced that
compounds 5 and 6 may act as ETM and HTM, respec-
tively. In addition, the introduction of thiophene group,
anthracene group, and N=N in n-conjugated bridge makes
the HOMO-LUMO gaps become narrow. The order of
Ay for compounds 1-4 is 1 > 3 > 2 > 4, which deter-
mines that the absorption spectra of compounds 1, 3, 2 and
4 are gradual red-shifted.

3.3 IPs and EAs

The adequate and balanced transport of both injected
electrons and holes are important in optimizing the
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Fig. 3 Electronic density contours of the frontier orbitals for
compounds 1-6

Table 3 The contribution of electron density (%) of the donor,
acceptor and 7 bridge to HOMO and LUMO for compounds 1-6

D group T group A group
HOMO LUMO HOMO LUMO HOMO LUMO
1 352 0.6 63.7 41.8 1.2 57.5
2 22.5 2.1 73.0 63.9 4.5 34.1
3 29.6 3.6 67.8 74.9 2.7 21.6
4 23.8 3.8 70.6 71.7 5.6 18.5
5 13 1.3 94.5 88.6 43 10.1
6 6.8 29 89.3 82.6 39 14.5

performance of OLED devices. The IP and EA are well-
defined properties that can be calculated by DFT to esti-
mate the energy barrier for the injection of both holes and

@ Springer

Table 4 Negative value of the HOMO (_eyomoy and LUMO
(—éLumo) energies, and HOMO-LUMO gaps calculated by DFT for
compounds 1-6 (eV)

1 2 3 4 5 6

—ehomo 484 481 517 5.1 516  4.64
—&LuMO 1.71 1.84 211 2.31 279 212
Anr 3.13 297 306 280 237 252

Density of State

-10 -8 -6 -4 -2 0 2 4
Energy (eV)
Fig. 4 Total of density of states of compounds 1-6

Table 5 Ionization potentials, electron affinities, extraction poten-
tials and reorganization energies for each molecule (eV)

IP(v) IP(@ HEP EA(v) EA(a) EEP Jige

Aelectron

6.13 598 583 0.59 0.74 0.89 030 0.30
6.05 589 572 0.68 0.84 1.01 033 0.33
6.44 633 609 092 1.16 141 035 0.49
632 617 599 1.11 1.34 1.59 033 048
630 582 560 1.67 1.85 2.02 0.70 0.35
575 560 541 1.04 1.36 1.67 034 0.63

A Ui AW N -

electrons into the compounds. Table 5 contains the calcu-
lated IPs, EAs, both vertical (v; at the geometry of the
neutral molecule) and adiabatic (a; optimized structure for
both the neutral and charged molecule), and the extraction
potentials (HEP and EEP for the hole and electron,
respectively) that refer to the geometry of the ions [20, 21].

One general challenge for the application of small
molecules in OLEDs is achievement of high EA conju-
gated molecules for improving the electron injection/
transport and low IP conjugated molecules for better hole
injection/transport in electronic devices. For an electrolu-
minescent material, the lower the IP of the hole transport
layer (HTL) itself, the easier will be the injection of holes
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from ITO to HTL, the higher the EA of the electron
transport layer (ETL) itself, and easier the injection of
electrons from cathode to ETL. Also, it has been experi-
mentally proved that BNPB is a good trifunctional mole-
cule [5]. From Table 5, it is can be seen that the IPs of
compounds 1-4 are close to that of BNPB (6.09 eV),
suggesting compounds 1-4 can be applied as the HTL
materials. Remarkably, analyzing the values of EAs,
compounds 2, 3, and 4 are easier to accept an electron than
BNPB (0.74 eV) [16], despite of the same acceptor of
compounds 2, 3, 4 and BNPB. Therefore, compounds 2, 3
and 4 exhibit more excellent properties as electron-injec-
tion materials than BNPB due to the presence of various
n-conjugated bridges. In addition, the EAs of compound §
are significantly higher than others and BNPB, showing
better ET ability. The IPs of compound 6 are obviously
lower than others and BNPB, showing excellent HT ability.
At the microscopic level, the charge-transport mecha-
nism in thin film can be described as a self-exchange
transfer process, in which an electron or hole transfer
occurs from one charged molecule to an adjacent neutral
molecule. The rate of intermolecular charge transfer (K
can be estimated from Marcus theory [22-24] given in

Ke :Aexp[ (1)

]
where T is the temperature, A is a prefactor related to the
electronic coupling between adjacent molecules, 1 is the
reorganization energy, and k;, is the Boltzmann constant. It
will be seen that variations in the reorganization energies,
which are exponential component (Eq. 1), dominate the
changes in overall carrier transfer rates as the molecular
structures are varied. For efficient charge transport, the
reorganization energy requires to be small. At this stage,
our discussion focuses on the reorganization energy.

The A value is generally determined by fast changes in
molecular geometry (the inner reorganization energy 4;)
and by slow variations in solvent polarization of the sur-
rounding medium (the external contribution 4.). In the case
of LEDs (there are condensed-state systems), however, the
latter contribution can be neglected, so that the former

becomes the dominant factor. The inner reorganization
energy /; for hole transfer can be expressed as follows:

Ihole = 40+ Ay = (Ey — Eo) + (E} — Ey) (2)

where Ey and E represent the energies of the neutral and
cation species in their lowest energy geometries,
respectively, while Ej and E’represent the energies of
the neutral and cation species with the geometries of the
cation and neutral species, respectively. In this way,
Aelectron TOT €lectron transfer can be expressed as follows:

;Lelectron = /10 + Ao = (ES - E()) + (Ei — E_> (3)

The calculated Apqe and Aejeciron are also listed in Table 5.
As materials with an emitting layer, they need to achieve
the balance between hole injection and electron accep-
tance. The data (Table 5) show that the difference between
the Apole and Agjecron for compounds 1-4 are less than
0.15 eV, implying that they can act as the emitter with
relatively high light-emitting efficiencies. However, com-
pounds 1 and 2 have better equilibrium properties than
compounds 3 and 4 due to the bond of Cs=Cs. Replace-
ment of N,=N, with C5=Cs has no positive effect on the
balance between hole transfer and electron transfer, but it
improves the entrance of electrons from cathode to ETL.
Furthermore, the lower the A values, the bigger the charge-
transport rate. The Agjectron fOor compound 5 is quite smaller
than its Ange. It suggests that the electron transfer rate is
higher than the hole transfer rate. The case is just the
contrary in compound 6 due to the quite smaller of A
than Zejectron- These indicate that compounds 5 and 6 can
act as ETL/a hole-block layer and HTL/an electron-block
layer, respectively. The results confirm that the prediction
from the geometry optimization discussion earlier. Mean-
while, the value of Agjeciron 18 increased in the order from 1
to 2 to 4 and then to 3.

3.4 Absorption spectra and emission spectra
The transition energies, oscillator strengths, and configu-

rations relevant to the singlet excited states in each mole-
cule are listed in Table 6, accompanying with the

Table 6 Absorption spectra obtained by TD-DFT method for compounds 1-4 at the B3LYP/6-31G(d) optimized geometries

1abs

Electronic Ay (nmM) Exp® (nm) f Excitation Main configurations
state change energies (eV) and coefficient
1 So = S 430.8 403 1.13 2.88 HOMO - LUMO 0.66
2 So = S 452.2 431 1.14 2.74 HOMO - LUMO 0.64
3 So— S, 434.1 1.25 2.86 HOMO - LUMO 0.63
4 So— S, 471.1 1.19 2.63 HOMO - LUMO 0.61
HOMO-4 — LUMO 0.10

4 Measured in THF
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experimental results. As shown in Table 6, all the elec-
tronic transitions are m — 7* type. Due to the different
double bond in the central position of the m-conjugated
bridge, the strongest absorption peaks with largest
oscillator strength for compounds 1 and 2, and 3 and 4
are assigned to the electronic state change of Sy — Sy,
and Sy — S,, respectively. The electronic excited states
S; and S, are mainly dominated by the transition
HOMO — LUMO. The 2™ for compounds 1, 3, 2 and 4
is red-shifted, 430.8 < 434.1 < 452.2 < 471.1 nm (Fitted
Gaussian type absorption curves with the calculated
absorption data are shown in Fig. 5), which is in accord
with the decrease in the HOMO-LUMO gaps.

As shown in Table 7, it can be seen that the emission
peaks with the large oscillator strength are all assigned to
n — ©* character arising from S;, HOMO — LUMO
transition. The calculated values of the fluorescence
wavelength for compounds 1-4 are located at 457.1, 482.8,
511.7, and 519.1 nm, respectively. However, two factors
may cause deviations of our calculated data from the
experiment values. One is that the calculation of these
compounds was on the basis of isolated gas-phase, and the

1.2 — 1

2
T , 3
1.0 4
< ]
2 0.8-
(] ]
9 0.6
e
2 ]
5 04-
[7]
2 ]
0.2
0.0
T T T T T T T T T 1
300 350 400 450 500 550

wavelength (nm)

Fig. 5 Simulated absorption spectra of compounds 1-4 with the
calculated data at the TDDFT/B3LYP/6-31G(d) level

experiment values were measured in the liquid phase
involving the environmental influences. Another factor that
should be born in mind is that polarization effects and
intermolecular packing forces had been neglected in the
calculations. From the oscillator strength, and coefficient
and configurations, the introduction of N=N in compounds
3 and 4 indeed reduced fluorescence compared to com-
pounds 1 and 2.

Based on the calculated emission spectra from 457.1 to
519.1 nm, we predict that compounds 1-4 could be used as
blue and green light-emitting materials. Meanwhile, the
Stoke’s shifts of these compounds are within the range
from 26.3 to 77.6 nm. It may be explained that these
compounds have large change of the structures in the
ground and excited states. Furthermore, the radiative life-
times have been computed for spontaneous emission using
the Einstein transition probabilities according to the for-
mula (in au) [25, 26]:

3

2 (EFlu)zf

where c is the velocity of light, Ep, the excitation energy,
and fis the oscillator strength (see Table 7). The computed
lifetime 7 for compounds 1, 2, 3, and 4 are ~1.99, 2.55,
45.06, and 12.66 ns, respectively, the order of t are
1> 2 >4 > 3. The sequence of fluorescence lifetimes is
in accordance with the sequence of the Stoke’s shifts.

4 Conclusions

In this study, the ground-state and excited-state properties
of these compounds were investigated by DFT, HF,
TDDEFT, and CIS methods. From the above research we
conclude that compounds 1-4 are ideal for applications as
multifunctional OLED materials. The calculated values of
IP and EA show that compounds 1-4 can be used as ETM
and HTM simultaneously. Analyzing values of A, com-
pounds 1 and 2 have higher intra- and intermolecular
charge-transfer ability and better equilibrium properties

Table 7 Emission spectra obtained by TD-DFT method for compounds 1-4 at the CIS/6-31G(d) optimized geometries

Electronic state change Aem (nM) Exp® (nm) f 7 (ns) Excitation Main configurations and coefficient
energies (eV)

1 S1 = So 457.1 538 1.58 1.99 2.71 HOMO - LUMO 0.62
S = S 482.8 558 1.38 2.55 2.57 HOMO - LUMO 0.61

3 S = S 511.7 0.09 45.06 2.42 HOMO - LUMO 0.33
HOMO-1 —» LUMO 0.52

4 Si = So 519.1 0.32 12.66 2.39 HOMO - LUMO 0.49
HOMO-5 - LUMO 0.39

4 Measured in THF
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compared to compounds 3 and 4, compounds 5 and 6 can
be used as ETM and HTM, respectively. The anthracene
group in different position of the n-conjugated bridge can
act as bifunctional properties materials. Replacing the C=C
with N=N in compounds 3 and 4 has no positive effect on
charge-transport rate, but enhances the ability of the elec-
tron injection. To introduce the thiophene group, anthra-
cene group, and N=N, the HOMO-LUMO gaps become
narrow. With the HOMO-LUMO gaps decreasing, the
absorption wavelengths for compounds 1, 3, 2, and 4
exhibit gradual red-shifts. Meanwhile the Stoke’s shifts of
compounds 1-4 ranging from 26.3 to 77.6 nm occur due to
the large change of the structures in the ground and excited
states. The emission wavelengths of compounds 1-4 are
located at blue and green range, implying that they can be
used as blue and green light-emitting materials. Also,
the radiative lifetimes have been computed out, which
are in accordance with the order of the Stoke’s shifts:
1>2>4>3.
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