
JOURNAL OF PHYSICAL ORGANIC CHEMISTRY
J. Phys. Org. Chem. 2007; 20: 600–609
Published online in Wiley InterScience

(www.interscience.wiley.com) DOI: 10.1002/poc.1215
Theoretical study of optical and electronic properties
of the bis-dipolar diphenylamino-endcapped
oligoarylfluorenes as promising light emitting materials
Yan-Ling Liu,1,2 Ji-Kang Feng1,2* and Ai-Min Ren1

1State Key Laboratory of Theoretical and Computational Chemistry, Institute of Theoretical Chemistry, Jilin University, Changchun 130023,
People’s Republic of China
2The College of Chemistry, Jilin University, Changchun 130023, People’s Republic of China

Received 20 January 2007; revised 8 April 2007; accepted 11 April 2007
*Correspondence
and Computation
University, Chan
E-mail: JiKangf@
Abbreviations u
matic ring; DH–L

onization potenti

Copyright # 200
ABSTRACT: We present a detailed study of the structural, electronic, and optical properties of the bis-dipolar
emissive oligoarylfluorenes, OF(2)Ar-NPhs. The aim of our quantum-chemical calculations is to investigate the role of
the transition and the influence of the optical properties of the various central aryl cores in the oligoarylfluorenes.
Geometry optimizations were performed for the ground-state and for the first electronically excited-state. The
absorption and emission spectra were calculated using time-dependent density functional theory (TD-DFT). The
results show that the HOMO, LUMO, energy gap, ionization potentials (IP), electron affinities (EA) and reorganiza-
tion energy (l) of the oligoarylfluorenes are significantly affected by the electronic withdrawing property and the
conjugated length of the central aryl core. Consistently, the stronger the electron withdrawing strength, the lower the
LUMO energy is. This thus improves the electron-accepting and transporting properties by the low LUMO energy
levels. The absorption and emission spectra of this series of bis-dipolar molecules exhibit red shifts to some extent by
the electronic nature of the electron affinitive central core in the oligoarylfluorenes. All the calculated results show that
the oligoarylfluorenes are promising as useful light emitting materials for OLEDs. Copyright # 2007 John Wiley &
Sons, Ltd.
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INTRODUCTION

Phenyl-based p-conjugated oligomers constitute an active
component of organic light emitting diodes (OLEDs)
since they exhibit unique and interesting optoelectronic
properties.1–3 As a result, over the past few years, a wide
range of functionalized p-conjugated oligomers have been
designed and synthesized to tune the desirable optical and
electronic properties and to enhance the processing and
morphological properties.4–6 Among these oligomers,
oligofluorenes, which consist of an important class of
p-conjugated oligomers, are extensively explored for
optoelectronic and photonic applications in terms of their
electroluminescence,7–9 liquid crystalline,10,11 and two-
photon absorption properties.12 It is well known that the
device performance of OLEDs depends on the efficient
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and balanced charge injection, good and comparable
mobility for both holes and electrons, and a high
luminescence quantum yield.13–16 Although fluorene-
based oligomers show great potential as highly stable and
efficient blue emissive materials for OLEDs, a large
hole-injection barrier often limits its device efficiency.

Recently much effort has been devoted by Wong and
others17–24 in the phenyl-based p-conjugated oligomers,
especially the oligomers with end-capping of dipheny-
lamino groups. Wong and Tao report first a series of
bis-dipolar emissive oligoarylfluorenes17 that bear an
electron affinitive core, dibutylfluorene as conjugated
bridges, and diphenylamino as end-caps constituting
D–p–A–p–D type bis-dipolar molecules, which have a
low first ionization potential, high thermal stability, and
good amorphous morphological stability. Moreover, these
bis-dipolar oligoarylfluorenes possess no or a very small
net dipole moment and good luminescence properties that
their emissive colors can span almost the full UV–Vis
spectrum through incorporating different central aryl such
as phenylene, oligothiophenes, dibenzothiophene, etc.
Therefore, these oligoarylfluorenes are promising for
application in OLEDs as efficient emitters.
J. Phys. Org. Chem. 2007; 20: 600–609



Figure 1. Sketch map of the structures of OF(2)Ar-NPhs.
(ChemDraw Ultra 8.0)
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In parallel to recent experimental work on the
oligomers, theoretical efforts have indeed begun to
constitute an important source of valuable information,
complementing the experimental studies in the charac-
terization of the nature and the properties of the ground-
states and lowest electronically excited states.25–30 In fact,
this type of molecular design or emissive materials
applied in OLED applications is largely unexplored,
therefore it seems an attractive goal for us to perform a
detailed theoretical investigation on these oligoarylfluor-
enes. Here, we studied in detail a series of bis-dipolar
diphenylamino-endcapped oligoarylfluorenes, OF(2)Ar-
NPhs (the sketch map of the structures is depicted in
Fig. 1) by density functional theory (DFT) methods. The
theoretical investigation on the ionization potentials (IP),
electron affinities (EA), and band gaps of these
oligoarylfluorenes is very instrumental in guiding the
experimental synthesis. In particular, the influence of
substitution and chain-length effect on various optical and
electronic properties is the topic of the present work.
COMPUTATIONAL DETAILS

The ground-state geometries of oligoarylfluorenes, as
well as their cationic and anionic geometries, were fully
investigated using the DFT, B3LYP/6-31G(d). Geometry
optimizations in OF(2)Ph-NPh and OF(2)DTP-NPh were
restricted to Ci symmetry. TD-DFT//B3LYP/6-31G(d)
calculations of the vertical excitation energies and the
maximal absorption wavelengths labs were then per-
formed at the optimized geometries of the ground-states.
The lowest singlet excited-state structures were carried
out with ab initio CIS/3-21G(d). Based on the excited
geometries, the emission spectra were calculated by
TD-DFT//B3LYP/6-31G(d). In addition, the various pro-
perties of the oligoaryfluorenes, such as IP, EA, reorgani-
zation energy (l), HOMO–LUMO gap (DH–L), and
optical band gap (Eg), are obtained from the computed
results and compared to the available experimental data.
Copyright # 2007 John Wiley & Sons, Ltd.
All calculations were done on the SGI origin 2000 server
with the Gaussian03 program package.31
RESULTS AND DISCUSSION

Ground-state geometry

The optimized structures of OF(2)Ar-NPhs are plotted in
Fig. 2 and the important interring bond lengths, dihedral
angles and dipole moments of OF(2)Ar-NPhs are
collected in Table 1. In contrast to the oligoarylfluorenes
in the literature,17 OF(2)Ar-NPhs studied in this paper
substitute butyl with methyl in fluorene rings for reducing
the time of calculation.

The calculated results show that the optimized
structures of dibutylfluorenes (D) and diphenylaminos
(p) in OF(2)Ar-NPhs do not suffer appreciable variation.
In fact, because the dihedral angle between the two
phenyl rings in the fluorene segment of the diphenyla-
minos is fixed by ring-bridged atoms, which tend to keep
their normal tetrahedral angles in their ring linkage to
keep their quasi-planar conformation, the dihedral angles
in them are no more than 18.32 The bond lengths and
dihedral angles between D and p are similar and the main
difference occurs between the two adjacent units, p and A
in OF(2)Ar-NPhs, especially for the dihedral angles. It
can be noted that the A–p dihedral angle twists largely
from �36.5 to �42.88, �49.08 among OF(2)Ph-NPh,
OF(2)Ph(CN)-NPh, and OF(2)Ph(NO2)-NPh, attributing
to the electronic withdrawing properties and increasing
steric hindrance by the addition of cyano and nitro subs-
tituents on the central phenyl core. Increasing thiophene
chain length in OF(2)TP-NPh, OF(2)PhDTP-NPh, and
OF(2)PhTTP-NPh leads to only small changes in the
inter-ring distances and dihedral angles. Comparing
OF(2)Ph-NPh, OF(2)TP-NPh, OF(2)PP-NPh, and OF(2)FP-NPh,
one can easily find that the bond lengths and the dihedral
angles between p and A decrease basically in the
sequence of OF(2)Ph-NPh, OF(2)TP-NPh, OF(2)PP-NPh
and OF(2)FP-NPh. Importantly, the dihedral angles in
OF(2)FP-NPh are nearly 08. It reveals that OF(2)FP-NPh
has the best planar conformation due to the strong
push–pull effect between fluorene ring and furan ring, or
it could also be explained as due to a weak interaction
between the hydrogen atom of the fluorene ring and the
oxygen atom in the furan ring. Furthermore, OF(2)Ar-
NPhs have a better planar conformation when the central
aryl cores are the five-membered rings, resulting from
relieving unfavorable steric interactions of the hydrogen
atoms between the aromatic rings in OF(2)Ar-NPhs.

As shown in Table 1, the dipole moments of OF(2)Ar-
NPhs are small except OF(2)Ph(CN)-NPh and OF(2)Ph
(NO2)-NPh. The dipole moments of OF(2)Ph(CN)-NPh
and OF(2)Ph(NO2)-NPh are 4.17D and 4.11D, respect-
ively, and this can be ascribed to the influence of the
electronic withdrawing groups on the central phenyl core.
J. Phys. Org. Chem. 2007; 20: 600–609
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Figure 2. Optimized structures of OF(2)Ar-NPhs(1: OF(2)Ph-NPh, 2: OF(2)TP-NPh, 3: OF(2)PP-NPh, 4: OF(2)FP-NPh, 5:
OF(2)Ph(CN)-NPh, 6: OF(2)Ph(NO2)-NPh, 7: OF(2)DTP-NPh, 8: OF(2)TTP-NPh). (GaussView 3.07)
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Frontier molecular orbitals

To gain insight into the excitation properties and the
ability of electron or hole transport, we have drawn in
Fig. 3 the HOMOs and LUMOs of OF(2)Ar-NPhs. In fact,
the first dipole-allowed electron transitions present a
strong exclusive HOMO!LUMO character for
OF(2)Ar-NPhs (see Subsection ‘Absorption spectra’).
As expected, the frontier orbitals show p characters and
spread over the whole conjugated molecules. In general,
the HOMO possesses bonding character and the LUMO
holds antibonding character. However, there is antibond-
ing interaction between the two adjacent subunits (D and
p, p and A) in the HOMO and bonding interaction in the
LUMO, which indicates that the singlet excited states
(HOMO!LUMO) for OF(2)Ar-NPhs should be more
planar than their ground-states. It is important to note that
Table 1. Optimized important interring distances and dihedral a

Molecule

Interring distances (Å)

D–p p–A A–p p–D

OF(2)Ph-NPh 1.421 1.483 1.483 1.421
OF(2)TP-NPh 1.420 1.465 1.465 1.421
OF(2)PP-NPh 1.421 1.459 1.459 1.421
OF(2)FP-NPh 1.421 1.453 1.454 1.421
OF(2)Ph(CN)-NPh 1.419 1.482 1.483 1.420
OF(2)Ph(NO2)-NPh 1.419 1.482 1.485 1.420
OF(2)DTP-NPh 1.420 1.463 1.463 1.420
OF(2)TTP-NPh 1.420 1.463 1.463 1.420

aD, diphenylamino; p, dimethylfluorene; A, aromatic ring.

Copyright # 2007 John Wiley & Sons, Ltd.
the electronic cloud distributed in the frontier orbitals of
OF(2)Ph(CN)-NPh and OF(2)Ph(NO2)-NPh have chan-
ged much more when employed the electronic with-
drawing groups on the central phenyl core. Their HOMO
orbitals are mainly localized on the right part of the
p-conjugated molecules but LUMO orbitals on the
central phenyl core. This suggests that the excitation to
the S1 state corresponding to the promotion of an electron
from the HOMO to the LUMO is accompanied with the
charge transfer from the right part of the molecules to the
central phenyl core.

The calculated HOMO and LUMO levels are presented
in Table 2 together with the experimental results. As
shown in Table 2, the HOMO energies of OF(2)Ar-NPhs
do not alter much on increasing the electronic with-
drawing strength or the conjugated length of the central
aryl core and the average variation is no more than 0.2 eV.
ngles of OF(2)Ar-nphs with B3LYP/6-31G(d)a

Dihedral angles (deg.)

Dipole moment (D)D–p p–A A–p p–D

�41.2 36.5 �36.5 41.2 0.00
�42.0 23.8 �27.2 41.3 0.41
�41.0 24.3 �21.7 42.4 1.23
�41.9 �1.5 0.3 41.6 0.54
�39.9 36.7 �42.8 40.9 4.17
�39.7 35.5 �49.0 40.8 4.11
�40.7 24.2 �24.2 40.7 0.00
�41.5 23.6 �25.6 40.7 0.46
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Table 2. Comparison between the experimental and calculated HOMO, LUMO energies, HOMO–LUMO Gaps and the lowest
excitation energies in eV for OF(2)Ar-nphsa

Molecule �eHOMO Expb �eLUMO Expc DH–L Eg(TD) Expd

OF(2)Ph-NPh 4.76 5.17 1.28 2.15 3.48 3.08 3.02
OF(2)TP-NPh 4.68 5.14 1.50 2.39 3.18 2.80 2.75
OF(2)PP-NPh 4.53 1.25 3.28 2.88
OF(2)FP-NPh 4.58 1.44 3.14 2.77
OF(2)Ph(CN)-NPh 4.86 1.61 3.25 2.90
OF(2)Ph(NO2)-NPh 4.85 2.08 2.77 3.07
OF(2)DTP-NPh 4.66 5.12 1.73 2.51 2.93 2.58 2.61
OF(2)TTP-NPh 4.65 5.11 1.89 2.60 2.76 2.43 2.51

a The HOMO and LUMO energies are given in negative and the experimental data (Exp) are taken from Ref. 17.
bE1/2 versus Fc

þ/Fc estimated by CV method using a platinum disk electrode as a working electrode, platinum wire as a counter electrode, and SCE as a
reference electrode with an agar salt bridge connecting to the oligomer solution. Ferrocene was used as an external standard, E1/2 (Fc/Fcþ) 0.45V versus SCE.
c LUMO¼HOMO-energy gap.
d Energy gap was estimated from the absorption edge.

Figure 3. Plots of HOMO and LUMO(calculated at the B3LYP/6-31G(d) level) of OF(2)Ar-NPhs(1: OF(2)Ph-NPh, 2: OF(2)TP-NPh,
3: OF(2)PP-NPh, 4: OF(2)FP-NPh, 5: OF(2)Ph(CN)-NPh, 6: OF(2)Ph(NO2)-NPh, 7: OF(2)DTP-NPh, 8: OF(2)TTP-NPh). (GaussView
3.07)
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This implies that the different central aryl cores have little
effect on weakening the hole-creating properties of
OF(2)Ar-NPhs. Such a high HOMO energy level greatly
reduces the energy barrier for the hole injection. As a
result, OF(2)Ar-NPhs can be used as hole transport/
injection materials.

Unlike the HOMO energies, the LUMO energies of
OF(2)Ar-NPhs change significantly with the different
central aryl cores. The LUMO energies are �1.61 and
�2.08 eV in OF(2)Ph(CN)-NPh and OF(2)Ph(NO2)-NPh,
respectively, which are lower than the LUMO energy of
OF(2)Ph-NPh(�1.28 eV), indicating that the presence of
electronic withdrawing groups on the central phenyl core
have significantly enhanced the electron-accepting
ability. It is reasonable that the electronic withdrawing
groups such as cyano and nitro substituents result in
decreasing the LUMO energy. Also the stronger the
electron withdrawing strength, the lower the LUMO
energy is. Furthermore, we also find that the LUMO
energies decrease with increasing thiophene chain length
in OF(2)TP-NPh, OF(2)DTP-NPh and OF(2)TTP-NPh.
Obviously, OF(2)Ar-NPhs are the good electron-
accepting materials.
HOMO–LUMO gaps and the lowest excitation
energies

In this section we present the calculated HOMO–LUMO
gaps and the lowest excitation energies for OF(2)Ar-NPhs
in Table 2. For the sake of comparison, the experimental
data are included as well.

Theoretically, the energy gap of the oligoarylfluorene is
the orbital energy difference between the HOMO and
LUMO, termed the HOMO–LUMO gaps (DH–L).

33–35

Experimentally, there are three types of band gaps,
namely, the optical band gap, electrochemical band gap
and the band gap from a photoelectron spectrum. Among
these band gaps, the optical band gap obtained from
spectra has the lowest transition (or excitation) energy
from the ground-state to the first dipole-allowed excited
state, which is an implicit assumption that the lowest
singlet excited-state can be described by only one singly
excited configuration in which an electron is promoted
from the HOMO to the LUMO. In fact, the optical band
gap is not the orbital energy difference between the
HOMO and LUMO, but the energy difference between
the S0 state and S1 state. Only when the excitation to
the S1 state corresponds almost exclusively to the pro-
motion of an electron from the HOMO to the LUMO, can
the optical band gap be approximately equal to the
HOMO–LUMO gap in quantity. To directly compare the
experiment, we computed the optical band gaps of
OF(2)Ar-NPhs at the TD-DFT level, which are obtained
from the absorption spectra and abbreviated Eg. As
mentioned above, these optical band gaps of OF(2)Ar-
NPhs are the S0!S1 energy gaps.
Copyright # 2007 John Wiley & Sons, Ltd.
For what concerns the transition energies, an overall
glance at Table 2 reveals a better agreement of the Eg with
the experimental data than the DH–L for OF(2)Ar-NPhs.
Namely, the discrepancies between the experimental data
are 0.06, 0.05, 0.03 and 0.08 eV for Eg and 0.46, 0.43,
0.32 and 0.25 eV for DH–L in OF(2)Ph-NPh, OF(2)TP-
NPh, OF(2)PhDTP-NPh and OF(2)PhTTP-NPh. This is
consistent with the analysis above. Although there are
discrepancies between the computed DH–L and the
experimental data, the variation direction is similar.

As mentioned above, our main purpose of this paper is
to investigate the influence of the various electron
affinitive central aryl cores onto the oligoarylfluorenes.
It can be seen from Table 2 that the band gaps of the
oligoarylfluorenes narrowed when modified by the intro-
duction of the electronic withdrawing groups on the
central phenyl core and increasing the thiophene chain
length. For instance, the band gaps obtained by the
HOMO–LUMO gaps and TD-DFT are 3.48 and 3.08 eV
for OF(2)Ph-NPh, 3.25 and 2.90 eV for OF(2)Ph(CN)-
NPh, 3.18 and 2.80 eV for OF(2)TP-NPh, and 2.76 and
2.43 eV for OF(2)PhTTP-NPh. This hints that the LUMO,
HOMO and energy gap of these oligoarylfluorenes are
significantly affected by the electronic withdrawing
property and the conjugated length of the central aryl
core. In other words, we can modify these oligoaryl-
fluorenes by the introduction of the electronic with-
drawing groups on the central aryl core and increasing
chain length.
Ionization potentials and electron affinities

As mentioned in the Introduction, the good device
performance is attributed to the efficient charge injection,
the good charge transfer rate and the comparable balance
of charge transfer in the OLEDs. We use the ionization
potential (IP) and electron affinity (EA) to evaluate the
energy barrier for the injection of holes and electrons and
employ the reorganization energy (l) to value the charge
transfer (or transport) rate and balance in this paper. The
DFT calculated IP, EA, both vertical (v, at the geometry of
the neutral molecule) and adiabatic (a, optimized
structures for both the neutral and charged molecule),
extraction potentials (HEP and EEP for the hole and
electron, respectively) that refer to the geometry of the
ions, and reorganization energy are listed in Table 3. The
relevant calculated detail can be found in Refs 36–38.

To appreciate the influence of the different aromatic
rings in the oligoarylfluorenes on the ionization potential
and electron affinity, we compare OF(2)Ph-NPh,
OF(2)Ph(CN)-NPh and OF(2)Ph(NO2)-NPh. The ener-
gies required to create a hole are about 5.5, 5.6, and
5.6 eV, whereas the extraction of an electron from the
anion requires about 0.6, 0.8,and 1.1 eV, respectively.
This implies that the presence of the electronic with-
drawing groups on the central phenyl core does not affect
J. Phys. Org. Chem. 2007; 20: 600–609
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Figure 4. Internal reorganization energy for hole transfer.
(ChemDraw Ultra 8.0) This figure is available in color online
at www.interscience.wiley.com/journal/poc

Table 3. IP, EA, extraction potentials and reorganization energies for each molecule (in eV)a calculated by DFT

Molecule IP(v) IP(a) Exp HEP EA(v) EA(a) EEP lhole lelectron

OF(2)Ph-NPh 5.54 5.48 4.77 5.41 0.35 0.56 0.75 0.13 0.40
OF(2)TP-NPh 5.49 5.38 4.74 5.27 0.53 0.77 0.96 0.22 0.43
OF(2)PP-NPh 5.39 5.27 5.14 0.32 0.49 0.65 0.25 0.33
OF(2)FP-NPh 5.43 5.33 5.22 0.47 0.63 0.79 0.21 0.32
OF(2)Ph(CN)-NPh 5.65 5.60 5.54 0.79 0.84 1.05 0.11 0.26
OF(2)Ph(NO2)-NPh 5.65 5.60 5.54 0.77 1.07 1.34 0.11 0.27
OF(2)DTP-NPh 5.43 5.33 4.72 5.20 0.78 0.99 1.18 0.13 0.19
OF(2)TTP-NPh 5.38 5.28 4.71 5.18 0.96 1.16 1.32 0.10 0.16

a The suffixes (v) indicate vertical and adiabatic values, respectively.
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the injection of holes from the anode in light-emitting
diodes but largely decrease the LUMO energies, which
can better stabilize the anions and more easily accept
electrons.

Furthermore, we also compare OF(2)TP-NPh,
OF(2)PhDTP-NPh and OF(2)PhTTP-NPh. It can be seen
that the EA fall more sharply than the IP with increasing
thiophene chain length, which is in accord with the
analysis from the energies of the HOMOs and LUMOs. It
means that the IP (vertical and adiabatic) slightly fall but
the EA (vertical and adiabatic) largely increase the
sequence of OF(2)TP-NPh, OF(2)PhDTP-NPh and
OF(2)PhTTP-NPh. These results further support these
oligoarylfluorenes which can easily be modified or tuned
by the use of various central aryl cores. Experimental
determination of IP values for organic materials is
difficult. It has been suggested by Jenekhe et al. 39,40 that a
fair estimation of IP can be derived from cyclic voltam-
metry by taking IP (eV)¼E ox

onset (vs. SCE)þ 4.4.39,40

Although the IP values for OF(2)Ph-NPh, OF(2)TP-NPh,
OF(2)PhDTP-NPh and OF(2)PhTTP-NPh in the exper-
iment are about 4.7 eV, and lie 0.7 eV lower than the
calculated data, the variation direction is similar.

As we all know, extensive experimental evidence
proves rational that most of the conjugated oligomers and
polymers are assumed to transport charge at room
temperature via a thermally activated hopping-type
mechanism.41–44 The hole-transfer process between
adjacent segments can be summarized as follows:

Mþ þM ! MþMþ

whereM represents the neutral species undergoing charge
transfer and the Mþ species contains the hole. According
to the Marcus/Hush theory,45–48 if the temperature is
sufficiently high to treat vibrational modes classically, the
hole (or electron) charge transfer rate can be calculated
using the following equation, assuming that hole traps are
degenerate:

khole ¼ p

lkb

 !1=2
V2

�h
exp � l

4kbT

� �
(1)

where T is the temperature, kb is the Boltzmann constant,
l is the reorganization energy due to geometric relaxation
Copyright # 2007 John Wiley & Sons, Ltd.
accompanying charge transfer, and V is the electronic
coupling matrix element between the two species,
dictated largely by orbital overlap. Obviously, it can be
seen from the Eqn 1 that the efficient charge transfer
mostly rests with the value of l. The reorganization
energy l (here it is the internal reorganization energy due
to ignoring any environmental relaxation and changes) for
hole transfer can be expressed as follows:44

l ¼ l0 þ lþ ¼ ðE�0 � E0Þ þ ðE�þ � EþÞ (2)

As illustrated in Fig. 4, E0 and Eþ represent the
energies of the neutral and cation species in their lowest
energy geometries, respectively, while E0

� and Eþ
�

represent the energies of the neutral and cation species
with geometries of the cation and neutral species,
respectively. The calculated lhole and lelectron are also
reported in Table 3. The lhole slightly change for
OF(2)Ar-NPhs, but the lelectron decrease in a large
degree. For example, the lelectron varies from 0.40 eV to
0.26 eV, 0.27 eV in OF(2)Ph-NPh, OF(2)Ph(CN)-NPh and
OF(2)Ph(NO2)-NPh and from 0.43 eV to 0.19 eV, 0.16 eV
in OF(2)TP-NPh, OF(2)PhDTP-NPh and OF(2)PhTTP-
NPh. This indicates that the combination with the
electronic withdrawing groups on the central phenyl
core or increasing thiophene chain length will improve
both the electron transfer rate and the charge transfer
balance, thus further enhancing the device performance of
OLEDs.
J. Phys. Org. Chem. 2007; 20: 600–609
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Table 4. Electronic transition data obtained by TD-DFT for OF(2)Ar-nphs at the B3LYP/6-31G(d) optimized geometry

Molecule
Electronic
transitions labsmax (nm) Expa f Expa Main configurations

OF(2)Ph-NPh S0!S1 402.75 381 1.95 8.25 HOMO!LUMO 0.67
S0!S2 378.44 0.00 HOMO�1!LUMO 0.67
S0!S3 340.83 0.00 HOMO!LUMOþ1 0.66

OF(2)TP-NPh S0!S1 442.96 390 2.04 7.29 HOMO!LUMO 0.67
S0!S2 400.10 0.03 HOMO�1!LUMO 0.69
S0!S3 352.71 0.05 HOMO!LUMOþ1 0.67

OF(2)PP-NPh S0!S1 430.32 2.15 HOMO!LUMO 0.67
S0!S2 374.72 0.09 HOMO�1!LUMO 0.68
S0!S3 360.14 0.13 HOMO!LUMOþ1 0.67

OF(2)FP-NPh S0!S1 447.92 1.98 HOMO!LUMO 0.67
S0!S2 394.54 0.10 HOMO�1!LUMO 0.68
S0!S3 358.32 0.19 HOMO!LUMOþ1 0.67

OF(2)Ph(CN)-NPh S0!S1 428.87 1.35 HOMO!LUMO 0.68
S0!S2 407.05 0.04 HOMO�1!LUMO 0.69
S0!S3 361.53 0.30 HOMO!LUMOþ1 0.59

OF(2)Ph(NO2)-NPh S0!S1 512.93 0.17 HOMO!LUMO 0.69
S0!S2 481.90 0.02 HOMO�1!LUMO 0.70
S0!S3 404.52 1.36 HOMO!LUMOþ1 0.62

OF(2)DTP-NPh S0!S1 480.48 424 2.45 7.00 HOMO!LUMO 0.67
S0!S2 429.46 0.00 HOMO�1!LUMO 0.69
S0!S3 386.41 0.32 HOMO�2!LUMO 0.67

OF(2)TTP-NPh S0!S1 510.85 441 2.67 6.76 HOMO!LUMO 0.66
S0!S2 453.43 0.02 HOMO�1!LUMO 0.69
S0!S3 414.05 0.28 HOMO�2!LUMO 0.67

aMeasured in CHCl3 (Ref. 17).
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Absorption spectra

We have optimized the geometry to obtain the absorption
spectra of the singlet–singlet electronic transition of
OF(2)Ar-NPhs at the TD-DFT//B3LYP/6-31G(d) level.
Table 4 lists out the transition energies, oscillator
strengths and main configurations for the most relevant
first three singlet excited states in OF(2)Ar-NPhs. It can
be seen that our calculated absorption wavelengths are
higher than the experimental results. This large dis-
crepancy may be related to using a small basis set,
substituting butyl with methyl in fluorene rings for
reducing the time of calculation and neglecting com-
pletely the solvent effects. In addition, although TD-DFT
is a good tool for predicting the absorption spectra of
molecules, this method has defects when studying
extended systems. Frequently, the optical properties
reach saturation quickly for short chain lengths, whereas
the orbital energies continue to change for longer
oligomers. It is known that the exchange–correlation
(XC) functionals must decrease with increasing chain
length.49,50 However, the results can still reflect some
variation trend because the atomic structures of the
molecules are alike and calculated with the same methods
and basis sets.

Obviously, all the electronic transitions contributed
from the oligoarylfluorene core are the p!p� type and
this excitation to the S1 state corresponds almost
exclusively to the promotion of an electron from the
HOMO to the LUMO, except OF(2)Ph(NO2)-NPh. The
Copyright # 2007 John Wiley & Sons, Ltd.
oscillator strength ( f) of the S0!S1 electronic transition
is large in each oligoarylfluorene. The excitation to S3
dominates the promotion of an electron from the HOMO
to the LUMOþ1 in OF(2)Ph(NO2)-NPh, which may result
from the influence of the strong electronic withdrawing
group on the central phenyl core, nitro substituent.

Moreover, we also find in Table 4 that with the chain
length extension the absorption wavelengths increase
progressively in OF(2)TP-NPh, OF(2)PhDTP-NPh, and
OF(2)PhTTP-NPh, presenting the red shifts. This is
reasonable because the HOMO!LUMO transition is
predominant in the S0!S1 electronic transition and, as
the analysis above shows, with the extension of molecular
size, the HOMO!LUMO gaps decrease.
Properties of excited structures
and the emission spectra

In this paper, the excited-state properties of OF(2)Ar-
NPhs were investigated by configuration interaction
singles (CIS) method. We optimize only OF(2)Ph-NPh,
OF(2)TP-NPh, OF(2)PP-NPh, and OF(2)FP-NPh by CIS/
3-21G(d) and compared to their ground structures by HF/
3-21G(d), because the calculation of excited-state pro-
perties requires significantly more computational effort
than is needed for the ground-states and is dramatically
constrained by the size of the molecules. Interestingly, the
main characteristics of the frontier orbitals by HF/
3-21G(d) are the same as those by B3LYP/6-31G(d). For
J. Phys. Org. Chem. 2007; 20: 600–609
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Figure 5. Plots of HOMO and LUMO calculated by HF/3-21G(d) and DFT//B3LYP/6-31G(d) levels of OF(2)FP-NPh. (GaussView
3.07)
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example, as shown in Fig. 5, the electronic cloud distri-
buted in the front orbitals is similar. Since the lowest
singlet state corresponds to an excitation from the HOMO
to the LUMO in OF(2)Ph-NPh, OF(2)TP-NPh, OF(2)PP-
NPh and OF(2)FP-NPh, we explore the bond-length
variation by analyzing the HOMO and LUMO. As shown
in Fig. 3, Table 5 and Table 6, the HOMO possesses an
antibonding character between the two adjacent subunits,
D and p or A and p, but the LUMO holds an inter-ring
bonding character, which is also reflected in the short-
ening of the corresponding inter-ring CC distances in the
excited states. For example, the p–A bond length for
OF(2)Ph-NPh in the ground-state is 1.489 Å, but 1.436 Å
in the excited state. These geometrical changes due to
electron excitation can be supported from Ref. 25 where
higher computational levels for the geometry optimiz-
ations in the ground and excited states have been used. In
Ref. 25, the electronic excitation leads to the large
contraction of the inter-ring bonds of methylene-bridged
oligofluorenes.
Table 5. Optimized important interring distances and dihedral a

Molecule

Interring distances (Å)

D–p p–A A–p p–D

OF(2)Ph-NPh 1.422 1.489 1.489 1.422
OF(2)TP-NPh 1.421 1.474 1.474 1.421
OF(2)PP-NPh 1.422 1.466 1.466 1.422
OF(2)FP-NPh 1.421 1.456 1.456 1.421

aD, diphenylamino; p, dimethylfluorene; A, aromatic ring.

Table 6. Optimized important interring distances and dihedral a

Molecule

Interring distances (Å)

D–p p–A A–p p–D

OF(2)Ph-NPh 1.413 1.436 1.436 1.413
OF(2)TP-NPh 1.415 1.411 1.411 1.415
OF(2)PP-NPh 1.417 1.409 1.409 1.417
OF(2)FP-NPh 1.415 1.398 1.399 1.415

aD, diphenylamino; p, dimethylfluorene; A, aromatic ring.

Copyright # 2007 John Wiley & Sons, Ltd.
The dihedral angles between two adjacent units rotate
to some extent, especially between p and A. The p–A and
p–D dihedral angles decrease from 49.88, 44.48 to 16.38,
38.08 in OF(2)Ph-NPh, respectively. In fact, there are
similar structural variations in OF(2)Ph-NPh, OF(2)TP-
NPh, OF(2)PP-NPh, and OF(2)FP-NPh. All the p–A and
A–p dihedral angles are about 08 in OF(2)TP-NPh,
OF(2)PP-NPh and OF(2)FP-NPh. It is obvious that the
excited structure has a better coplanar conformation for
these oligoarylfluorenes. Namely, the conjugation of
these oligoarylfluorenes is better in the excited structures,
which is consistent with the estimation from the character
of the frontier orbitals.

In this study, the emission wavelengths are computed
by TD-DFT//B3LYP/6-31G(d) and the results are com-
pared to the experimental data. The calculated results
show that on going from OF(2)Ph-NPh to OF(2)PP-NPh,
OF(2)FP-NPh and OF(2)TP-NPh the lem exhibits large
red shifts, 466.84< 486.11< 498.74< 517.81 nm and
unexpectedly large Stoke’s shift (about 64, 43, 68, 70 nm,
ngles of OF(2)Ar-nphs with HF/3-21G(d)a

Dihedral angles (deg.)

Dipole
moment (D)D–p p–A A–p p–D

�44.4 49.8 �49.8 44.4 0.00
�43.4 41.2 �41.9 44.3 0.51
�44.0 34.3 �34.3 44.1 1.60
�43.2 0.1 0.0 43.4 0.69

ngles of OF(2)Ar-nphs with CIS/3-21G(d)a

Dihedral angles (deg.)

Dipole
moment (D)D–p p–A A–p p–D

�38.0 16.3 �16.3 38.0 0.00
�38.8 0.0 0.0 38.7 0.50
�41.1 3.9 �3.7 41.1 1.31
�39.3 0.0 0.0 39.2 0.66
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respectively). This is because of a stronger push–pull
effect between the fluorene ring and the central aryl core
or the more planar conformation in the excited states.
Furthermore, similar to absorption spectra, the emission
peaks with the strongest oscillator strength are all
assigned to p!p� character arising from the HOMO
to LUMO transition in the four oligoarylfluorenes.
CONCLUSIONS

A systematic theoretical study has been performed on
fluorene-based oligoarylfluorenes in this work. All the
oligoarylfluorenes show more or less twisted structures
because of the electronic nature of the various central aryl
cores. The frontier molecular orbitals were spread over
thewhole p-conjugatedmolecules. The HOMOpossesses
an antibonding character and the LUMO holds a bonding
character between the two adjacent subunits, which may
explain that the excited-state structures of OF(2)Ar-NPhs
have a better coplanar conformation than the ground-state
structures. Importantly, the introduction of the electronic
withdrawing groups on the central phenyl core or
increasing thiophene chain length resulted in decreased
LUMO energies; consequently, the electron-accepting
ability has significantly enhanced. Excitation to the S1
state corresponds almost exclusively to the promotion of
an electron from the HOMO to the LUMO. The
absorption spectra of OF(2)Ar-NPhs are mainly deter-
mined by the nature of the central aryl cores. Both
employing the electronic withdrawing groups on the
central phenyl core and increasing the thiophene chain
length lead to a red shift of the absorption peak
(corresponding to the HOMO–LUMO p!p� transition).
In addition, the emission of OF(2)Ar-NPhs also appear
red-shifted to some extent.

Finally, the good agreement between the theoretical
results and the experimental data implies that it is possible
to design and tune the color emission of efficient and
potentially useful light emitting materials.
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