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One serious problem associated with polyfluorene and derivatives (PFs) as blue luminescent polymers is the
significant energy barrier for hole or electron injections; thus they usually face charge injection and transport
difficulties with the currently available cathode and anode materials. The incorporation of an electron-donating
or -accepting unit is expected to improve the recombination of the charge carriers. In this paper, we apply
quantum-chemical techniques to investigate three fluorene-based copolymers, copoly(2,5-ethylenedioxythio-
phenealt-9,9-dimethylfluorene) (PEF), copoly(2,5-pyridiredt-9,9-dimethylfluorene) (PPyF), and poly-
[(fluorene-2,7-diyl)alt-(1,3,4-oxadiazole-2,5-diyl)] (PFO), in whicky—, [the energy difference between the
highest occupied molecular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO),iwhen

= oo], the lowest excitation energiekd), ionization potentials (IP), electron affinities (EA), ahgsandiem

are fine-tuned by the regular insertion of electron-donating unit 3,4-ethylenedioxythiophene (EDOT) or electron-
withdrawing units pyridine and 1,3,4-oxadiazole. The results show that the alternate incorporation of electron-
donating moiety EDOT increases the HOMO energy and thus reduces the IPs, and consequently the hole
injection was greatly improved. On the other hand, even though both kinds of charge carriers will improve
the electron-accepting ability, the results show that electron-withdrawing moieties greatly facilitate the electron-
transporting. Especially in PFO, the highly planar structural character resulted from the strongppllish

effect between the fluorene ring and the 1,3,4-oxadiazole ring and a weak interaction between the nitrogen
and oxygen atoms in 1,3,4-oxadiazole ring and the hydrogen atom of the fluorene ring, significantly lowering
the LUMO energy levels and thus improve the electron-accepting and transporting properties by the low
LUMO energy levels.

1. Introduction to raise or lower the highest occupied and lowest unoccupied
molecular orbital (HOMO and LUMO) levels including con-

Conjugated polymers and oligomers offer new opportunities . ) . .
U9 poly 9 pp jugation length control, as well as the introduction of electron-

in information technology since they can be used as active ) . . -
materials in light-emitting diodes (LEDY field-effect tran- donating or -withdrawing groups and electron-deficient hetero-
sistors?~ and plastic solar celsUntil now, the unaccomplished ~ CYCl€s to the parent chromophore.

development of efficient and long-lived PLEDs has delayed the ~ The mobilities are important in optimizing the performance
commercialization of full-color PLED displays. The exceptional 0f OLED devices; low mobilities enhance the resistance of the
physical properties of conjugated polymers are mainly related device, leading to nonproductive hole or electron injection and
to their z-conjugated backbone, which leads to a strong consequently a waste of energy, thereby lowering the efficiency.
absorption in the UV+visible range and allows the generation One major problem with polyfluorene derivatives (PF5SE2

of stable and mobile charge carriers to have partial oxidation which have revealed particularly interesting optical and elec-
or reductior®~10 With molecular design tools, new monomers tronic properties and, up to now, is the only family of conjugated
were synthesized with the goal to control and tune their optical polymers that emit colors spanning the entire visible range, is
and electronic properties. Especially, theoretical studies on thethat they are poor charge acceptors. Here, to balance charge
electronic structures of polymers have contributed a lot to carriers by the match-up of the energy levels between introduced
rationalize the properties of known polymErd® and to predict layers and between an inner layer and an electrode and to
those of yet unknown oné8.Much of the motivation for improve the electroluminescence efficiencies, 2,5-ethylene-
studying polymers stems from the potential to tailor desirable dioxythiophene, pyridine, and 1,3,4-oxadiazole are introduced,
optoelectronic properties and processing characteristics byacting as hole and electron charge carriers, and three series of
manipulation of the primary chemical structure. Thus, it is easy z-conjugated copolymers based on the fluorene unit, copoly-
(2,5-ethylenedioxythiophenat-9,9-dimethylfluorene) (PEF),
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Figure 1. Sketch map of the structures.
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The majority of the studies on polymers by first-principles
methods consider in fact oligomers. The general strategy is the oy
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ing the result2>-34 A distinct advantage of this approach is
that it can provide the convergence behavior of the structural

and electronic properties of oligomers. Time-dependent density " "34 3 e L » "
functional theory (TD-DFT) is employed to extrapolate energy 08 23 3739, 20 e,
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gaps of polymers from the lowest calculated excitation energies & S e S R ™ ¥ 4
of their oligomers. It is pointed out that TD-DFT systematically = “#9,.,% Ge o o 2
underestimated the excitation energies by-@% eV compared e, * S A
to the experimental results due to the limitation of the current  ~ ? ’

approximate exchange-correlation functionals in correctly de- Figure 2. Optimized structures for (EF)top), (PyF) (middle), and
scribing the exchange-correlation potential in the asymptotic (FOk (bottom) by DFT//B3LYP/6-31G(d).
region3%3% However, reasonable results can still be expected

here, because (1) we use the HF/DFT hybrid functionals B3LYP the anionic system whose electron charge distribution becomes
which could partially overcome the asymptotic probl&738 much more diffuse and requires the use of a larger basis set

and (2) we study the homologous fluorene-based COO|i(‘3jomer5(usually ipcluding_ at least one set of diffuse fun.ctions), we carry
and polymers, with our interests in their modulation of electronic Ut the single-paint calculations for the energies of IP and EA
and optical properties by regular insertion of electron-donating USing @ 6-3%G(d) basis set, and the results are listed in Table
and -withdrawing groups onto the pristine polyfluorene. Since

the electronic and optical properties of conjugated oligmers  The energy gap has been estimated two ways, namely, from
saturate rapidly with chain length, we have considered oligomers HOMO—LUMO gap and the lowest excited energies. The
of PEF, PPyF, and PFO containing from one to four repeat transition energies will be calculated at the ground-state

units3? geometries by use of TD-DFT/B3LYP calculations, and the
results are compared with the available experimental data. The
2. Computational Details excited geometries were optimized by ab initio CIS/6-31G%d).

On the basis of the excited geometries, the emission spectra of

All calculations on the oligomers studied in this work have part of the molecules are investigated. We employed the linear
been performed on the SGI origin 2000 server with the Gaussianextrapolation technique in this research, which has been
03 program packag®. Calculations on the electronic ground  syccessfully employed to investigate several series of
state were carried out by density functional theory (DFT), polymers30-343739.44The linearity between the calculated IPs,
B3LYP/6-31G(d). The investigated polymers correspond to EAs, Ay s, andEgs of the oligomers and the reciprocal chain
copolymers Poly-EF8, Poly-PyF8, and PFOx1 in the litera- |ength is excellent for all homologous series of oligomers.
ture2324and the main difference is that the ones under study
substitute 9,9-dihexyl with methyl in fluorene rings. It has been 3 Rasuits and Discussion
proved that the presence of alkyl groups does not significantly
affect the equilibrium geometry and thus the electronic and  3.1. Structural Properties of Ground States.The sketch
optical propertied?42 In the subsequent parts, the calculated map of the structures for copoly(2,5-ethylenedioxythiophene-
values are all compared with the experimental data for their alt-9,9-dimethylfluorene) (PEF), copoly(2,5-pyridiret9,9-
corresponding 9,9-dihexylfluorene copolymers in refs 24 and dimethylfluorene) (PPyF), and poly[(fluorene-2,7-digl}-
25. The copolymer PEF has been investigated by Cornil®t al. (1,3,4-oxadiazole-2,5-diyl)] (PFO) is depicted in Figure 1 and
with semiempirical HartreeFock INDO (intermediate neglect  the optimized structures by B3LYP/6-31G(d) of (ERPYF),
of differential overlap) Hamiltonian originally developed by and (FO) are plotted in Figure 2. The selected important
Zerner and co-workers. The cationic and anionic molecules areinterring bond lengths and dihedral angles, as well as dipole
optimized by UB3LYP/6-31G(d). Since the EA is related to moments of (EFR) (PyF), and (PFQ) (n = 1~4) in the neutral
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TABLE 1: Selected Important Interring Dihedral Angles and Distances of (EF), (PyF),, and (FO), (n = 1~4), as Well as
Dipole Moments Obtained by B3LYP/6-31G(d) Calculation3

(EFh F-T T-F T T-F F-T T-F F-T dipole momentD)
n=1 r 1.465 2.78
P 21.5
n=2 r 1.463 1.462 1.464 5.66
P 18.9 18.8 21.7
n=3 r 1.463 1.462 1.462 1.462 1.464 8.46
D 19.6 19.4 18.2 19.3 21.5
n=4 r 1.463 1.462 1.462 1.462 1.462 1.462 1.464 10.28
D 20.0 19.3 19.0 18.0 19.5 18.9 22.0
(PyFh F—P P-F F—P P-F F—P P-F F—P dipole momentip)
n=1 r 1.487 1.98
O] 18.3
n=2 r 1.487 1.480 1.485 2.01
O] 18.7 36.6 15.2
n=3 r 1.484 1.479 1.484 1.479 1.487 3.32
d 17.7 35.9 19.0 36.3 19.4
n=4 r 1.484 1.479 1.485 1.479 1.485 1.479 1.487 3.38
d 18.5 35.9 17.2 36.0 16.4 355 19.9
(FOh F-O O-F F-0O O-F F-O O-F F-0O dipole moment)
n=1 r 1.457 3.50
D 0.0
n=2 r 1.455 1.455 1.457 5.90
P 0.0 0.0 0.0
n=3 r 1.455 1.455 1.455 1.455 1.457 8.15
D 0.0 0.0 0.0 0.0 0.0
n=4 r 1.455 1.455 1.455 1.455 1.455 1.455 1.457 10.28
P 0.0 0.0 0.0 0.0 0.0 0.0 0.0

aF means the fluorene ring; T is the 2,5-ethylenedioxythiophene; P is the pyridine; O is the 1,3,4-oxadiazole in every molecule.

ground state obtained by DFT//B3LYP/6-31G(d) calculations compared with PF, in which the interring torsional angle is
are listed in Table 1. The results of the optimized structures for ~36°,3* especially in (FQ) and (EF).

all three series of copolymeric molecules show that the bond As observed in Table 1, the dipole moments tend to increase
lengths and bond angles do not suffer appreciable variation with with increasing conjugation lengths in all series. In addition,
the oligomer size. And it suggests that we can describe the basidhe dipole moments of the oligomers in (E@nd (FO) are
structures of the polymers as their oligomers. In fact, becausemuch larger than that in (Pyk)ascribed to the presence of more
the dihedral angle between two phenyl rings in the fluorene oxygen atoms and the added sulfur or nitrogen atoms. This
segment of the series of oligomers is fixed by ring bridged clearly indicates the influence of different charge carriers on
atoms, which tend to keep their normal tetrahedral angles in the overall dipole moment.

their ring linkage to keep their quasiplanar conformation, the  3.2. Frontier Molecular Orbitals. It will be useful to
dihedral angles in them are no more thah The biggest examine the highest occupied orbitals and the lowest virtual
torsional angles ared(8,7,10,14(15)), the dihedral angles orbitals for these oligomers and polymers because the relative
between the two adjacent units, such as the ones betweerordering of the occupied and virtual orbitals provides a
fluorene and EDOT, pyridine, or oxadiazole. The (FO) reasonable qualitative indication of the excitation propefties
sequence has the best planar conformation in all three series ofind of the ability of electron or hole transport. Since the first
copolymers with the dihedral angles of almost Gue to the dipole-allowed electron transitions, as well as the strongest
strong push-pull effect between the fluorene ring and the 1,3,4- electron transitions with largest oscillator strength, correspond
oxadiazole ring, or it could also be explained due to a weak almost exclusively to the promotion of an electron from HOMO
interaction between the nitrogen and oxygen atoms in the 1,3,4-to LUMO (see section 3.5), we have plotted the electronic
oxadiazole ring and the hydrogen atom of the fluorene ring. density contours of the frontier orbitals of (EF{PyF), and
Accordingly, the interring distances are the shortest. The ground- (FO), (n = 1~4) by B3LYP/6-31G(d) in Figure 3.

state geometry of each oligomer in (EF more twisted than As shown in Figure 3, all the frontier orbitals spread over
that in (FO), with the interring dihedral angles between fluorene the wholer-conjugated backbone, although the largest contribu-
and EDOT around 20 due to the electron donor properties tions come from the different parts of the chromophores. There
and increasing steric hindrance by the addition of alkoxy on is interring antibonding between the bridge atoms, and there is
the thiophene ring, which thus leads to the slightly longer intraring bonding between the bridge carbon atom and its
interring distances. In the (PyFRequenced(8,7,10,15) ineach  conjoined atoms in the HOMO. On the contrary, there is
oligomer is about 18and the dihedral angles between each interring bonding in the bridge single bond and intraring
monomer are-36°; in other words, ther-conjugated backbone  antibonding between the bridge atom and its neighbor in the
in (PyF), is broken by the addition of the pyridine moiety. The LUMO. In general, the HOMO possesses antibonding character
results suggest that the six-membered aromatic rings create mordetween the subunits. This may explain the nonplanarity
steric hindrance than five-membered rings and thus obtain theobserved for these oligomers in their ground states. On the other
longest interring bond lengths in the three series. However, evenhand, the LUMO of all the oligomers generally shows bonding
though there are some torsions, the introduction of charge character between the two adjacent subunits. This implies that
carriers into fluorene still enhance theconjugated structures  the singlet excited state involving mainly the promotion of an
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Figure 3. B3LYP/6-31G(d) electronic density contours of the frontier orbitals for (E@yF), and (FO) (n = 1~4).

electron from the HOMO to the LUMO should be more planar. In PEF, the localization of the electronic cloud distributing in
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Figure 4. B3LYP/6-31G(d) calculated HOMO and LUMO energies
of PEF @), PPyF @), PFO (r), and PF M) oligomers as a function
of the inverse number of monomer units.

the middle part of the oligomer is typically expected due to

chain-end effects. In contrast, asymmetric character prevails for.

both the HOMO and LUMO when 2,5-ethylenedioxythiophene

units are replaced by pyridine and 1,3,4-oxadiazole units, and
this character is gradually obvious with the increasing oligomer

chain length (especially in PFO). As shown in Figure 3, the

HOMO remains delocalized on the left parts of the conjugated
backbone; the shapes of the LUMOs become different, being

localized on the right parts, as a result of the electron-
withdrawing property of pyridine and 1,3,4-oxadiazole. One
particularly striking difference between (PyRnd (FO) is that
the former is nonplanar whereas the latter is highly planar.
In experiment, the HOMO and LUMO energies were
calculated from one empirical formula proposed by & et

al.13 based on the onset of the oxidation and reduction peaks
measured by cyclic voltammetry, assuming the absolute energy
level of ferrocene/ferrocenium to be 4.8 eV below vacuum. The

HOMO and LUMO energies can be calculated by density
functional theory (DFT) in this study. However, it is noticeable
that solid-state packing effects are not included in the DFT
calculations, which tends to significantly reduce the torsion

Yang et al.

incorporation of the charge carriers. This indicates that the
combination with electron-donating and -withdrawing moieties
will both lower the LUMO energies. The more planar confor-
mations in the three series under study relative to PF are also
the reasons. Since the HOMO shows interring antibonding
character and the LUMO shows interring bonding character,
the variation of torsional angles should have larger effects on
LUMO. Indeed, the decrease in the dihedral angles between
the two adjacent subunits induced by the presence of the
electron-donating moiety EDOT or electron-accepting moieties
pyridine and 1,3,4-oxadiazole should enhance the electron
conjugation over the whole molecule and thus stabilize the
LUMOs. Especially, in the highly planar PFO, the LUMO
energy levels are dramatically decreased. Similarly, the large
torsional angles in PEF and PPyF relative to PFO also should
be responsible for the relatively high LUMO energies in the
former two?6

3.3. Properties of lonic States3.3.1. Optimized Geometries

in lonic StatesAs already mentioned, one of the most important
features of ther-conjugated polymers is their ability to become
highly conducting after oxidative (p-type) or reductive (n-type)
doping. So, the cationic and anionic geometries of oligomers
in all series of (ER), (PyF), and (FO) (n = 1—4) were
optimized by B3LYP/6-31G(d), and interring bond lengths and
dihedral angles are compiled in Table 2. DFT calculations are
known to give a more delocalized charge distribution for charged
conjugated oligomers than INDO/s-CIS or HF calculations. A
possible explanation presented by Siebbeles and co-wti&rs

for the higher degree of delocalization in DFT is the presence
of electron correlation. They pointed out that the two methods
are developed from different monoelectronic operators with
different theoretical frameworks. DFT includes the electron
correlation, whereas in INDO/s-CIS calculations, the dynamic
correlation is not taken into consideration. The extent to which
electron correlation is taken into consideration has a large effect
on the delocalization of excess charge. They also pointed out
that the DFT results suggest that the existence of localized

angles between adjacent units and consequently affects thecharges in solids should be attributed to impurities or defects

HOMO and LUMO energy levels in a thin film compared to

an isolated molecule as considered in the calculations. Even i

these calculated HOMO and LUMO energy levels are not
accurate, it is possible to use them to get information by
comparing similar polymers and oligomers.

Figure 4 describes the evolution of the B3LYP/6-31G(d)
calculated highest occupied molecular orbital (HOMO) and
lowest unoccupied molecular orbital (LUMO) energies as a
function of the inverse number of monomer units in (§F)
(PyF), and (FO). For the sake of comparison, the frontier
energy levels of (F)(n = 1~4) are also listed in Figure 4. As
is usual inz-conjugated systems, the energy of the frontier
electronic levels evolves linearly with inverse chain length in

in the films or crystals. These defects can be of a chemical

ghature, such as polymerization mistakes causing cross-links or

broken conjugation. Moreover, the localization of charges can
be induced by conformational defects caused by interchain
interactions. However, it has also been suggested that the
delocalization in DFT is an artifact due to the approximate
description of the exchange interaction. To gain insight into the
effects of the exchange part of the functional on the charge
delocalization, Fratiloiu et & employed BLYP and B3LYP

to calculate charge distributions. The results show that the effect
of improving the description of the exchange interaction does
not lead to a significant localization of the charge. They think
that the presence of electron correlation is responsible for the

the four systems: the HOMO energies increase, whereas thencreased delocalization of the charge.

LUMO energies decreas@.Similar energies are obtained for
the HOMO of PPyF 5.3 eV) and PF{—5.2 eV} oligomers.
The introduction of electron-withdrawing oxadiazole unit
slightly lowers the HOMO of PFO<5.6 eV), whereas the
electron-donating EDOT unit significantly lifts the HOMO of
the longest oligomer of PEF—4.6 eV) by some 0.6 eV

From Table 2, it can be seen that the geometry deformations
of the positively and negatively charged copolymers of all
systems were found to be evenly spread over the entire chain,
which indicates that, according to DFT, no self-localized polaron
is formed. This is analogous to the DFT results for positively
charged oligo(phenylene vinylen&)sind oligo(thienylene vi-

compared to PF, indicating much improved hole-accepting nylene)8®and negatively charged oligo(phenylene vinylerfé)s.

properties by introduction of the electron-donating moiety
EDOT. Turning to the evolution of the LUMO levels, the
LUMO energies of PEF1.6 eV), PPyF{1.7 eV), and PFO

The maximum changes in interring bond length due to adding
an electron or a hole were found to b@®.01 A for the three
systems. In contrast with the present findings, Ye &t showed

(—2.2 eV) are generally stabilized by about 0.3, 0.4, and 0.9 that for an AM1 optimized geometry there is a significant

eV with respective to PF~—1.3 eV) chains due to the

modification in the conformation of the PV chain when an
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TABLE 2: Selected Important Interring Dihedral Angles and Distances of (EF),, (PyF),, and (FO), (n = 1~4) in the Cationic
and Anionic States Obtained by B3LYP/6-31G(d) Calculations

cationic anionic
(EF)h F~T T-F T T-F T T-F T T T-F T T-F T T-F T
n=1 r 1.422 1.421
0] 1.6 3.0
n=2 r 1.436 1.431 1.442 1.432 1.429 1.445
] 3.4 1.1 3.9 2.2 2.1 6.3
n=3 r 1445 1439 1.438 1.440 1.449 1.442 1439 1438 1439 1.451
® 53 2.9 2.1 3.4 5.2 3.1 3.2 2.7 3.1 7.9
n=4 r 1456 1456 1456 1.456 1.456 1.456 1.458 1.446 1445 1.443 1443 1444 1444 1.453
® 85 7.2 8.2 8.3 8.5 8.4 10.7 4.6 5.1 3.1 2.0 5.3 3.7 9.4
cationic anionic
(PyF) F—P P-F P P-F P P-F P P P-F F—P P-F P P-F P
n=1 r 1.464 1.442
o 0.0 0.0
n=2 r 1.460 1.460 1.477 1.461 1.458 1.463
d 34 25.3 1.0 0.7 19.4 0.7
n=3 r 1.468 1.468 1.470 1.468 1.482 1.471 1.467 1.464 1.466 1.472
® 05 29.5 6.5 27.2 2.0 0.6 25.8 1.4 24.4 2.1
n=4 r 1471 1.471 1.473 1.472 1.474 1.472 1.483 1.475 1.471 1.470 1.470 1.469 1.470 1.475
® 50 30.3 5.1 30.7 2.7 30.3 7.6 2.3 27.9 1.2 28.1 2.2 26.9 0.9
cationic anionic
(FOh F-0O O-F O O-F O O-F O O O-F O O-F O O-F O
n=1 r 1.433 1.411
® 0.0 0.0
n=2 r 1425 1426 1.445 1.433 1.424 1.428
® 0.0 0.0 0.0 0.0 0.0 0.0
n=3 r 1446 1435 1436 1.434 1.432 1.441 1433 1433 1433 1.435
® 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
n=4 r 1447 1439 1440 1439 1439 1438 1436 1.443 1.438 1.438 1.438 1.437 1.437 1.438
® 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

aF means the fluorene ring; T is the 2,5-ethylenedioxythiophene; P is the pyridine; O is the 1,3,4-oxadiazole in every molecule.

electron is added. In this case, the lattice distortions are mostlyrelative to the neutral state. On the other hand, the LUMO of
located around the center of the chain, indicating the formation all the oligomers generally shows bonding character between
of a self-localized polaron. Recently, Grozema etdbund the two adjacent subunits. The shortening of the interring
the geometry deformations in the DFT calculations are evenly distance in the anionic state is due to the bonding interactions
spread over the whole PV chain and exhibit no features between ther orbitals on the two adjacent phenyls or thienyls.
characteristic of the formation of a self-localized polaron, in On the other hand, the injection of electrons or holes in these
contrast to the earlier AM1 Results. Similar differences between gligomers of all series induces better conjugation than their
DFT and HF calculations have been found for thiophene corresponding neutral ground states. The dihedral angles
oligomers. Moro et &t? have performed DFT geometry petween subunits of each oligomer in cationic and anionic states
optimizations for thiophenes and also found that the geometry gpyiously decrease compared with their corresponding neutral
deformation was evenly spread over the entire oligomer while gtates. Of course, with an initial highly planar geometry in the
earlier AM1°3 calculations yielded a polaron localized on five oligomers of (PFQ) the final geometry in ionic states is always

thiophene rings. For thiophene oligomers, calculations Bg&se planar regardless of charge. In the anionic states of (&R
55 . . n
and co-workerg-5 at the MP2 level seem to indicate that the (PyF), the interring torsional angles are arountiahd 27

delocalization in DFT is an artifact; however, it was also shown
that the MP2 geometry deformation for a singly charged
oligothiophene is more delocalized than the HF geometry
deformation. It would be of interest to establish whether the . i .
larger delocalization of the charge in DFT calculations is an  5-3-2- lonization Potentials and Electron AffinitieShe
artifact of the method or a real physical phenomenon. To resolve 2dequate and balanced transport of both injected electrons and
this issue, more experimental data on long oligomers, for holes is important in optimizing the performance of OLED

example, by ESR measurements, and calculations by otherdevices. Thg ionization pptential (IP) and electron affinity (EA)
methods, for example, MP2 calculations, are callecor. are well-defined properties that can be calculated by DFT on
Comparing the results in Table 1 with Table 2, we found the geometries in the neutral, cationic, and anionic sates to
that the interring distances between the two adjacent units €stimate the energy barrier for the injection of both holes and
decrease in both the cationic and anionic states in both series€lectrons into the polymer. Table 3contains the ionization
The shortening of the interring distances in ionic states relative potentials and electron affinities, both vertical (v; at the geometry
to that in the neutral state can easily be seen from the HOMO of the neutral molecule) and adiabatic (a; optimized structure
and LUMO characters plotted in Figure 3. There is interring for both the neutral and charged molecule), and extraction
antibonding between the bridge atoms, and there is intraring potentials (HEP and EEP for the hole and electron, respectively)
bonding between the bridge carbon atom and its conjoined atomsthat refer to the geometry of the ioP&5° The IP, EA, HEP,
in the HOMO. Hence, removing an electron from HOMO leads and EEP for infinite chains of the polymers were determined
to a shortening of the interring distances in the cationic state by plotting these values of oligomers against the reciprocal of

even smaller than in their cationic states. This indicates that
the whole molecules tend to be more planar with the injection
of electrons or holes in these oligomers.
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TABLE 3: lonization Potentials, Electron Affinities, and (LUMO) when n = o, termed the HOMGLUMO gaps
Extraction Potentials for Each Moleculée (An-1).59-62 TD-DFT, which has been used to study systems
IP(v) IP(@P HEP EA(VP EA(@P EEP of increasing complexity due to its relatively low computational
(EF) cost and also to include in its formalism the electron correlation
n=1 6.73 6.71 6.41 0.17 0.18 0.60 effects, is also employed to extrapolate the energy gap of
”fg g-gg g-%‘ 2'471(5) 2-513(13 g-gg %'4213 polymers from the calculated first dipole-allowed excitation
n—4 545 567 543 133 133 1oz energy of their oligomers.
n=oo 5.10 5.30 5.04 1.63 1.75 1.92 Here, the HOMG-LUMO gaps Ax-) and lowest singlet
(PyF), excited energiesHy) are both listed in Table 4, and the
n=1 723 712 6.98 0.32 0.48 0.68 relationships between the calculatdd-., Eg, and the inverse
n=2 6.62 6.52 6.37 1.00 112 1.30 chain length are plotted in Figure 5. There is a good linear
n=3 6.27 6.33 6.18 1.28 1.40 1.59 . -
n=4 616 6.17 6.10 1.40 1.49 172 relationship between the energy gaps by both methods and the
n=oco 5.85 5.90 5.80 1.75 1.81 2.04 inverse chain length. In fact, the theoretical quantity for direct
(FO), comparison with experimental band gap should be the transition
n=1 7.65 7.63 7.43 0.54 0.61 0.94 (or excitation) energy from the ground state to the first dipole-
22% g-gg g-gg g-g‘l) igg %'4212 i-gg allowed excited state. The approach to get band gap from the
n=4 669 680 655 1.84 1.66 >1g  orbital energy difference between the HOMO and LUMO is
n=oo 6.35 6.57 6.24 2.21 1.94 2.47 crude considering the experimental comparison. The implicit
2Values are given in electronvolts(v) and (a) indicate vertical and a§sumptlon underlying this appr.OX|mat|0n IS that.the IOW?St
adiabatic values, respectively. singlet excited state can be described by only one singly excited

configuration in which an electron is promoted from HOMO

the number of modeling polymeric units and by extrapolating t©© LUMO. In addition, the orbital energy difference between

the number of units to infinity. HOMO and LUMO is still an approximate estimate to the

transition energy since the transition energy also contains
that they are not good charge acceptors. However, this drawbaciSignificant contributions from some two'-electron mteg.rals.

has been modified by the modification of the chemical However, because the HOM@UMO gap is easy to obtain,

structures. Similarly, we employ PF as comparison. The reportedthe approach can also be used to provide valuable information

One major problem with PFs for applications in OLEDs is

value required to create a hole in PF~%.4 eV3 which is on e'_stimated band gaps of oligomers f':\nd polymers, especially
lower than that of PPyF~5.8 eV) and PFO+6.3 eV), and it treating even larger systerfi&® Interestingly, for copolymers
is higher by around 0.3 eV than that in PER51 eV) studied in this work, however, good agreement between the

suggesting that in PEF it is easier to create a hole than in theHOMO—LUMO gaps and experimental observations in all the
other two polymers and PF, which is consistent with the analysis S€ries has been demonstrated with density functional theory
for HOMO energy. The extraction of an electron from the anion (DFT). Optical band gaps derived from the absorption edge of
requires ~1.2 eV in PF3 which is lower than all three @ polymer thin film for (EF), (PyF), and (FOj) are 2.44, 2.87,
copolymers under study. This indicates that the combination @hd 3.03 eV, differing by 0.11, 0.26, and 0.03 eV from our
with electron-donating or -accepting moieties will improve both calculated values by HOMOLUMO gap of 2.55, 3.13, and
the electron-accepting ability and the order of 1.76 (PEF)  3.00 eV, respectively.
1.86 (PPyF)< 2.21 eV (PFO) and exhibits that electron- As shown in Table 4, the extrapolated energy gaps from TD-
accepting moieties or the more planar conformations are more DFT excitation energies systematically underestimate the actual
in favor of accepting electrons. It is clear from these results band gap derived from the solid-state data due to the inherent
that the introduction of electron-donating or -accepting moieties limitation in TD-DFT calculations as mentioned in the Introduc-
allows the modulation of the ionization potential and electron tion.556 Two other factors may also be responsible for
affinity. This should be useful to enhance the injection of holes deviations by both methods from experimental. One is that the
and electron-transport from anode and cathode in light-emitting predicted band gaps are for the isolated gas-phase chains, while
diodes. the experimental band gaps are measured in the liquid phase
3.4. HOMO-LUMO Gaps and the Lowest Excitation where environmental influences may be involved. Another factor
Energies.There are two theoretical approaches for evaluating that should be borne in mind is that solid-state effects (like
the energy gap in this paper. One way is based on the ground-polarization effects and intermolecular packing forces) have been
state properties, from which the energy gap is estimated from neglected in the calculations. The latter can be expected to result
the energy difference between the highest occupied molecularin a decreased interring twist and consequently a reduced gap
orbital (HOMO) and the lowest unoccupied molecular orbital in a thin film compared to an isolated molecule as considered

TABLE 4: HOMO —LUMO Gaps by DFT and the Lowest Excitation Energies by TD-DFT in Oligomers of (EF), (PyF),, and
(FO)n (n = 1—-4)p

(EFh (PyFh (FOh
oligomer An-L Ey (TD) oligomer An-L Ey (TD) oligomer An-L Ey (TD)
n=1 4.01 3.87 n=1 4.27 4.15 n=1 4.31 4.28
n=2 3.24 2.99 n=2 3.71 3.41 n=2 3.61 3.32
n=3 3.01 2.76 n=3 3.52 3.21 n=3 3.42 3.11
n=4 291 2.66 n=4 3.43 3.09 n=4 3.34 3.03
n=oo 2.55 221 n=co 3.13 2.76 n=oco 3.00 2.58

expl 2.44 2.38 expl 2.87 2.69 expl 3.03

2aHOMO—-LUMO gaps and excitation energies are given in electronvbBptical band gap derived from the absorption edge of a polymer thin
film; ¢ Derived from the electrochemical method.
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Figure 5. HOMO—LUMO gaps AAx-L)s by B3LYP and the lowest excitation energlgsby TD-DFT as a function of reciprocal chain length
in oligomers of (EF), (PyF), and (FO).

in the calculation§”:68 The better agreement between the the oscillator strength is proportional to the square of the
HOMO-LUMO gap and the experimental observations in the transition moment, it is reasonable that the-S®B1 transition
highly planar copolymer PFO than the other two systems may show a largexc4 value. Furthermore, the oscillator strength
be attributed to the solid-state effects. Even with these discrep-coupling the lowestr—x* singlet excited state to the ground
ancies between the calculated and experimental data, it isstate increases strongly when going from an isolated molecule
possible to use them to get information by comparing similar to a molecular group. The oscillator strength associated with
polymers or molecules. the S state increases by about 1 order of magnitude upon
As mentioned above, our main interest in the study of the addition of one repeated unit to the monomers in all series.
energy gaps relative to PF is to see the influence of electron- Obviously, the strongest absorption peaks are all assigned to
donating moiety EDOT and electron-accepting moieties pyridine w—s* electronic transition character arising exclusively from
and 1,3,4-oxadiazole onto fluorene. The band gaps obtained byS; — S; electronic transition mainly composed by HOM®
HOMO—-LUMO gaps and TD-DFT are 3.33 and 2.91 eV for LUMO transition. In fact, there are similar characters and
PF34 respectively, which are both higher than those of PEF, variation trends in (ER)and (PyF) as in the cases of (FQ)
PPyF, and PFO with the same corresponding methods, indicatingWe find in Tables S3 S5 that, with the conjugation lengths
that either electron-donating groups (EDOT) or electron- increasing, the absorption wavelengths increase progressively
accepting moieties (pyridine and 1,3,4-oxadiazole) narrow the as in the case of the oscillator strengths of the-S5,; electronic
band gaps of fluorene-based copolymers. Furthermore, on alltransition. This is reasonable, since the HOM® LUMO
accounts, the results of both methods indicate that the energytransition is predominant in thepS~ S; electronic transition
gaps in PPyF are larger than that of PFO. It can be concludedand, as analysis above showed, that with increasing molecular
that the breaking of the conjugation in the backbone will broaden size the HOMG-LUMO gaps decrease. Since the first allowed
the energy gap, and on the contrary, the gaedonjugated transitions are also the absorption maxima, they have the same
conformation should narrow the energy gap. As one can see,variation trend, which needs no further elaboration.
the variation trend of PFO does not agree with the experimental  3.6. Properties of Excited Structures and Emission Spec-
observations, which indicates that the energy gap of PFO istra. Up to now, the standard for calculating excited-state
larger than that of PPyF. In fact, our previous calculatibf® equilibrium properties of larger molecules in the Gaussian
(the results agree well with the experimental data) on similar program package is the configuration interaction singles (CIS)
fluorene-containing systems also support the conclusions in thismethod. However, due to the neglect of electron correlation,
paper that decreasing conjugation in the backbone broadens th&IS results are not accurate enough in many applications. In
band gap and vice versa. More experimental data are called forthis study, we hope to investigate the excited-state properties
to test the calculated results. by this method, despite the inaccuracy. Because the calculation
3.5. Absorption Spectra. TD-DFT//B3LYP/6-31G(d) and of excited-state properties typically requires significantly more
ZINDO have been used on the basis of the optimized geometry computational effort than is needed for the ground states and is
to obtain the nature and the energy of the singimnglet dramatically constrained by the size of the molecules, we
electronic transitions of all the oligomers in all series under optimize only the monomers for PEF and PPyF and PFO, in
study. Here, we list the transition energies, oscillator strengths, view of the molecular weights, by CIS/6-31G(d) and compare
configurations, and transition dipole moments obtained by TD- with their ground structures by HF/6-31G(d). Interestingly, the
DFT and ZINDO calculations for the most relevant first five main character of the frontier orbitals by HF/6-31G(d) is the
singlet excited states in each oligomer of (ERPyF), and same as by B3LYP/6-31G(d). We compare only the excited
(FO), in Tables S3-S5 of the Supporting Informatidi{. As structures of EF and FO by CIS/6-31G(d) with their ground
shown in Tables S3S5, all electronic transitions are of the structures by HF/6-31G(d) for the sake of comparison as shown
m—a* type and involve both subunits of the molecule. In other in Figure 6.
words, no localized electronic transitions are calculated among  As shown, some of the bonds lengthened, but some shortened.
the first three singletsinglet transitions. Both methods show In fact, we can predict the differences in the bond lengths
that excitation to the Sstate corresponds almost exclusively to between the ground gBand singlet excited state {Srom MO
the promotion of an electron from the HOMO to the LUMO. nodal patterns. Due to the singlet state corresponding to an
The oscillator strengthx¢4) and the transition dipole moment excitation from the HOMO to the LUMO in all considered
along the long axis of the moleculg) (of the SO— S1 electronic series, we explore the bond length variations by analyzing the
transition are overwhelmingly the largest in each oligomer HOMO and LUMO. By comparison of Figure 6 with Figure 3,
relative to the next four excited states. Considering the fact thatthe HOMO has nodes acros§,3), r(5,6), r(2',3), r(5,6),
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Figure 6. Comparison of the excited structure (values in parentheses) by CIS/6-31G(d) with the ground geometry by HF/6-31G(d) for the monomers
of PEF and PFO.

r(7',7),r(9,9), andr(4',8) bonds in both EF and FO, but the oligomers. The HOMO possesses antibonding character between
LUMO is bonding in these regions. Therefore one would expect subunits, which may explain the nonplanarity observed for these
contraction of these bonds; the data in the figure show that theseoligomers in their ground state. On the other hand, the LUMO
bonds are in fact considerably shorter in the excited state. Theshows bonding character between the two adjacent rings, in
LUMO has a node across th€3,4), r(2,7), r(7,6), r(3,4), agreement with the more planas &cited state. The advantage
r4.,5), r(2,7), r(7',6), r(8,9), andr(8,9) bonds in both EF  of the three series of oligomers and polymers under study is
and FO while the HOMO is bonding. The data confirm the that the insertion of electron-donating or -accepting functional
anticipated elongation of these bonds. groups has allowed modification of the chemical structures to
The dihedral angleb(3',4',8,9) decreases from 360 1.2 achieve both efficient charge injection and balanced mobility
and from 32 to 0.02 in EF and PyF, respectively; that i$4',8) of both charge carriers inside the EL materials, thus obtaining
rotates during excitation, and FO still keeps a high-planar the high quantum efficiency EL devices. The combination of
conformation. It is obvious that the excited structure has a strong electron-donating unit EDOT with the fluorene moiety resulted
coplanar tendency in all series; in other words, the conjugation in raised HOMO energies and consequently the hole injection
is better in the excited structure, which is consistent with the was greatly improved. However, even though both kinds of
estimation from the character of the frontier orbitals. charge carriers will improve the electron-accepting ability, the
On the excited geometries optimized by ab initio CIS, the results show that electron-accepting moieties will greatly
emission wavelengths are computed by ZINDO and TD-DFT facilitate the electron-transporting. The more planar conforma-
for monomers of PEF, PPyF, and PFO. As in the case of the tion is another reason. The highly planar structural character in
absorption spectra, both methods reflect that the oligonigdic ~ PFO resulting from the strong puspull effect between the
exhibits a red shift compared with monomer fluorene, 270.60 fluorene ring and the 1,3,4-oxadiazole ring and a weak interac-
< 319.19< 335.24< 354.20 nm (TD-DFT) and 295.6 336.6 tion between the nitrogen and oxygen atoms in 1,3,4-oxadiazole
< 347.7< 389.8 nm (ZINDO), going from F to FO to PyF to  ring and the hydrogen atom of the fluorene ring significantly
EF, which is consistent with the trend of our calculated energy improve the electron-accepting and transporting properties by
gaps. Furthermore, similar to absorption spectra, the emissionthe low LUMO energy levels. Excitation to the; State
peaks with strongest oscillator strength are all assignert-to* corresponds almost exclusively to the promotion of an electron
character arising from;SHOMO to LUMO transition. Although from the HOMO to the LUMO. Accordingly, the energy of the
there are some discrepancies between the calculated values ang, — S, electronic transition follows the HOMOLUMO
the observed data, they show again the effects on the propertiesnergy gap of each oligomer. The first electronic transition gives
by electron-donating or -withdrawing moieties. Most impor- rise to the largest values of the oscillator strength in each
tantly, pure deep strong blue electronluminescence was suc-oligomer. The absorption and emission spectra of the alternating

cessfully achieved from these copolyméts? copolymers were red-shifted with the addition of the electron-
) donating EDOT or electron-accepting pyridine and 1,3,4-
4. Conclusion oxadiazole moieties, especially by incorporation with the EDOT

All the oligomers investigated show less twisted structures content.
compared with pristine polyfluorene by incorporation ofelectron-  Finally, this theoretical study confirmed experimental results,
donating 3,4-ethylenedioxythiophene (EDOT) or electron- where it was shown that the incorporated copolymers could
withdrawing pyridine and 1,3,4-oxadiazole moieties. All decisive greatly modulate and improve the electronic and optical
molecular orbitals are delocalized on both subunits of the properties of pristine polymers. Furthermore, using theoretical
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methodologies, we showed that is possible to predict reasonably (32) Cao, H.; Ma, J. Zhang, G. L.; Jiang, Y. 8acromolecule2005
the electronic properties of conjugated systems, and we are38 1123-1130.

convinced that the systematic use of those theoretical tools
should contribute to orientate the synthesis efforts and help
understand the structurg@roperties relation of these conjugated
materials.
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planar conformations to explain effects coming from the introduction of
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(n = 3) obtained by DFT//B3LYP/6-31G* with nonplanar and planar
conformations are listed in Table S1 in the Supporting Information. From
the calculated results in Table S1, the following can be found: (1) For
both (EF} and (PyF), the planar conformation is much less stable than
the nonplanar conformation by 236.20 and 235.89 au, respectively,
rationalizing the nonplanar conformations in our paper. (2) The energy levels
and the variation trend of HOMO in all systems with fully planar
conformations do not change much compared with the ones with the
nonplanar conformations. (3) In contrast to the energy level of HOMO, an
interesting phenomenon can be found that the LUMO energy of3(EF)
dramatically decreases, even lower than that of (PyRp (FO}, which
indicates that electron-donating groups significantly facilitate the electron-
transporting. The results seem to be contrary to the conclusion in the paper.
This contradiction can be explained by the effects coming from the torsional
angles. Due to the bonding character between the two adjacent subunits,
the increasing torsional angles thus destabilize the energy level of LUMO.
This interesting phenomenon will be further discussed in a future paper
due to space limitations. However, the general conclusion that either the
electron-donating or -withdrawing groups will facilitate the electron-
transporting is accordant on the basis of either the planar or the nonplanar
conformations.

(47) Fratiloiu, S.; Grozema, F. C.; Siebbeles, L. D.JAPhys. Chem.

B 2005 109, 5644-5652.

(48) Fratiloiu, S.; Candeias, L. P.; Grozema, F. C.; Wildeman, J.;
Siebbeles, L. D. AJ. Phys. Chem. B004 108 19967-19975.

(49) Grozema, F. C.; Candeias, L. P.; Swart, M.; van Duijnen, P. T_;
Wildeman, J.; Hadziioanou, G.; Siebbeles, L. D. A.; Warman, J.\hem.
Phys.2002 117, 11366.

(50) Grozema, F. C.; van Duijnen, P. T.; Siebbeles, L. D. A.; Goosens,
A.; de Leeuw, S. WJ. Phys. Chem. B004 108 16139.

(51) Ye, A.; Shuai, Z.; Kwon, O.; Bdgs, J. L.; Beljoone, DJ. Chem.
Phys.2004 121, 5567.



7774 J. Phys. Chem. A, Vol. 109, No. 34, 2005 Yang et al.

(52) Moro, G.; Scalmani, G.; Cosentino, U.; Pitea 3ynth. Met2000 (57) Lin, B. C.; Cheng, C. P.; Lao, Z. P. M. Phys. Chem. 2003
108 165. 107, 5241-5251.

(53) Cornil, J.; Beljoone, J.; Bdas, J. L.J. Chem. Phys1995 103 (58) Curioni, A.; Boero, M.; Andreoni, WChem. Phys. LetfL998 294,
842. 263-271.

(54) Geskin, V. M.; Dkhissi, A.; Breas, J. L.Int. J. Quantum Chem. (59) Wang, |.; Estelle, B. A.; Olivier, S.; Alain, |.; Baldeck, P. L.
2003 91, 350. Opt. A: Pure Appl. Opt2002 4, S258-S260.

(55) (a) Geskin, V. M.; Brdas, J. LChemPhysChen2003 4, 498. (b) (60) Hay, P. JJ. Phys. Chem. 2002 106, 1634-1641.
Moro, G.; Scalmani, G.; Cosentino, U.; Pitea, ynth. Met200Q 108 (61) Curioni, A.; Andreoni W.; Treusch, R.; Himpsel, F. J.; Haskal, E.;
165. Seidler, P.; Heske, C.; Kakar, S.; van Buren, T.; Terminello, LAghl.

(56) (a) To gain insight into the effects of the exchange part of the Phys. Lett1998 72, 1575-1577.
functional on the charge delocalization, we have carried out additional ~ (62) Hong, S. Y.; Kim, D. Y.; Kim, C. Y.; Hoffmann, RMacromol-
calculations, for example, using representative BLYP and SVWN functionals ecules2001, 34, 6474-6481.
accompanied with 6-31g* basis set on the positively and negatively charged  (63) (a) Rogero, C.; Pascual, J. |.; Gomez-Herrero, J.; Baro, Al.M.
trimers of (FO) compared with B3LYP functional. The results in Table Chem. Phys2002 116, 832-836. (b) Curioni, A.; Andreoni WIBM J.
S2 (Supporting Information) show that the differences among the three Res. De. 2001, 45, 101-113.
charge distributions are rather small and the charge is still delocalized over  (64) Wang, J. L.; Wang, G. H.; Zhao, J. Bhys. Re. B 2001, 64,
the entire chain. From these results, it can be concluded that the effect of 205411.
improving the description of the exchange interaction does not lead to a  (65) Grimme, S.; Parac, MChemPhysCher2003 3, 292.
significant localization of the charge. (b) To clearly establish whether this (66) Ortiz, R. P.; Delgado, M. C. R.; Casado, J.; Hemez, V.; Kim,
effect of correlation should be responsible to the charge delocalization, we O. K.; Woo, H. Y.; Navarrete, L. LJ.
try to use MP2 to optimize the positively and negatively charged oligomers. (67) Puschning, P.; Ambrosch-Draxl, C.; Heimel, G.; Zojer, E.; Resel,
Unfortunately, we have not been able to optimize the geometries by MP2 R.; Leising, G.; Kriechbaum, M.; Graupner, \®ynth. Met2001, 116, 327.
methods, even with STO-3G basis set, due to convergence problems of the (68) Eaton, V. J.; Steele, . Chem. Soc., Faraday Tran2.1973 2,
optimization procedure. So, restricted closed-shell MP2 (ROMP2) calcula- 1601.
tions are carried out for (F@)The single-point calculations are performed (69) The transition energies, oscillator strengths, configurations, and
at ROMP2/3-21G* level of theory (as shown in Table S2 of the Supporting transition dipole moments obtained by TD-DFT and ZINDO calculations
Information). Obvious localization of charge around the middle of the chain for the most relevant first five singlet excited states in each oligomer of
is observed. The results show that the greater delocalization of a charge on(EF),, (PyF), and (FO) are given in Tables S3S5 of the Supporting
a conjugated chain in DFT is an artifact of the method. Information.



