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Ambipolar diphenylamino end-capped oligofluorenylthiophenes and fluoroarene-thiophene show great potential
for application in organic light-emitting diodes (OLEDs). Here, we provide an in-depth investigation on the
optical and electronic properties of OF(2)TP-NPh (1a), OF(2)DTP-NPh (2a), OF(2)TTP-NPh (3a), OF(2)QTP-
NPh (4a), and 2,5-bis-(2,3,5,6-tetrafluoro-4-trifluoromethyl-phenyl)-2,2":5',2" :5" 2" -quaterthiophene (5a). The
geometric and electronic structures of the oligomers in the ground-state are studied with density functional
theory (DFT) and ab initio Hartree-Fock, whereas the lowest singlet excited states are optimized by ab initio
CIS. The energies of the lowest singlet excited states are calculated by employing time-dependent density
functional theory (TDDFT). The results show that the highest occupied molecular orbitals, lowest unoccupied
molecular orbitals, energy gaps, ionization potentials, and electron affinities for the oligomers are affected by
the thiophene chain length and the different end-caps. The absorption and emission spectra exhibit red shifts
to some extent due to the increasing thiophene chain length and the enhancing electron-donating property of
the end-caps. Furthermore, the large Stokes shifts ranging from 58 to 80 nm are examined, resulting from a
more planar conformation of the excited-state between the two adjacent units in the oligomers. All the calculated
data show that the fluoroarene-thiophene has improved electron transport rate and charge transfer balance

performance, and all the studied molecules can be used as ambipolar-transporting materials in OLEDs.

1. Introduction

Since the advent of a first generation of organic light-emitting
diode (OLED) displays in consumer electronics, there have been
continuous developments of more efficient and stable multi-
functional luminescent materials for the purpose of improving
multilayer device fabrication processes and for further enhancing
the device performance and stability.!~3> Among these materials,
thiophene-based sr-conjugated oligomers have received consid-
erable attention for potential applications in OLEDs that take
advantage of their excellent chemical, thermal, and photochemi-
cal stabilities as well as ease of structural tuning to adjust the
electronic and morphological properties.*™® As a result, a
number of oligothiophene and polythiophene derivatives have
been synthesized and investigated as excellent hole-transporting
materials.”~'2 The device performance of OLEDs depends on
the charge balance of the injected holes and electrons as well
as the exciton confinement in a device. Although the electron-
transporting property is relatively rare in thiophene-based
m-conjugated materials, it can generally be introduced by
incorporation of electron-withdrawing groups such as fluoro,
cyano, perfluoroalkyl, perfluoroaryl, and dicyanomethylene into
the thiophene system. !4

Recently, for the first time, Wong et al. showed that the
oligothiophene moiety can act as an excellent electron-affinitive
unit to facilitate electron transport when coupled with diphe-
nylamino end-caps, which can be used to enhance the perfor-
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mance of OLEDs.** In addition to the low first ionization
potentials, high thermal stabilities, and good amorphous mor-
phological stabilities, they found that the photoluminescence
efficiencies of the D-z-A-7-D type ambipolar molecules
OF(2)TP-NPh, OF(2)DTP-NPh, OF(2)TTP-NPh and OF(2)QTP-
NPh have been largely improved. Therefore, it is significant
for us to extend our earlier work to a comprehensive theoretical
investigation on OF(2)DTP-NPh, OF(2)TTP-NPh, and OF(2)QTP-
NPh.15 To search for new thiophene-based materials with
improved electron-transporting performance besides good hole-
transporting property, 2,5-bis-(2,3,5,6-tetrafluoro-4-trifluoro-
methyl-phenyl)-2,2":5',2":5" 2" -quaterthiophene (5a) was de-
signed, investigated, and compared with OF(2)QTP-NPh, since
the incorporation of electron withdrawing groups into the
thiophene system may generally favor the electron-accepting
and transporting property.'6

Density functional theory (DFT), single excitation configu-
ration interaction (CIS), and time-dependent density functional
theory (TDDFT) calculations have been carried out for the
considered molecules. Particular attention was paid to the influ-
ence of different end-caps and the chain length of the thiophene
core. Highest occupied molecular orbitals (HOMOs), lowest
unoccupied molecular orbitals (LUMOs), energy gaps, ionization
potentials (IPs), electron affinities (EAs), reorganization ener-
gies, and molecular modeling of these molecules indicate that
OF(2)TP-NPh (1a), OF(2)DTP-NPh (2a), OF(2)TTP-NPh (3a),
OF(2)QTP-NPh (4a) and Sa can exhibit efficient electron
transport in addition to hole transport. It has been shown that
the designed fluoroarene-thiophene as well as these diphenyl-
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1a: n=1, OF(2)TP-NPh; 2a: n=2, OF(2)DTP-NPh
3a: n=3, OF)TTP-NPh; 4a: n=4, OF(2)QTP-NPh

Figure 1. Sketch map of the structures of 1la—5a.

amino end-capped oligofluorenylthiophenes show improved
OLED device performance.

2. Computational Details

All calculations on the considered molecules have been
performed on the SGI origin 2000 server with the Gaussian 03
program package.!” The ground-state geometries, as well as the
cationic and anionic structures of the studied molecules were
optimized by DFT//B3LYP/6—31G(d). There is no symmetric
constraint on the geometric optimization. CIS/3—21G(d) were
employed to calculate the lowest singlet excited-state structures
based on the optimized geometries obtained from HF/3—21G(d).
The electronic absorption and emission spectra were systemati-
cally investigated by the TDDFT method on the basis of each
optimized structure. In addition, the various properties of these
molecules, such as HOMOs, LUMOs, energy gaps, IPs, EAs,
and reorganization energies are obtained from the computed
results and are compared with the available experimental data.

3. Results and Discussion

3.1. Ground and Excited Structures. The sketch map of
the structures is depicted in Figure 1, and the optimized
geometries obtained by DFT//B3LYP/6—31G(d) of 1a—5a are
plotted in Figure 2. Table 1 and 2 list the important inter-ring
bond lengths, dihedral angles, and dipole moments of la—S5a
calculated by DFT and Hartree—Fock (HF) methods. In contrast
to the oligofluorenylthiophenes in the literature,** 1la—4a in this
contribution substitute butyl with methyl in fluorene rings for
the sake of reducing the time of calculation. In addition, the
fluoroarene moiety and oligothiophenes in 5a are abbreviated
to ot and A, respectively, for simplicity and convenience.

Increasing thiophene chain length in 1a—4a, the ground-state
structures obtained by DFT does not cause appreciable changes.
In 5a and 4a, the m—A bond lengths and dihedral angles
calculated by DFT increase from 1.460 to 1.464 A and from
6.7° to 24.9°, respectively, to relieve unfavorable steric interac-
tions between diphenylaminofluorenyl moieties and thiophene
rings. In the ground state, the DFT calculated results are close
to those obtained with the HF approach, except for the 71—A
bond lengths and dihedral angles in 1a—4a, which are overes-
timated by HF.

For the sake of comparison of the ground and excited-state
structures, a part of bond lengths and twist angles of the excited
structures for la—5a with CIS/3—21G(d) are present in Table
3. The comparison with HF-calculated results indicates that
electronic excitation leads to large variations for both inter-
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ring bond lengths and dihedral angles, especially for those
between 77 and A. For example, the bond lengths and dihedral
angles between st and A in 1a and 2a decrease from 1.474 to
1411 A, 41.2° to 0.0°, and from 1.474 to 1.430 A, 41.5° to
0.0°, respectively. This indicates that the singlet excited
structures between the two adjacent units in the oligothiophenes
should be more planar than their ground structures. Particularly,
the inter-ring dihedral angles between A and v in 1a—3a and
5a are nearly 0°, implying that the dimethylfluorene and the
adjacent thiophene in 1a—3a and Sa may be coplanar in the
excited state.

Tables 1—3 also list the dipole moment values of 1a—5a. In
the ground state, the HF data are higher than those calculated
by DFT. It can be found that the dipole moments of 1a, 2a,
and 5a in the excited-state decrease much more than those of
3a and 4a. Notably, the dipole moments of 1a (DFT, 0.63 D;
HF, 0.92 D; CIS, 0.50 D) are higher than those of 2a—4a. This
may be attributed to the highly nonplanar conformation of 1a
in comparison with that of 2a—4a.

3.2. Frontier Molecular Orbitals. To characterize the
optical and electronic properties, it is useful to examine the
HOMOs, LUMOs, and energy gaps. Figure 3 shows the plots
of HOMOs and LUMOs for 1a—5a obtained by DFT//B3LYP/
6—31G(d). Table 4 lists the calculated HOMO and LUMO
energies and energy gaps, as well as the available experimental
results. To more easily and vividly observe the varieties of the
HOMOs, LUMOs, and energy gaps, the total density of states
(DOS) of 1a—5a has been compared with each other, as shown
in Figure 4.

Theoretically, the energy gap is the orbital energy difference
between HOMO and LUMO, termed the HOMO—LUMO gap
(AEy.).'$720 Experimentally, the most-used band gap is ob-
tained from the absorption spectra, which is the lowest transition
(or excitation) energy from the ground-state to the first dipole-
allowed excited state, termed the optical band gap (E,). In fact,
the optical band gap is not the orbital energy difference between
HOMO and LUMO, but the energy difference between the Sy
and S; states. Only when the excitation to the S; state
corresponds almost exclusively to the promotion of the electron
from the HOMO to the LUMO can the optical band gap be
approximately equal to the HOMO—LUMO gap in quantity.
In this contribution, the optical band gaps of la—5a were
obtained from the absorption spectra by TDDFT.

As visualized in Figure 3, all the frontier orbitals show 7
characteristics. Both the HOMOs and LUMOs for 1a—4a and
5a consist of linear combinations of individual D, s, and A,
and ot and A groups, respectively. For 1a—4a, the HOMO
orbitals are spread over the whole conjugated molecules, but
the LUMO orbitals are centralized on the dimethylfluorenes and
electron affinitive cores. Whereas for 5a the HOMO orbitals
are mainly localized on the thiophenes, the LUMO orbitals are
distributed on the whole conjugated molecules. Substantial
contribution from the nitrogen atom is also seen in the HOMO
orbital plots of 1a—4a, whereas the fluorine atoms make little
direct contribution to either HOMO or LUMO orbitals of 5a.
In general, the HOMO orbitals exhibit bonding character, and
the LUMO orbitals hold antibonding character. It is noteworthy
that the HOMO orbitals show an antibonding interaction
between the two adjacent subunits, D and 77, and r and A, and
the LUMO orbitals represent the bonding interaction in these
regions, consisting of the shortening of the corresponding inter-
ring bond lengths in the excited states. Importantly, because
the lowest singlet excited-state corresponds almost exclusively
to the excitation from the HOMO to the LUMO in all studied
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Figure 2. Optimized structures of 1la—5a by DFT//B3LYP/6—31G(d).

Ran et al.

TABLE 1: Selected Important Dihedral Angles and Inter-ring Distances of 1a—5a in the Ground State with DFT//B3LYP/

6-31G(d)*
inter-ring distances (A) dihedral angles (°)
molecule D—n aT—A A—m 7—D D—n aT—A A—m 7—D dipole moment (D)
la 1.421 1.465 1.465 1.421 42.0 23.8 27.2 41.3 0.63
2a 1.420 1.463 1.463 1.420 40.7 242 242 40.7 0.14
3a 1.420 1.463 1.463 1.420 41.5 23.6 25.6 40.7 0.46
4a 1.419 1.464 1.463 1.419 40.0 249 24.6 40.3 0.18
Sa 1.460 1.460 6.7 6.5 0.90
%D, diphenylamino; 77, dimethylfluorene or phenyl; A, thiophene ring.
molecules (see the Absorption and Emission Spectra section), patterns. For example, the HOMO orbitals of the studied
we can predict the differences of the bond lengths between the molecules have nodes between the two adjacent subunits, D

ground (Sp) and lowest singlet excited state (S;) from MO nodal and 7, and 7t and A, whereas the LUMO orbitals are bonding
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TABLE 2: Selected Important Dihedral Angles and Interring Distances of 1a—5a in the Ground State with HF/3-21G(d)*

inter-ring distances (A)

dihedral angles (deg.)

molecule D—n aT—A A—m 7—D D—n aT—A A—m 7—D dipole moment (D)
la 1.421 1.474 1.474 1.421 434 41.2 41.9 44.3 0.92
2a 1.421 1.474 1.474 1.421 43.0 41.5 42.3 42.8 0.32
3a 1.421 1.474 1.474 1.421 42.7 41.6 41.7 42.7 0.54
4a 1.421 1.474 1.474 1.421 42.5 41.6 424 42.6 0.18
S5a 1.463 1.463 0.2 0.2 2.69

4D, diphenylamino; s, dimethylfluorene or phenyl; A, thiophene ring.

TABLE 3: Selected Important Dihedral Angles and Interring Distances of 1a—5a in the Excited State with CIS/3-21G(d)*

inter-ring distances A)

dihedral angles (deg.)

molecule D—n aT—A A—m 7—D D—n aT—A A—m 7—D dipole moment (D)
la 1.415 1.411 1.411 1.415 38.8 0.0 0.0 389 0.50
2a 1.417 1.430 1.430 1.417 40.0 0.0 0.0 40.0 0.00
3a 1.419 1.446 1.444 1.418 40.8 8.5 0.1 40.7 0.49
4a 1.419 1.458 1.458 1.419 41.4 24.0 23.8 41.4 0.42
Sa 1.447 1.447 0.0 0.0 0.00
“ D, diphenylamino; 7, dimethylfluorene; A, thiophene ring.
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Figure 3. Plots of HOMO and LUMO of 1a—5a by DFT//B3LYP/6—3 lG(d).

TABLE 4: Negative of the HOMO (—&gomo) and LUMO Energies (—&eLumo), HOMO—LUMO Gaps Calculated by DFT, and
the Lowest Excited Energies Calculated by TD-DFT (in eV) for 1a—5a

molecule —EHOMO —&nomo (eXp) —&LuMo —&Lumo (exp) AEy-1 E, Eg (exp)
la 4.68 5.14 1.50 2.39 3.18 2.80 2.75
2a 4.66 5.12 1.73 2.51 2.93 2.58 2.61
3a 4.65 5.11 1.89 2.60 2.76 243 2.51
4a 4.64 5.11 1.99 2.73 2.65 2.32 2.39
Sa 5.40 2.71 2.69 243

in these regions. As a result, we can expect the contraction of
these inter-ring bond lengths. The data in Table 3 confirm that
these inter-ring bond lengths become considerably shorter in
the excited-state as discussed earlier.

As shown in Table 4 and Figure 4, the calculated HOMO
and LUMO energies and energy gaps have the same variation
trends with the available experimental results, with the largest
deviation of 0.89 eV in value. From 1la to 4a, the HOMO
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Figure 5. Sets of one-electron energy levels of la—5a by DFT//
B3LYP/6—31G(d).

energies slightly increase, and the LUMO energies greatly
decrease. This indicates that hole-creating and electron-accepting
abilities have been largely improved when the conjugated length
of the thiophene core increases. Also, such a high HOMO energy
level (—4.68 to —4.64 eV) and a low LUMO energy level
(—1.99 to —1.50 eV) largely reduce the energy barrier for the
hole creation and electron acceptance. That is to say, the ability
of charge injection becomes enhanced from la to 4a. When
compared with that of Sa, we find that the LUMO energy is
higher in 4a, implying that the substitution of the strong electron
donating diphenylaminofluorenyl moiety with an electron ac-
cepting fluoroarene greatly improves the electron acceptance.

To more easily observe the change of the HOMO and LUMO
energies, sets of one-electron energy levels of 1la—5a (from
HOMO-3 to LUMO43) are plotted in Figure 5. It can be seen
in Figure 5 that the energy difference between HOMO and
HOMO-;, LUMO and LUMO., orbital for 1a—4a is small.
For example, the HOMO (—4.64 eV) lies 0.2 eV higher in
energy than the HOMO-_, orbital (—4.84 eV) in 4a, whereas
the LUMO+, orbital energy (—1.43 eV) is 0.56 eV larger than
LUMO (—1.99 eV). For 5a, the energy difference between
LUMO (—2.71 eV) and LUMO4, orbital (—2.23 eV) is 0.48
eV, but the HOMO (—5.40 eV) and HOMO-,; orbital (—6.26
eV) have a larger split. It implies that it is possible to promote
an electron from the HOMO—; to LUMO or LUMO4,, or from
the HOMO to LUMOx, in 1la—4a, and from the HOMO to
LUMOx+, in Sa, except for the HOMO — LUMO transition
(see Absorption and Emission Spectra section).

Ran et al.

TABLE 5: Ionization Potentials, Electronic Affinities,
Extraction Potentials, and Reorganization Energies for Each
Molecule (in eV) Calculated by DFT//B3LYP/6-31G(d)

molecule IP(v) IP(a) HEP EA(v) EA(a) EEP Apge Aclectron

la 550 538 527 053 077 096 023 043
2a 543 533 521 078 099 1.18 022 040
3a 538 528 518 096 1.16 1.32 0.20 0.36
4a 534 525 516 1.10 129 145 0.18 0.35
Sa 6.47 633 620 172 188 2.04 027 032

As observed in Table 4, the energy gap becomes narrower
from la to 4a, which can be expected from the increasing
HOMO energies and decreasing LUMO energies from 1a to
4a. From this we can predict the red-shifted absorption and
emission wavelengths when increase the conjugated length of
the thiophene core. However, the energy gap level of 5a is larger
than that of 4a, resulting from the influence of the electron-
withdrawing moiety.

By the above discussion we find that the HOMOs, LUMOs,
and energy gaps (both AEy and E,) are affected by the
conjugated length of the thiophene core and the different end-
caps. The longer the conjugated length, the higher the HOMO
energies, the lower the LUMO energies, and the narrower the
energy gaps. However, the stronger electron-withdrawing
strength of the end-caps leads to the lower HOMO and LUMO
energies. Then we can predict the absorption and emission
spectra from the orbital properties.

3.3. Ionization Potentials and Electron Affinities. As
mentioned in the Introduction, the device performance of
OLEDs depends on the charge injection, transfer, and balance
as well as the exciton confinement in a device. So it is important
to investigate the IP, EA, and reorganization energy (1), which
can be used to evaluate the energy barrier for the injection of
holes and electrons, and the charge transfer (or transport) rate
and balance. The DFT calculated IP, EA, and reorganization
energy (1), as well as hole extraction potential and electron
extraction potential for 1a—5a are listed in Table 5. The IP and
EA can be either for vertical excitations (v; at the geometry of
the neutral molecule) or adiabatic excitations (a; optimized
structure for both the neutral and charged molecule). In addition,
HEP is the energy difference from M (neutral molecule) to M+
(cationic), using M geometric structure in the calculation, and
EEP is the energy difference from M to M~ (anionic), using
M~ geometric structure in the calculation.

As observed from Tables 5 and 4, the variety of trends of
the IP and EA for 1a—5a is the same with those of the negative
of HOMO and LUMO energies. For 1a—4a, it can be seen that
the EA values increase sharply (0.77~1.29 eV), whereas the
IP values decrease slightly (5.50~5.34 eV) with increasing
thiophene chain length. This indicates that the abilities to accept
an electron and to create a hole have been improved from 1a to
4a, especially the electron-acceptance ability. In addition, the
EA and IP values of 5a (1.88 and 6.47 eV, respectively) are

Ener
A o EY(M) M™ (cation)
JRE ™S
| jmeny
U M (neutral)
e s ] e
EET L Sl
EV) E(MY)

Nuclear Configuration

Figure 6. Internal reorganization energy for hole transfer.
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TABLE 6: Electronic Transition Data Obtained by TD-DFT (4absmax) for 1a—5a at the B3LYP/6-31G(d) Optimized Geometry

molecule electronic transitions  Agpsmax (NM) exp® Aabs f exp’f  transition moment main configurations
la So—Si 440.56 390 1.9744 7.29 5.35 HOMO-; — LUMO4,; 0.110.67
HOMO — LUMO
So— S 399.56 0.0336 HOMO-, — LUMO 0.69
So—S;3 353.73 0.0560 HOMO — LUMO4, 0.67
2a So—Si 476.70 424 2.4555 7.00 6.21 HOMO-,; — LUMO+;  0.110.67
HOMO — LUMO
So— S 426.90 0.0047 HOMO-; — LUMO 0.69
So—S3 382.26 0.3400 HOMO-, — LUMO 0.67
3a So—Si 510.86 441 2.6682 6.76 6.70 HOMO-; — LUMO+; 0.11 0.66
HOMO — LUMO
So— S 453.44 0.0183 HOMO-, — LUMO 0.69
So—S;3 414.06 0.2777 HOMO-, — LUMO 0.67
4a So— Sy 534.09 451 3.0398 6.74 7.31 HOMO-;, — LUMO+; 0.11 0.66
HOMO — LUMO
So— S 471.66 0.0094 HOMO-; — LUMO 0.69
So—S3 435.86 0.2320 HOMO-, — LUMO 0.68
5a So— Si 511.06 2.1303 5.98 HOMO — LUMO 0.65
So— S 429.18 0.0012 HOMO-, — LUMO 0.270.64
HOMO — LUMOy;
So—S3 367.07 0.0049 HOMO-; — LUMO 0.610.20
HOMO — LUMO4,
@ Measured in CHCI; (ref. 7).
TABLE 7: Emission Data Obtained by TD-DFT for 1a—5a at the CIS/3-21G(d) Optimized Geometry
main
molecule electronic transitions Aem (nm) exp f E (eV) configurations 7 (ns) 7 (ns,exp)
la So— Sy 517.80 487 23711 2.39 HOMO — LUMO  0.65 1.71 1.14
2a So—Si 556.30 525 2.7384 223 HOMO — LUMO  0.64 1.70 0.71
3a So—Si 586.23 540 2.9001 2.11 HOMO —LUMO  0.63 1.79 1.19
4a So—Si 592.06 560 3.1560 2.09 HOMO —LUMO  0.63 1.68 1.21
S5a So—Si 570.68 2.2974 2.17 HOMO — LUMO  0.62 2.14

much larger than those of 4a, indicating that only the electron
acceptance ability of 5a has been greatly enhanced. These
investigations are in accord with the analysis from the HOMO
and LUMO energies and provide an in-depth interpretation of
the electronic properties of these oligothiophenes.

In general, organic sr-conjugated materials are assumed to
transport charge at room temperature via a thermally activated
hopping-type mechanism.?!'=>* As the vast majority of these
organic conductive materials are p-type, the hole-transfer process
between adjacent spatially separated segments can be sum-
marized as follows:

M'+M—M+M"
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,>~2® assuming
that hole traps are degenerate:

= () e~ (1)
hole =\ 77 R P\ T 4k, T

where T is the temperature, kg is the Boltzmann constant, 4 is
the reorganization energy due to geometric relaxation ac-
companying charge transfer, and V is the electronic coupling
matrix element between the two species, dictated largely by
orbital overlap. Obviously, A and V are the two most pivotal
parameters and have a dominant impact on the charge-transfer
rate, especially the former. Then we mainly investigate the
reorganization energy for la—S5a. Here, the reorganization
energy is just the internal reorganization energy of the isolated
active organic s-conjugated systems due to ignoring any

environmental relaxation and changes. Hence, the reorganization
energy for hole transfer in eq 1 can be defined as follows;>*

Aote = Ay T A=[ETM)—E" (M +)] + [EMM)—EM)]

=[E"(M)~EM)]—[E"(M")—EM")] =IP(v)~HEP (2)
As illustrated in Figure 6, E(M) and ET(M™) represent the
energies of the neutral and cation species in their lowest energy
geometries, respectively, whereas E(MM™) and ET(M) represent
the energies of the neutral and cation species with the geometries
of the cation and neutral species, respectively. This description
holds as long as the potential energy surfaces are harmonic and
the Agp and A4 terms are close in energy. It is known that many
factors, including heteroatom identity, heterocycle substituents,
and conjugation length, are important in dictating the reorga-
nization energy.

For emitting-layer materials, it needs to achieve the balance
between hole injection and electron acceptance. Furthermore,
the lower the A values, the bigger the charge-transport rate. The
data in Table 5 show that the Aqes for la—4a are all smaller
than their respective AgectronS, suggesting that the hole transfer
rate is higher than the electron transfer rate. To improve the
electron-transportation, Sa was designed. It can be seen in Table
5 that the Aejecron @and Anole Of 5a are smaller and larger,
respectively, than that of 4a, implying that Sa has better electron
transfer rate than 4a. Although the hole transfer rate of Sa is
smaller than that of 4a, the small difference between Aejectron
(0.32) and Apgle (0.27) in 5a shows that 5a has improved charge
transfer (or transport) balance performance. Therefore, the
fluoroarene-thiophene oligomer is a better emitter with high
quantum efficiency. As observed in Table 5, the reorganization
energy decreases from 1a to 4a with increasing thiophene chain
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length, indicating that the charge transfer rate increases from
1a to 4a. The difference between the Ao and Agjecuon for 1a—5a
is 0.20, 0.18, 0.16, 0.17, and 0.05 eV, respectively, which is
small enough that these oligomers can act as nice ambipolar
materials with relatively high light emitting efficiencies. More-
over, this indicates that the balance between hole-transfer and
electron-transfer as well as the production of the exciton are
enhanced from 1a to 2a, to 3a, to 4a, and then to 5a. Thus, the
effective luminescence is enhanced. As a result, the order of
the light emitting efficiencies of these oligomers is Sa > 4a >
3a > 2a > la.

3.4. Absorption and Emission Spectra. TDDFT//B3LYP/
6—31G(d) has been employed to investigate the absorption
and emission spectra of la—5a. The transition energies,
oscillator strengths, and main configurations for the most
relevant singlet excited states in each molecule are listed in
Tables 6 and 7, respectively. For the absorption spectra, the
calculated data for 1a—4a have the same variation trend with
the experimental results. All the electronic transitions are of
7 — 7* type, and the strongest absorption peaks with largest
oscillator strengths for 1la—5a arise exclusively from Sy —
S, which corresponds to the promotion of an electron from
the HOMO to the LUMO. As shown in Table 6, the
absorption spectra exhibit red shifts to some extent from la
to 4a due to the increasing thiophene chain length, which
confirms the prediction from the energy gap discussed above.
The absorption wavelength of 5a (511.06 nm) is smaller than
that of 4a, also consistent with the variety of the energy gap.
It is known that the transition moment is proportional to the
oscillator strength?® for an electronic transition and reflects
the transition probability from the ground-state to the excited
state. The transition moments and the largest oscillator
strength in 1la—5a (1a, 5.35, 1.9744; 2a, 6.21, 2.4555; 3a,
6.70, 2.6682; 4a, 7.31, 3.0398; 5a, 5.98, 2.1303) indicates
that the transition probabilities becomes higher in the order
la — 5a — 2a — 3a — 4a.

For the emission spectra, the emission peaks with the
largest oscillator strength for 1a—5a are all assigned to w —
7% character, arising from the S;, HOMO — LUMO
transition. As in the case of the absorption spectra, the
emission wavelengths for la—5a exhibit red-shifts in the
following order: 1a — 2a — 3a — 5a — 4a. The large Stokes
shifts ranging from 58 to 80 nm may be explained by a more
planar conformation of the excited-state of the considered
oligomers. Also, the high oscillator strengths of the S; — Sy
transitions for la—5a imply that they have large fluorescent
intensity and that they are useful as fluorescent OLED
materials.

Table 7 also lists the emission lifetimes (7) calculated for
spontaneous emission using the FEinstein transition prob-
abilities according to the following formula (in au),3%3!

3
C

by
2(Egy) f

where c¢ is the velocity of light, Ep, is the transition energy,
and f is the oscillator strength. The data of Epy, and f are also
shown in Table 7. The calculated lifetimes for the oligofluo-
renylthiophenes (1.71, 1.70, 1.79, and 1.68 ns) have the same
order of magnitude with the experimental results (1.14, 0.71,
1.19, and 1.21 ns) with the largest deviation of 0.99 ns in value.
By the substitution of diphenylaminofluorenyl moieties with
fluoroarene, the lifetime of Sa is larger than that of 4a. Here,
the discussion further supports the influence of the conjugated
thiophene chain length and the electron-withdrawing strength
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of the end-caps on the optical and electronic properties of the
thiophene-based oligomers.

4. Conclusions

A comprehensive investigation on the oligofluorenylth-
iophenes has been performed due to their great potential for
application in OLEDs. The fluoroarene-thiophene oligomer
was designed and studied as a comparison. Necessarily, the
structures in the ground-state have been compared with those
of the excited-state to trace the structural varies. The
calculated results show that the conjugated thiophene chain
length and the electron-withdrawing (or donating) character
of the end-caps strongly influence the optical and electronic
properties. With the thiophene chain length increasing, the
HOMOs and EAs increase, whereas the LUMOSs, energy gaps,
IPs, and reorganization energies decrease, in accord with the
improved charge injection and transport balance from 1a to
4a. The HOMOs and LUMOs decrease, but energy gaps, IPs
and EAs increase with the electron-donating end-caps
replaced by electron-withdrawing moieties, consistent with
the improved electron-accepting ability found in the fluoro-
arene-thiophene oligomer. The narrow differences between
the Apotes and Acjecrons Were found in the studied molecules,
especially the fluoroarene-thiophene oligomer, which has
small Aeiectron and improved electron-transporting rate. More-
over, the absorption and emission spectra exhibit red shifts
to some extent due to the increasing thiophene chain length.
The Stokes shifts ranging from 58 to 80 nm and the large
fluorescent lifetimes for all molecules were also reported.
Consequently, it can be concluded that the oligomers,
particularly the designed molecule, can be used in OLEDs
as excellent ambipolar materials. Finally, we are convinced
that our work should contribute to orientate the synthesis
efforts and help understand the structure—properties relation
of these conjugated materials.
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