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Abstract Star-shaped molecules with tailoring functional
groups in the core and the arms have great potential appli-
cation in organic light-emitting devices, because it can be
designed to realize low band gap, broad absorption, and
excellent solubility for low-cost solution process. To gain an
insight into the structure—property relationships, a set of
four-arm star-shaped molecules with 2,1,3-benzothiadiazole
as the core, different n-conjugated groups as the arm, and
triphenylamine or 2-(pyridin-2-yl) pyridine as the end-group
were designed. In this study, a systematic investigation into
them was carried out using the density functional theory and
time-dependent density functional theory methods. The
calculated ionization potentials, electron affinities, and
reorganization energies (1) show that the properties of the
n-conjugated bridge and the end-group significantly affect
the carrier injection and transport characteristics of these
molecules, especially for S-BTDP and S-EBTD. Among
these molecules, S-BTDP exhibits better electron injection
ability due to the introduction of 2-(pyridin-2-yl) pyridine as
the end-group. However, S-EBTD, with ethylene as n-con-
jugated bridge, has excellent hole injection and carrier
transport behaviors. We also calculated the singlet-to-triplet
exciton-formation cross-section ratio (gs/ot), the exciton-
formation fractions (ys), and the absorption and emission
spectra of these molecules. We calculated that os/o T ranges
from 1.78 to 2.76 and that yg is ca. 0.37-0.48. These mole-
cules have two absorption bands in the range of 340-410 nm
and 500-613 nm, respectively. The calculated emission
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spectra range from 619 to 706 nm. It can be deduced that the
studied 2,1,3-benzothiadiazole-based star-shaped molecules
can serve as efficient red light-emitting electroluminescent
materials.
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1 Introduction

Organic light-emitting diodes (OLEDs) based on either
small molecules or polymers have been drawing wide
attention due to their potential applications in full-color,
flexible flat-panel displays and lighting, etc. [1]. Many new
materials with RGB (red, green, blue) emission have been
developed to meet the requirement of full-color displays
[2,3]. To date, the green and blue emitters have basically met
the requirements for the commercial application. Never-
theless, achieving pure red emitter with high quantum
efficiency is still a great challenge in this field [4-7]. The
red light-emitting organic materials that possess narrow
band gap are usually composed of the molecules bearing a
strong donor—acceptor substituent or with extended =
conjugation, or strong intramolecular charge transfer (ICT)
character [8—11]. Li et al. [12] synthesized a set of four-arm
star-shaped molecules whose emission peaks are located at
660-740 nm as saturated red emission and considered that
these molecules can be used in bulk heterojunction organic
solar cells (OSCs); meanwhile, their linear counterparts
were synthesized for comparison. They found several
advantages of these star-shaped molecules, such as mono-
dispersity, excellent solubility, and vast structures with
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different functional groups. Furthermore, with tailoring
functional groups in the core and the arms, star-shaped
molecules can be designed to realize low band gap, broad
absorption, and excellent solubility for low-cost solution
process [13-21]. Such easily modified structure and the
excellent performance shown in the experiment of star-
shaped molecules just meet the requirements of the red
light-emitting organic materials, which inspired us to
design a set of star-shaped molecules with excellent
photophysical properties.

Taking into account these problems, we use benzothio-
diazole (BTD) core as the electron acceptor, introducing
triphenylamine (TPA) into four positions 4, 5, 6, and 7 of
benzothiadiazole as the electron donor, and different
n-conjugated chains as m-bridge connecting the TPA and
BTD units, and constructed a set of star-shaped molecules
with D-n-A-n-D push—pull structure. They are S-BTD
(only one thiophene as n-bridge connecting TPA and BTD
unit), S-TBTD, S-EBTD, S-ABTD, and S-SBTD (con-
taining one more thiophene, ethylene, acetylene, and sty-
rene unit in each 7 moiety than S-BTD) (see Fig. 1). At the
same time, a two-arm linear molecule based on the 4,
7-positions of benzothiadiazole, namely, L-BTD, is also
investigated for comparison. In addition, we use 2-(pyridin-
2-yl) pyridine, which is a good acceptor [22], instead of the
triphenylamine in S-BTD, to design another star-shaped
molecule named S-BTDP, and hope that using 2-(pyridin-
2-yl) pyridine as end-group can improve the electron
injection capability. To rationalize the experimentally
observed properties of known materials and to predict
those of unknown ones, density functional theory (DFT),
time-dependent density functional theory (TD-DFT), and
singles configuration interaction (CIS) calculations have
been carried out for the structural, electronic, and optical
properties. Ionization potentials (IPs), electron affinities
(EAs), reorganization energies (1), radiative lifetimes (7),
singlet-to-triplet exciton-formation cross-section ratio
(os/oT), singlet exciton-formation fractions (ys), and the
electronic spectra are obtained and discussed in detail.
Particular attention was paid to the influence of different
n-conjugated bridge and end-group substituent on the
photophysical properties of these materials. It has been
shown that these compounds, especially the designed
molecules S-EBTD and S-BTDP, can function as efficient
red light-emitting materials.

2 Computational details
Hybrid GGA functional, Becke’s three-parameter (B3)
hybrid exchange functional, incorporating the correlation

functionals of Lee, Yang and Parr (LYP), namely B3LYP,
have become extraordinarily popular, so B3LYP was
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chosen to optimize the ground-state geometries of these
molecules with 6-31G(d) basis set. On the basis of the
ground-state geometries, TD B3LYP/6-31G(d) was used to
calculate the absorption spectra. The calculated HOMO,
LUMO energies, HOMO-LUMO gap, IP(v), EA(v) (v: at
the geometry of the neutral molecule), and the maximal
absorption wavelength of a representative molecule S-BTD
are listed in Table 1; there are also some important
experimental data for comparison. As can be seen from
Table 1, the maximal absorption wavelengths of S-BTD
calculated using B3LYP functional (659 nm) are larger
than the experimental data (526 nm) by 133 nm. This may
be attributed to the incorrect asymptotic behavior of
B3LYP functional for systems containing intramolecular
charge transfer [23]. However, as mentioned in introduc-
tion, the molecules in this paper precisely possess D-n-A-
n-D push—pull structure and demonstrate strong charge
transfer. For this reason, we adopted the MPWI1B95
functional, which is suitable for general applications in
covalent and noncovalent thermochemistry, and can give
good performance especially for hydrogen bonding, weak
interaction, and charge transfer calculations [24].

To compare these two methods, MPW1B95 level with
6-31G(d) basis set was also used to optimize the ground-state
geometry of S-BTD. The HOMO and LUMO energies,
HOMO-LUMO gap, IP(v), EA(v), and the maximal
absorption wavelength obtained are also listed in Table 1.
Meanwhile, some important interring distances and dihedral
angles of ground-state geometries obtained from B3LYP and
MPW1B95 methods are summarized in Table 2 for com-
parison. Configuration interaction singles (CIS) level with
6-31G(d) basis set was employed to optimize the excited-
state geometry of S-BTD. On the basis of their respective
excited-state geometries, both TD B3LYP/6-31G(d) and TD
MPW1B95/6-31G(d) were used to calculate the fluores-
cence spectra, and the data obtained are listed in Table 1.

It can be seen from Tables 1 and 2 that the MPW1B95/
6-31G(d) method obtained shorter interring distances and
smaller dihedral angles in the optimization of ground-state
geometry compared with B3LYP/6-31G(d). That is, the
ground-state geometry optimized by MPW1B95 functional
possesses much better planarity. In addition, the
MPW1B95/6-31G(d) method identified lower HOMO
energy and higher LUMO energy and, thus, obtained a
wider HOMO-LUMO gap, which corrected the overesti-
mate of the maximal absorption wavelength by B3LYP
functional. Therefore, the maximal absorption wavelength
(564 nm) obtained by MPW1B95/6-31G(d) is much closer
to the experimental data (526 nm). Moreover, the emission
wavelength obtained by TD B3LYP/6-31G(d) and TD
MPW1B95/6-31G(d) are 789 and 689 nm, respectively;
while the former is 99 nm larger than the experimental
value (690 nm), the latter is almost equal to the
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Fig. 1 Sketch map of the
structures for the studied
molecules

S-BTDP

Table 1 Negative of the HOMO (-eHOMO) and LUMO (-sLUMO)
energies, HOMO-LUMO gaps, ionization potentials (IP) and elec-
tronic affinities (EA), maximal absorption and emission wavelengths

S-EBTD

S-BTD S-ABTD
S S S

L0 N\ ) \
S-TBTD S-SBTD

of S-BTD obtained by B3LYP/6-31G(d) and MPW1B95/6-
31G(d) calculations, respectively

Functional -eHOMO (eV) -eLUMO (eV) AEq_1 (eV) IP(v) (eV) EA(®v) (eV) )Lﬁ?jx (nm) Ik (nm)
B3LYP 4.72 2.48 2.24 5.40 1.44 659 789
MPW1B95 5.02 2.16 2.86 5.62 1.34 564 689
Exp® 5.45 526 690

The suffixes (v) indicate vertical values
4 Lietal. [12]

Table 2 Interring distances and dihedral angles of the two adjacent moieties D and 7, = and A for S-BTD calculated by B3LYP/6-31G(d) and

MPW1B95/6-31G(d)

Method Interring distances (A) and dihedral angles (°)
D-TE| 7'CI-A A-7l4 7'E4-D D-TEz 7Z2-A A-TC3 7[3-D
B3LYP 1.465 1.468 1.468 1.465 1.465 1.485 1.485 1.466
26.2 38.6 38.8 26.3 23.9 69.5 70.0 25.3
MPW1B95 1.457 1.459 1.459 1.457 1.459 1.474 1.474 1.458
20.7 352 37.17 22.5 10.8 62.6 63.8 12.4

D Triphenylamine (2-(pyridin-2-yl)pyridine for S-BTDP)
7 m-conjugated bridge
A Benzothiadiazole

experimental value. In summary, MPW1B95 combined
with 6-31G(d) method is more suitable for our system than
B3LYP/6-31G(d) method obviously.

In this case, the ground-state geometries, as well as their
ionic structures of all the molecules in this study were
optimized at MPW1B95 level with 6-31G(d) basis set. The
IPs, EAs, hole extraction potential (HEP), and electron
extraction potential (EEP) were calculated by DFT/
MPW1B95 method based on the optimized geometry of the

neutral and ionic molecules. On the basis of the ground-
state geometries obtained from HF/6-31G(d), we optimized
the excited-state geometries of these molecules by CIS
level with 6-31G(d) basis set. The absorption and fluores-
cence spectra were calculated by TD MPWI1B95/6-
31G(d) on the basis of ground-state and excited-state
geometries, respectively. All these calculations were per-
formed on the SGI origin 2000 server with the Gaussian 03
program package [25].
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Fig. 2 Optimized geometries of
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3 Results and discussion
3.1 Ground-state and excited-state geometries

The optimized ground-state geometries of these molecules
calculated by MPW1B95/6-31G(d) are depicted in Fig. 2.
Some important interring distances and dihedral angles of
these molecules in the ground geometries are collected in
Tables 3 and 4.

As shown in Table 3, the interring distances of the two
adjacent moieties = and D of these molecules are similar
with each other except S-ABTD. The interring distances
between the two adjacent moieties = and D of S-ABTD is
shorter than others around 0.04 A in these regions; this can
be attributed to the strong attraction of acetylene group to
the lone electron pair on nitrogen atom of the electron-
donor triphenylamine (TPA). Different from above
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situation, the interring distances between the two adjacent
moieties m and A can be divided into two groups by the
different geometric environment of m-conjugated bridge.
Moieties ©; and m4 are closer to the center with with-
drawing group benzothiadiazole (BTD) relatively, so the
conjugated effect between m;, m4, and A is more strong;
therefore, the corresponding interring distances are short-
ened. In contrast, for m,, 73, and A, the conjugated effect is
not so strong as the former, and the corresponding interring
distances are elongated, naturally, by about 0.02 A.

It can be seen apparently from Table 4 that, in these
molecules, the dihedral angles between the two adjacent
pieces mand A of L-BTD are much smaller than that of other
molecules; this may be attributed to the smallest steric hin-
drance effect of the only linear molecule L-BTD. The
dihedral angles between © and A for other molecules are
quite similar; this can be because the groups connecting to
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Table 3 Selected important interring distances (A) of the two adja-
cent moieties D and 7, © and A for considered compounds in ground
state by MPW1B95/6-31G(d) and HF/6-31G(d) and in excited state
by CIS/6-31G(d)

Table 4 Selected important dihedral angles (°) of the two adjacent
moieties D and 7, © and A for considered compounds in ground state
by MPW1B95/6-31G(d) and HF/6-31G(d) and in excited state by
CIS/6-31G(d)

Interring distances (10\)

D-TCI ﬂl-A A-7I4 7[4-D D-T[2 A-ﬂ3 7[3-D

Dihedral angles (°)

D-ﬂ] T[]-A A-TC4 TC4-D D-ﬂz A-TE3 7'[3-D

MPW 1B95/6-31G(d)
L-BTD 1456 1.448 1.448 1.456

S-BTD  1.457 1459 1.459 1457 1459 1474 1474 1.458
S-TBTD 1.455 1459 1.458 1.456 1457 1474 1475 1.457
S-EBTD 1.452 1457 1457 1452 1452 1474 1474 1452
S-ABTD 1.417 1.459 1459 1415 1416 1475 1474 1416
S-SBTD 1.454 1.460 1459 1454 1455 1.474 1474 1454
S-BTDP 1.455 1.460 1.460 1455 1.456 1.475 1.475 1.456
HF/6-31G(d)

L-BTD 1476 1470 1.470 1.476

S-BTD 1477 1.482 1482 1477 1477 1.492 1492 1478
S-TBTD 1.476 1.482 1482 1476 1477 1.492 1492 1477
S-EBTD 1474 1.482 1482 1474 1474 1.492 1.492 1474
S-ABTD 1.438 1.483 1483 1438 1.438 1.492 1492 1438
S-SBTD 1475 1.483 1483 1475 1475 1.492 1492 1475
S-BTDP 1475 1483 1.483 1475 1475 1492 1.492 1475
CIS/6-31G(d)

L-BTD 1459 1.420 1.420 1.459

S-BTD 1461 1435 1435 1.460 1477 1490 1.490 1.478
S-TBTD 1471 1.435 1434 1471 1476 1.490 1490 1.477
S-EBTD 1.461 1.434 1434 1461 1474 1.490 1.490 1.474
S-ABTD 1430 1.435 1435 1430 1.438 1.491 1491 1438
S-SBTD 1.472 1434 1.436 1473 1475 1490 1.490 1475
S-BTDP 1.459 1.435 1435 1459 1475 1.490 1490 1.475

MPW 1B95/6-31G(d)
LBTD 149 164 180 1438

S-BTD 207 352 377 225 108 626 638 124
S-TBTD 23.6 37.1 368 198 295 643 68.1 295
S-EBTD 4.7 324 327 37 54 617 673 09
S-ABTD 922 39.1 334 463 518 652 667 09
S-SBTD 62 374 376 36 100 709 66.1 32
S-BTDP 269 387 38.1 266 182 647 634 226
HF/6-31G(d)

L-BTD 364 23.1 237 364

S-BTD 386 622 622 386 379 751 756 383
S-TBTD 37.0 614 614 370 37.1 744 740 37.1
S-EBTD 164 61,5 614 163 183 747 748 184
S-ABTD 140 61.6 61.6 197 257 746 751 17.3
S-SBTD 204 623 619 204 189 754 752 205
S-BTDP 395 63.7 632 39.1 386 769 758 380
CIS/6-31G(d)

L-BTD 200 10 1.0 200

S-BTD 215 158 147 186 361 752 700 364
S-TBTD 319 151 144 319 370 69.1 759 37.7
S-EBTD 1.7 154 153 17 173 697 755 17.2
S-ABTD 532 151 151 597 17.7 688 752 158
S.SBTD 17.0 150 169 175 189 695 753 202
S-BTDP 190 150 151 183 372 761 684 369

D Triphenylamine (2-(pyridin-2-yl)pyridine for S-BTDP)
1 m-conjugated bridge

A represents Benzothiadiazole

center in the m-conjugated bridges are all the same thio-
phene. The dihedral angles of the two adjacent pieces m and
A can also be divided into two groups by the different
geometric environment of m-conjugated bridge. Due to lar-
ger steric effect, the dihedral angles between m, and A and
between m3; and A are larger than those of m; and my
accordingly. Compared with =n-A, the dihedral angles
between the two adjacent moieties = and D do not present
very good regularity. First of all, the star-shaped molecule
S-BTD has larger steric hindrance effect than the linear
molecule L-BTD; the dihedral angles between its 7 and D
are larger than L-BTD, accordingly. However, the dihedral
angles between the two adjacent moieties = and D of
S-BTDP are larger than those of S-BTD slightly; this may be
attributed to that 2-(pyridin-2-yl) pyridine moiety requires
for conjugation with the connected group thiophene. Sec-
ond, the molecule S-TBTD has one more thiophene unit than

D Triphenylamine (2-(pyridin-2-yl)pyridine for S-BTDP)
1 m-conjugated bridge

A Benzothiadiazole

S-BTD in its n-conjugated bridges, which increase the steric
hindrance, resulting in the increase in the dihedral angles
between its  and D. Again, the dihedral angles between the
two adjacent moieties w and D of the molecules S-EBTD and
S-SBTD are significantly smaller than the other molecules;
this can be attributed to their small steric hindrance
depending on the groups connected to the electron-donor
triphenylamine (TPA) in their n-conjugated bridge are all
the same vinyl. S-SBTD has one more benzene ring than
S-EBTD in the m-conjugated bridges, which enlarge the
steric hindrance; as a result, the dihedral angles between its
and D are slightly larger than those of S-EBTD. Finally and
most surprisingly, the dihedral angles between n and D of
S-ABTD are the largest in all of these molecules; this seems
to conflict with the smallest steric hindrance of the acetylene
in its m-conjugated bridge that is directly connected to the
electron-donor triphenylamine (TPA). However, it must be
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noted that the bond lengths between the two adjacent moi-
eties w and D of S-ABTD are also the shortest in all of the
considered molecules; this can be attributed to the strong
attraction between acetylene group and the lone electron pair
on the nitrogen atom of the electron-donor triphenylamine
(TPA). It is precisely this strong attraction that leads to the
electron-donor triphenylamine (TPA) keep closing to the
acetylene group; in this process, the bond length between ©
and D became shorter and shorter, and the steric hindrance of
the electron-donor triphenylamine (TPA) became larger and
larger until the dihedral angles were forced to adjust con-
stantly to achieve a balance.

CIS method is still not a bad choice for the intermediate-
or large-sized molecules for obtaining excited-state
geometry. CIS/6-31G(d) was employed to calculate the
lowest singlet excited-state structures based on the opti-
mized geometries obtained from HF/6-31G(d). Some
important interring distances and dihedral angles of these
molecules in the excited geometries obtained by CIS/6-
31G(d) calculations are also listed in Tables 3 and 4.

As can be seen from Tables 3 and 4, although almost all
of the interring distances and dihedral angles we concerned
are overestimated to some extent by HF method (the dihe-
dral angles between the n-D of S-ABTD is an exception,
which are greatly underestimated), the HF calculated results
show the same variation with those obtained by the DFT
approach in the ground state. So, we can obtain the geometry
variation trend from ground state to excited state using the
HF and CIS results. As shown in Tables 3 and 4, the elec-
tronic excitation leads to the varieties of the star-shaped
molecular structures obviously. The interring distance and
the dihedral angle between the two adjacent subunits n-D
and 7-A in the excited states are reduced to some extent. The
significant change in the excited-state geometries is mainly
in the region between m;, 14, and A, in which the interring
distance is shortened by about 0.05 A and the dihedral angle
decreased by about 47° and 22° for star-shaped and linear
molecules. This will undoubtedly increase the conjugated
effect. Paradoxically, the dihedral angles of S-ABTD
between 71, 74, and D in the excited states (53.2° and 59.7°)
are larger than those in the ground states obtained by the HF
approach (14.0° and 19.7°). This can be attributed to the
shortest interring distance between n,, 14, and D, because of
which the D units are greatly pulled to the center, so that the
dihedral angles are forced to adjust constantly to adapt to the
increase in steric hindrance. Overall, the conjugated effect
and the local planarity of the singlet excited states are much
better than their ground states.

3.2 Frontier molecular orbitals

To explore the optical and electronic properties, it is nec-
essary to examine the highest occupied molecule orbital
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(HOMO), the lowest unoccupied molecule orbital (LUMO),
and the energy gap (AEy_1), because molecular charge
transporting properties are related to the energy and distri-
bution of HOMO and LUMO [26]. A sketch of the HOMOs
and LUMOs as well as other important orbitals for studied
molecules obtained by MPW1B95/6-31G(d) is provided in
in Fig. 3. As shown in Fig. 3, all the frontier orbitals show ©
characteristics. Both the HOMOs and the LUMOs for
studied molecules consist of linear combinations of indi-
vidual D, 7, and A, and 7 and D groups, respectively. For all
of the considered molecules, the HOMOs are spread over
the two upper arms (there is no distribution on the thiadi-
azole unit except S-BTDP) of these molecules, showing a
typical D-n-A-n-D structure. However, the LUMOs are
centralized mostly on the benzothiodiazole core. Mean-
while, the LUMO + 1 and LUMO + 2 orbitals are spread
over the two lower arms and the two upper arms separately
(there is no distribution on the four end-groups). This is to
say, the electrons mainly transfer from the two end-groups
to the electron-withdrawing center of these molecules
through their n-conjugated bridge in the transition from
HOMO to LUMO. By the same token, the electrons mainly
transfer from the two upper arms to the two lower arms in
the transition from HOMO to LUMO + 1. Meanwhile, the
electrons mainly transfer from both end-groups of the two
upper arms and the benzene ring of benzothiadiazole to the
n-conjugated bridge and the thiadiazole unit separately in
the transition from HOMO to LUMO + 2.

In general, the HOMO exhibits bonding character, and
the LUMO has antibonding character. It is noteworthy that
the HOMO interaction shows an antibonding between the
two adjacent subunits 7-A and 7n-D, and the LUMO rep-
resents the bonding interaction in these regions, which is
consonant with the shortening of the corresponding inter-
ring distance in the discussion for excited states. Impor-
tantly, because the lowest singlet excited state corresponds
almost exclusively to the excitation from the HOMO to the
LUMO in all studied molecules (see the absorption and
emission spectra section), we can predict the differences of
the bond lengths between the ground (Sy) and lowest sin-
glet excited state (S;) from MO nodal patterns. For
example, the HOMO orbitals of the studied molecules have
nodes between the two adjacent subunits, D and n, and n
and A, whereas the LUMO orbitals are bonding in these
regions. As a result, we can expect the contraction of these
interring bond lengths. The data in Table 3 confirm that
these interring bond lengths become considerably shorter
in the excited state as discussed earlier.

The HOMO, LUMO energies and energy gaps (AEy_y)
are listed in Table 5. In theory, the higher the HOMO
energy is, the easier to lose the electron, that is easier to
produce holes, which makes the molecule have better hole
injection ability. On the contrary, the lower the LUMO
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Fig. 3 Plots of the Frontier Orbitals for the studied molecules by MPW1B95/6-31G(d)

Table 5 Negative of the HOMO (-eHOMO) and LUMO (-eLUMO) energies, energy gaps for each molecule (in eV) calculated by MPW 1B95/6-

31G(d)

Molecule L- S- S- S- S- S- S-
BTD BTD TBTD EBTD ABTD SBTD BTDP

-cHOMO 5.03 5.02 4.99 4.88 5.07 5.03 5.75

-cLUMO 2.20 2.16 2.26 2.22 2.28 2.22 2.46

AEq_1 2.83 2.86 2.73 2.66 2.79 2.81 3.29

energy is, the easier to accept the electron, which makes
the molecule have better electron injection ability. There-
fore, it is clearly seen from Table 4 that S-EBTD holding
the highest HOMO energy (—4.88 eV) has the strongest

hole injection ability in studied molecules. However,
S-BTDP holding the lowest LUMO energy (—2.46 eV) has
the strongest electron injection ability, indicating that using
2-(pyridin-2-yl) pyridine as end-group can largely improve
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Table 6 Ionization potentials, electron affinities, extraction poten-
tials, and reorganization energies for each molecule (in eV) calculated
by MPW1B95/6-31G(d)

Molecule IP(v) IP(a) HEP EA(v) EA(a) EEP Jpoe /electron

L-BTD 572 553 536 125 144 1.62 036 0.37
S-BTD 562 545 524 134 157 172 038 0.38
S-TBTD 555 539 519 147 171 1.88 036 041
S-EBTD 543 531 512 151 1.68 1.85 031 034
S-ABTD 565 546 533 148 1.78 195 032 047
S-SBTD 555 542 529 142 170 1.89 0.26 047
S-BTDP 646 6.18 599 1.64 192 205 047 041

The suffixes (v) and (a) indicate vertical and adiabatic values,
respectively

electron injection ability. In addition, we find that the
HOMO, LUMO energies and energy gaps of these mole-
cules are varied, indicating that we can adjust the optical
properties of these molecules by changing the nature of
their m-conjugated bridge and end-group.

3.3 Tonization potentials and electron affinities

As mentioned in the introduction, we hope improving the
electron injection (or transport) properties of studied mol-
ecules by changing n-conjugated bridge or end-group
substituent (only for S-BTDP). So it is important to
investigate the IPs and EAs, which can be used to evaluate
the energy barrier for the injection of holes and electrons.
The IPs and EAs calculated by DFT are summarized in
Table 6. The IP and EA can be obtained for both vertical
excitations (v; at the geometry of the neutral molecule) and
adiabatic excitations (a; optimized structure for both the
neutral and charged molecule). In addition, HEP is the
energy difference from M™ (cationic) to M (neutral mol-
ecule) at M+ geometric structure, and EEP is the energy
difference from M~ (anionic) to M at M~ geometric
structure in the calculation.

As observed from Table 6, all star-shaped molecules
(except S-BTDP) hold lower ionization potentials and
higher electron affinities than the linear molecule L-BTD;
this indicates that the star-shaped molecules we designed
have much better hole and electron injection capabilities
compared with the linear molecule. Moreover, the mole-
cule S-BTD having the shortest n-conjugated bridge pos-
sess the smallest EA value in these star-shaped molecules,
which demonstrate clearly that increasing the length of the
n-conjugated bridge can help to improve the injection
capacity of electrons. In the remaining five star-shaped
molecules, S-EBTD holds significantly smaller ionization
potential (5.31 eV) than the other molecules, indicating
that S-EBTD is the best hole injection material. At the
same time, S-BTDP holds the largest electron affinity
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(1.92 eV), so it is the best electron injection material. This
is consistent with the conclusion obtained from the analysis
for the frontier orbital energy. In the remaining three
molecules, S-ABTD has relatively large electron affinity
(1.78 eV) and can be used as electron injection material
also. S-TBTD and S-SBTD have very similar electron
injection ability, but the hole injection ability of the former
is slightly stronger than the latter. Based on the above
analysis, we can conclude that adding ethylene and more
thiophene units to m-conjugated bridge can effectively
improve the IP(a) and EA(a), and adding acetylene and
styrene moiety to m-conjugated bridge can improve
EA(a) and have slight adjustment on IP(a). In addition,
introducing good electron-acceptor 2-(pyridin-2-yl) pyri-
dine as end-group can significantly improve EA(a), thus,
can largely enhance the electron injection ability as we
expect.

3.4 The charge transport rates and reorganization
energies

We have studied the injection ability of holes and electrons
of these star-shaped molecules; however, the good charge
transfer rate and the comparable balance of charge transfer
are also important indicators to evaluate the performance of
electroluminescent materials. In general, organic m-conju-
gated materials are assumed to transport charge at room
temperature via a thermally activated hopping-type mech-
anism [27-30]. As the vast majority of these organic con-
ductive materials are p-type, the hole-transfer process
between adjacent spatially separated segments can be
summarized as follows:

M"4+M—-M+M*' (1)

where M represents the neutral species undergoing charge
transfer, and the M species contains the hole. If the
temperature is sufficiently high to treat vibrational modes
classically, then the standard Marcus/Hush model yields
the following expression for the hole (or electron) charge
transfer rate [31-34].

z \7V? A
_ _ 2
k (M(,,T) I eXp( 4KbT> @)

where T is the temperature, K}, is the Boltzmann constant, 1
is the reorganization energy due to geometric relaxation
accompanying charge transfer, and V is the electronic
coupling matrix element between the two species, dictated
largely by orbital overlap. Obviously, 4 and V are the two
most pivotal parameters and have a dominant impact on the
charge transfer rate, especially the former. V usually varies
in a small range for the amorphous material. Therefore, our
study focused on the reorganization energy of molecules. It
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is known that many factors such as solvent polarity,
temperature, heteroatom identity, heterocycle substituents,
and conjugation chain length will have a significant impact
on the reorganization energy. Here, the reorganization
energy is just the internal reorganization energy of the
isolated active organic 7-conjugated systems due to
ignoring any environmental relaxation and changes, i.e.,
the nuclear configuration changes comprise adjustments in
the intramolecular bond lengths and angles. Hence, the
reorganization energy for hole and electron transfer in the
above equation can be calculated as follows [30]:

Jhole = IP(v) — HEP (3)
)Lelectron = EEP — EA(V) (4)
It is not difficult to see from Formula 2 that

reorganization energy A has a negative index impact on
the speed constant x for charge transfer, in other words, the
lower the / values, the bigger the charge transport rate.
Furthermore, for emitting-layer materials, it needs to
achieve the balance between hole and electron transport.
The data in Table 6 show that the ;0. and Ajectron fOr
L-BTD and S-BTD are very close (even equal) to each
other, suggesting that this two molecules have very good
charge transfer (or transport) balance performance.
S-SBTD holds the smallest Ay, (0.26 €V) and the largest
Aetectron (0.47 €V), can be used as hole transfer (or trans-
port) material (HTM). While S-EBTD (0.31 eV for Age,
0.34 eV for A.jecron) demonstrated not only faster transport

rate of holes and electrons, but also better charge transfer
(or transport) balance performance, can be used as emit-
ting-layer material (ELM). It is worth mentioning that
2-(pyridin-2-yl) pyridine as end-group can obviously block
the transport of holes; therefore, S-BTDP is suitable to use
as electron transport/hole blocking material. In summary,
adding ethylene to n-conjugated bridge can improve both
the carrier transport rate and the carrier transport balance.
However, adding acetylene, styrene, and more thiophene
units to m-conjugated bridge can only enhance the hole
transport rate, but there is disadvantage to the carrier
transport balance. Using 2-(pyridin-2-yl) pyridine as end-
group cannot improve the transmission performance of
carriers.

3.5 Absorption spectra

TD MPW1B95/6-31G(d) was employed to investigate the
absorption spectra of the studied molecules. The calculated
dipole-allowed transitions associated with the maximum
absorption wavelengths, oscillator strength (f), and transi-
tion characters are collected in Table 7, and the experi-
mental absorption maxima are also included. On the basis
of the calculation results, simulated electronic absorption
spectra are drawn in Fig. 4.

As shown in Table 7 and Fig. 4, all molecules exhibit two
absorption bands in the range of 340-410 and 500-613 nm,
which are in agreement with the experimental results [12],

Table 7 Maximal absc?rptlon Molecule Electronic ),:’;x (nm) Exp* Epr f Main configurations
wavelengths (nm) obtained by transitions
TDDFT//MPW 1B95/6-
31G(d) for studied molecules at | _pp Sy — S, 569.4 553 533 1.0682 HOMO — LUMO 0.66
the MPW 1B95/6-
31G(d) optimized geometry So = S4 376.3 1.2805 HOMO — LUMO + 1 0.63
S-BTD So — Si 564.4 526 500 0.5794 HOMO — LUMO 0.66
So = So 363.4 2.1079 HOMO — LUMO + 2 0.52
S-TBTD So = Sy 590.5 553 530 0.9538 HOMO — LUMO 0.65
So = Sy 403.8 1.3656 HOMO — LUMO + 2 0.41
HOMO — LUMO + 1 0.40
So = Sio 390.9 1.4755 HOMO-7 - LUMO 0.35
S-EBTD So — Si 612.8 0.9010 HOMO — LUMO 0.66
So — S 409.5 0.9215 HOMO — LUMO + 1 0.53
So = So 402.9 2.6414 HOMO — LUMO + 2 0.56
S-ABTD So = Sy 572.3 0.8347 HOMO — LUMO 0.66
So — Sg 382.9 1.6093  HOMO — LUMO + 1 0.40
Sop = Sy 376.9 2.1551 HOMO — LUMO + 2 0.51
S-SBTD So — Si 555.8 0.9650 HOMO — LUMO 0.62
So — Sg 405.6 2.0510 HOMO - LUMO + 1 0.27
So — So 402.0 3.5848 HOMO — LUMO + 2 0.50
S-BTDP So — Si 500.3 0.6139 HOMO — LUMO 0.67
a o So — Se 346.3 0.6352  HOMO — LUMO + 2 0.55
Measured in thin film [12]
So = Sy 340.7 1.4686  HOMO-1 —» LUMO + 1 0.51

® Measured in THF [12]
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Fig. 4 Simulated electronic absorption spectra of the studied mole-
cules with the calculated data by TD MPW1B95/6-31G(d) (in colorful
line) and with experimental data (in black line)

especially the band located at shorter wavelength. The
absorption peaks located at 340—-410 nm can be assigned to
n—n* transitions and are stronger than the one at 500-613 nm
for star-shaped molecules, which is caused by the absorption
of the substituents at the 5 and 6 positions of benzothiadi-
azole. Also, the visible absorption peaks located around
500-613 nm resulted from intramolecular charge transfer
(ICT) from the donor (TPA) to the acceptor (BTD).

Obviously, the excitation to the S; state corresponds all
exclusively to the promotion of an electron from HOMO to
LUMO. As listed in Table 7, the absorption spectra of S,
located at 569.4, 564.4, 590.5, 612.8, 572.3, 555.8, and
500.3 nm for L-BTD, S-BTD, S-TBTD, S-EBTD,
S-ABTD, S-SBTD, and S-BTDP, respectively. This is
reasonable because the HOMO — LUMO transition is
predominant in the Sy — S; electronic transition and, as
the analysis for AEy_; above, with the introduction of the
different m-conjugated bridge and end-group, the HOMO-
LUMO gaps changed. The largest oscillator strengths of
L-BTD correspond to the Sy — S, electronic transitions,
those of S-TBTD and S-BTDP correspond to the S — S5
electronic state transitions. For other molecules, the largest
oscillator strengths, however, correspond to the Sqg — Sg
electronic transitions. All of these electronic transitions are
from HOMO (HOMO-1 for S-BTDP) to LUMO + 1/
LUMO + 2, and this may be attributed to the change in the
local electron density distribution (see Fig. 3).

3.6 Emission spectra
Based on the excited-state geometries optimized by

ab initio CIS/6-31G(d), TDDFT was used to predict
emission spectra. The calculated results together with the
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experimental spectra are summarized in Table 8. On the
basis of the calculation results, simulated electronic emis-
sion spectra are drawn in Fig. 5. The emission peaks
arising from S; to Sy of these molecules are all assigned to
n—n* character. The emission wavelength of L-BTD,
S-BTD, and S-TBTD obtained by TDDFT is smaller than
available experimental data by 48, 17, and 31 nm,
respectively, which is considered in good agreement with
the experimental values [12]. The large Stokes shifts
ranging from 79 to 119 nm may be explained by a sig-
nificant geometry deform on going from the ground state to
the excited state of the considered molecules [35]. Most
importantly, the emission wavelengths of these molecules
are all in the range of 619-706 nm, which is entirely
included in the range of red light-emitting wavelength,
indicating that these molecules can be used as red light-
emitting material.

The radiative lifetimes (t) calculated for spontaneous
emission are also calculated using the Einstein transition
probabilities according to the following formula (in au)
[36, 37], and the results are included in Table 8.

=7 )2(Em)’f

where c is the velocity of light, Eg, is the transition energy,
and fis the oscillator strength. The data of f and 7 are also
shown in Table 8. The calculated radiative lifetimes of
L-BTD, S-BTD, S-TBTD, S-EBTD, S-ABTD, S-SBTD,
and S-BTDP are 5.33, 6.61, 5.08, 5.72, 5.36, 4.74, and
5.63 ns, respectively. The compounds S-BTD have the
longest radiative lifetime than the others in this study due
to its largest Stokes shift [38].

Electroluminescence in organic light-emitting diodes
arises from a charge transfer reaction between the injected
positive and negative charges by which they combine to
form excitons (hole—electron pair that combined by Cou-
lomb interaction, and this Electrostatic Coulomb force is
called exciton binding energy Eb) that subsequently decay
radiatively. The quantum yield of this process (the number
of photons generated per electron or hole injected) is often
thought to have a statistical upper limit of 25%. This is
based on the assumption that the formation cross-section of
singlet excitons og is approximately the same as that of any
one of the three equivalent nonradiative triplet exciton
states o, that is, gs/or = 1, then the singlet generation
fraction ys = os/(0s + o1) will be limited to 25% by the
degeneracy of the triplets [39—41]. However, the recent
experimental maximum internal quantum efficiency (IQE)
of OLEDs has exceeded the theoretical statistical upper
limit of 25% [42-45]. And the high singlet-to-triplet
exciton-formation cross-section ratio (os/ar) in conjugated
systems is believed to be a possible reason for the high
IQE. Theoretically, Shuai et al. [46] have first suggested
that exciton-formation rates are different for different spin
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Table 8 Emission data obtained by TDDFT//MPW 1B95/6-31G(d) for studied molecules at the CIS/6-31G(d) optimized geometry
Molecule  Electronic transitions  Apa, (nm)  Exp* f Main configurations t(ns) Eus (V) Eyr (eV) oslor i
L-BTD Si =S 648 696 1.1869 HOMO — LUMO 0.63 5.33 0.92 1.90 2.07 0.41
S-BTD Si =S 673 690 1.0326 HOMO — LUMO 0.70 6.61 1.02 1.91 1.87 0.38
S-TBTD S, — Sy 689 720 1.4035 HOMO — LUMO 0.70  5.08 0.93 1.82 1.96 0.39
S-EBTD S; = Sp 706 1.3030 HOMO — LUMO 0.70 5.72 0.50 1.38 2.76 0.48
S-ABTD S; — S 676 1.2871 HOMO —» LUMO  0.70 536  0.83 1.71 206 041
S-SBTD  S; — S 659 13779 HOMO — LUMO  0.63 474 093 1.83 1.97 040
S-BTDP S — Sy 619 1.0235 HOMO - LUMO 0.63 5.63 1.29 2.29 1.78 0.37
% Measured in thin film excited at 520 nm [12]

16 - L.BTD™® where AEy_p is the HOMO-LUMO energy gap. Es; and

o S-BTDE® Et, are excitation energies from the ground state to the

] ra S-TBTD®® lowest excited singlet state and the lowest excited triplet

Oscillator strength

Wavelength({nm)

Fig. 5 Simulated electronic emission spectra of the studied mole-
cules with the calculated data by TD MPW1B95/6-31G(d) (in colorful
line) and with experimental data (in black line)

manifolds. They pointed out that electron—phonon coupling
(exciton-binding energy dissipation process) is important
for the exciton formation to be spin dependent. Later,
Karabunarliev and Bittner have further explored this issue
and found that the formation rate can be simply expressed
as inversely proportional to the exciton binding energy
[40]. Recently, by following Karabunarliev and Bittner and
Shuai et al. [47, 48], Huang et al. [49] calculated the singlet
exciton-formation fractions (ys), and the ratio gs/ar of the
formation cross-section of the singlet and triplet is

os/or = Eyr/Ebs

where og and ot represent the formation cross-sections of
singlet and triplet excitons, and E,s and Eyr are the binding
energies of the singlet and triplet excitons, respectively.
Eys and Eyr can be calculated as

Evs = AEy_1. — Es)
Eyr = AEy_1 — Eti

state, respectively.

Based on the above considerations, we calculated the
exciton binding energy (Eys and Eyr), the singlet-to-triplet
exciton-formation cross-section ratio (os/at) and the sin-
glet exciton generation fraction (ys) of the molecules in
this study, and the data are also shown in Table 8. As can
be seen in Table 8, for the star-shaped molecules S-EBTD,
S-ABTD, and S-SBTD, the calculated formation cross-
section ratios of singlet over triplet excitons (ogs/or) are
2.76, 2.06. 1.97, respectively, with corresponding singlet
exciton-formation fractions (ys) of 0.48, 0.41, and 0.40,
which are higher than those of the experimental molecules
S-BTD (og/or = 1.87, 35 =0.38) and S-TBTD (og/
or = 1.96, xs = 0.39), suggesting their potential as the
highly efficient fluorescent-light-emitting materials, espe-
cially for S-EBTD. For L-BTD and S-BTDP, the calculated
formation cross-section ratios of singlet over triplet exci-
tons (os/or) are 2.07 and 1.78, and the corresponding
singlet exciton-formation fractions (ys) are 0.41 and 0.37.

4 Conclusions

A comprehensive theoretical investigation on the star-
shaped molecules with the typical D-n-A-n-D push—pull
structure has been performed. The calculated results show
that the carrier injection and transport ability of these
molecules are largely tuned by the n-conjugated bridge and
the end-group. For our designed molecules S-BTDP,
S-EBTD, and S-SBTD, S-BTDP has the lowest LUMO
energy (—2.46 eV) and the largest EA(a) (1.92 eV),
indicating that it can be used as excellent electron injection
and hole blocking material. However, S-EBTD has the
highest HOMO energy (—4.88 ¢V) and the smallest
IP(a) (5.31 eV), which can be used as excellent hole
injection material. More than that, the 4, (0.31 eV) and
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Aelectron (0.34 €V) of S-EBTD are small and close to each
other, indicating that it has not only faster transport rate of
hole and electron, but also better charge transfer balance;
thus, it also can be excellent light-emitting material.
Meanwhile, S-SBTD with the smallest A, (0.26 €V) can
be used as hole transport material. In summary, we
can conclude that using ethylene as n-conjugated bridge can
effectively improve both the hole injection and carrier
transport ability, introducing 2-(pyridin-2-yl) pyridine as
end-group can significantly increase the ability of electron
injection, and adding styrene moiety to n-conjugated bridge
can enhance hole transport rate. Moreover, the formation
cross-section ratios of singlet over triplet excitons and the
exciton-formation rate of these molecules are in the range of
1.78-2.76 and 0.37-0.48, respectively. It is suggesting that
they have great potential for applications as efficient
fluorescent-light-emitting materials. In addition, the radia-
tive lifetime of these compounds is within the range from
4.74 to 6.67 ns. The absorption spectra of these molecules
show two absorption bands in the range of 340-410 and
500-613 nm, respectively, which are in agreement with the
experimental results. The emission wavelengths of these
compounds fall into red range, implying that they can be
used as red light-emitting materials.
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