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We report a detailed quantum-chemical characterization of the electronic and optical properties of
polyfluorene chains and compare them to those in copolymers containing alternating fluorene and
benzothiadiazole or ethylenedioxythiophene units. The introduction of the comonomer can strongly
modify the excitonic properties as well as the efficiency of charge- and energy-transfer processes.
The choice of the comonomer is thus critical in targeting specific optical properties while
maintaining good transport properties. ZD03 American Institute of Physics.
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I. INTRODUCTION tained by derivatizing the conjugated backbones with long
saturated side-chair8.

Since the first report of electroluminescence in a conju-  Quantum-chemical calculations can prove useful to pro-
gated polymet, many experimental and theoretical efforts vide good insight into the electronic and optical properties of
have been devoted to improving the performance oOftonjugated chains and to design materials matching specific
polymer-based light-emitting devicés.ow-resolution ma-  requirements prior to chemical synthesis. We exploit them
trix displays have now reached the stage of commerhere to describe the nature of the lowest singlet and triplet
cialization® Conjugated polymers are also widely investi- excited states in polyfluoren@) chains and in copolymers
gated for use in organic transistt7s as well as in photo- containing alternating fluorene units and benzothiadiazole
diodes and solar cells® where light is absorbed by the ma- ynits (BT), a copolymer recently synthesized at Dtwor
terial and converted into an electric current. However, thesethylenedioxythiophenéEDOT) units (see Fig. 1 We ana-
devices usually suffer from the low charge mobilities |yze how the electronic and optical properties of polyfluo-
achieved in polymer films. rene chains as well as the efficiency of charge and energy

Polyparaphenylenevinylen®PV) was the first polymer  transfer processes in thin films are impacted by the nature of
involved in a light-emitting devicél® Interest has now the comonomer.

shifted to polymers of high purity and high stability in view
of commercial applications. Among these, polyfluorenes and
fluorene-containing copolymers emerge as promising materfl- THEORETICAL METHODOLOGY

gls for light-emitting di.spla){s. since the color of thg emitted  gjnce the electronic and optical properties of conjugated
light can span the entire visible range as a function of th%ligomers saturate rapidly with chain lendfhwe have con-
nature of the comonomer unit. This has stimulated recentjjereq oligomers of F, FBT, and FEDOT containing from
experimental and theoretical studies aimed at better undegpe g four repeat units. In the absence of structural informa-
standing _;Qe electronic and optical properties of thesgj,n e have assumed the oligomers to be planar; this is
system§~**and assessing their performance in electro-0ptiGeasonable sincé) solid-state packing tends to significantly

devices>'~*Interestingly, polarized electroluminescence has.eq,ce the torsion angles between adjacent utiits is the
also been reported for liquid crystalline polyfluorenes ob-c;q0 of oligophenylen®$; and (ii) electronic and optical

properties are weakly affected by small changes in torsional
3Electronic mail: jlbredas@u.arizona.edu angle52.7
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FIG. 1. Chemical structure of(a) polyfluorene;
(b)  poly(fluorene-co-benzothiadiazgje and (c¢)
poly(fluorene-co-ethylenedioxythiophene

n

The ground-state geometries of the oligomers have beetively (for instanceM =6 andN=6 in the fluorene monomer
optimized at the semiempirical Hartree—Fock Austin Modelwhile M =11 andN=10 in the FBT monomer
1 level?® this choice is justified by previous theoretical stud-
ies for phenylene-bas&tand oligoethylenedioxythiophetfe
chains. On the basis of the optimized geometries, we havg ResuULTS AND DISCUSSION
calculated the electronic structure of the oligomers using the
spectroscopic version of the semiempirical Hartree—Fock Figure 2 describes the evolution of the INDO-calculated
INDO (intermediate neglect of differential overaplamil- highest occupied molecular orbitdHOMO) and lowest un-
tonian developed by Zerner and co-work&rghe excited occupied molecular orbitdLUMO) energies as a function of
states of the oligomers have been characterized by couplintpe inverse number of monomer units in F, FBT, and FE-
the INDO hamiltonian to a single configuration interaction DOT. As is usual inr-conjugated systems, the energy of the
(SCI) scheme. The INDO/SCI method has been parametrizetfontier electronic levels evolves linearly with inverse chain
to reproduce the optical absorption spectra of organic mollength in the three systems. While similar energies are ob-
ecules, using the Mataga—Nishimoto poterfiab evaluate tained for the LUMO of the F and FEDOT oligomers, the
the two-center two-electron integrals. However, here weantroduction of BT units lowers significantly the LUMO of
have estimated the energy of the lowest triplet excited statthe longest oligofluorene chains by some 1.1 eV. The high
of the chains using the Ohno—Klopman potentfalyhich  electron affinity of FBT chains should thus ensure efficient
reduces the screening between electrons and provides a muelectron injection and low charge trapping in devices, as sug-
better agreement with experimental data. The Cl active spaagested by recent time-of-flight measuremeét3urning to
has been built by promoting a single electron from one of thehe evolution of the HOMO levels, we find that while similar
highestM occupied levels to one of the lowddtunoccupied energies are calculated in F and FBT chains, the HOMOs of
levels;M andN are chosen here to be equal to the number othe longest FEDOT chains are destabilized by about 0.45 eV
m-occupied andr-unoccupied levels in the oligomer, respec- with respect to the fluorene chains. This reduction in the

FIG. 2. INDO-calculated HOMO and LUMO energies
of F (solid lineg, FBT (dashed lines and FEDOT(dot-
ted lineg oligomers as a function of the inverse number
of monomer units.

Energy (eV)
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FIG. 3. Energies and shapes of the HOM©p) and
FBT (-1.42¢V) LUMO (bottom orbitals of fluorengF), benzothiadia-
zole (BT), and FBT, as calculated at the INDO level;
the size and color of the circles describe the amplitude
and sign of the LCAQ(linear combination of atomic
orbitalg coefficients associated with ther-atomic
E 4 orbitals.
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HOMO-LUMO gap observed when going from F to FBT and 0.27 eV for the HOMO and LUMO levels, respectiyely
and to FEDOT will impact the optical properties of the The choice of the comonomer is thus critical in defining the
chains(vide infra). shape of the frontier electronic levels and all the resulting
The results of Fig. 2 can be easily rationalized by anajproperties(such as intrachain charge mobilities fluorene-
lyzing how the nature of the frontier electronic levels of thebased alternating copolymers.
fluorene chains is affected by the incorporation of BT or  Figure 5 illustrates the evolution of the energies of the
EDOT units. In FBT, the HOMO remains delocalized alonglowest singlet and triplet excited states in F, FBT, and FE-
the conjugated backbone; the shapes of the LUMOs becomOT as a function of the inverse number of monomer units.
drastically different, being localized on the BT units in the The transition energies between the ground state and the
copolymer and delocalized in the fluorene chains. This idowest singlet excited state decays linearly with inverse
rationalized by the fact that the energy separation betweechain size in the three systems, although the slope is less
the LUMO of F and BT monomer is largel.56 e\) and  pronounced for the FBT chains. This is most likely due to the
leads to weak interactions between the two building blocksless efficient interactions between adjacent units in the co-
in contrast, the separation between the correspondingolymer, as evidenced by the localization of the LUMO
HOMO levels is smallef0.66 eV} and promotes stronger level. The lowest optical transition is mostly described as a
interactions between the two units, thus giving rise to a deHOMO to LUMO transition at the INDO/SCI levekexcept
localized HOMO level in the FBT monomédescribed as in the fluorene monomer where the lowest excited state at
the antibonding interaction between the HOMO of the indi-4.30 eV is forbidden while the second excited state at 4.36
vidual units, see Fig. )3 The strong localization of the eV, included in the plot of Fig. 5, is described by a mixing of
LUMO level in the FBT copolymer is expected to reduce several configurationsThe contribution of additional con-
significantly the intrachain mobilities for electrons. In con- figurations, however, progressively increases when the
trast, a delocalized character prevails for both the HOMGCchains elongate, as is usually observed with other conjugated
and LUMO levels when replacing BT units by EDOT units oligomers®* Linear extrapolation of the transition energies
(Fig. 4), as a result of the small energy separation betweewield at the scale of long conjugated chains transition ener-
the frontier electronic levels of the two building blocks31  gies of 2.24, 2.42, and 3.08 eV for FBT, FEDOT, and F
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chains, respectively; this is in good agreement with experiderestimations can be attributed to the fact that the chains are
mental values of 2.65 and 3.25 eV obtained for thin films ofimposed to be planar, which neglects possible torsions be-
FBT and F, respectivel}{? the redshift calculated in going tween adjacent unitéthat would lead to higher transition
from F to FEDOT is also supported by experimental absorpenergies The results point to a significant bathochromic
tion spectra obtained for statistical fluorene-based copolyshift, of about 0.84 eV, when going from F to FBT chains,
mers incorporating EDOT unitS. The small theoretical un- which is consistent with the change in color of the emitted

FIG. 5. INDO/SCI-calculated evolution, as a function
of the inverse number of monomer units, of the energies
of the lowest singlet(circles and ftriplet (triangles
states in F(solid lineg, FBT (dashed lines and
FEDOT (dotted line$ chains.
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light from blue to greerf? similarly, the introduction of the mobility, depends on their electronic coupling, i.e., on the
EDOT units reduces the energy of the lowest optical transiinterchain transfer integral***?As we have shown earliet,
tion by 0.66 eV. for holes and electrons can be estimated in good approxima-

The evolutions of the energies of the lowest triplet ex-tion as half the splitting of the HOMO and LUMO levels,
cited state as a function of inverse chain lengths are alstespectively, when considering a system made of two inter-
linear. The slopes are consistently smaller than for the correacting chainé®**Since x-ray diffraction studies indicate that
sponding singlet excited states; this originates from thepolyfluorene chains stack in a staggered way in order to ac-
strong spatial confinement of the triplet excitons whichcommodate the long saturated alkyl chains attached to the
makes them less sensitive to chain length effét®he de-  bridging carbon atom¥, we have analyzed the way the in-
scription of the triplet excited states is dominated in all casesgerchain transfer integratsof F and FBT chains are affected
by a HOMO to LUMO transition. Extrapolation to infinite by the translation of one chain with respect to the other.
chains yields triplet energies of 2.27, 1.84, and 1.44 eV for F, We describe in Fig. (&) the evolution of the HOMO and
FEDOT, and FBT chains, respectively; this is in very goodLUMO splittings in systems made of two tetramers of F
agreement with the value of 2.2—2.3 eV reported recently foehains separated by 4 A, when translating one chain along its
polyfluorene chains in solutiof?’ Interestingly, the ex- main axis up to the length of one repeat unit. We observe
change energy, defined as the difference between the engtrong oscillations in the electronic splittinggarying typi-
gies of the lowest singlet and triplet excited states, amountgally in a range between 0 and 250 meas a function of the
to 0.8 eV in the F and FBT chains and 0.6 eV in FEDOTdegree of translation; this reflects the changes in the nature of
chains, thus matching the results usually obtained for a vaghe interaction between the wave functions of the two adja-
series of conjugated polyme?s. cent chains when their relative positions are vaffetf.The

We have also analyzed the characteristics of thdrogressive diminution of the splittings calculated at the
electron—hole pairs in the lowest singlet and triplet excitedvarious maxima is simply due to the reduction in the spatial
states of F, FEDOT, and FBT chains. To do so, we havéverlap of the two chains as the translation proceeds; it is
generated from the INDO/SCI results a two-dimensional griceXpected to attenuate when dealing with long conjugated
where each point )( ,yi) represents the probabmty backbones. Interestingly, despite the fact that the Splittings,

l(x; ,y;)|? of finding the electron in ther-atomic orbital on ~ @nd hence the expected mobilities, are in general larger for
Sitexi and the hole in ther-atomic orbital on Sitg/i and vice holes than for electrons, the calculations demonstrate that the

versa; the brightest regions refer to the highestSmall shift of one chain can lead to the opposite behavior, as
probabilities®® In the F and FEDOT chains, the bright zones observed in Fig. (@& for a translation of about 1_A- Note that
are mostly concentrated along the diagonal and are attengimilar pictures prevail for FEDOT and F chains due to the
ated around the chain ends, as illustrated in Fig. 6 for thdact that their frontier electronic levels are delocalized. In
tetramer of F; this points to the fact that the electron and th&ontrast in FBT[see Fig. Tb)], while a similar evolution is
hole are always very close to one another and that this corbserved for holes, a markedly different picture is obtained
fined exciton explores mostly the central part of the oligo-for th_e e_Igctrons. In the latter case, the ele_ctronlc spllttlngs
mer. The finite width of the bright zones observed along2'® Significant only when the F and BT units of one chain
vertical lines reflects that the average separation between tf/erlap similar units of the adjacent chain; in contrast, they
electron and the hole is much smaller than the length of th&each vanishingly small values when a BT unit faeef” unit
four-ring oligomer. due to the localization of the LUMO level on the BT units.
The shape of the exciton is drastically different in the TNUS, @ staggered layout of FBT chains might be highly det-
FBT copolymer where we calculate a probability of 40% tofimental to the electron transport properties. _
find the two particles on the BT units, 46% to have one The transfer rate of an exciton between two adjacent
particle on BT and the other on F, and 14% of getting the twd-hains depends on the optical couplivg, between the ini-
particles on the fluorene moieties. This behavior is correlated@! @nd final states, according tofseer theory(note that the
to the localization of the LUMO wave function on the BT Forster mechanism is expected to dominate over the Dexter

units, leading to an excitonic wave function mostly CenteredﬂeChan'sm When_ the two excited s_t_ates !nvolved in the trans-
around the BT units, as sketched in Figh) The exciton fer are coupled with a strong transition dipole moment to the

displays similar shapes in the lowest triplet excited staté™und fstate,das IS tr;]e-case fé)r the lowest S'nﬁlet excited

though being more confined, as evidenced by a smalle?‘t"",tes,0 F_an FBT chaindn order to overcome t e severe

electron—hole separation on average in F and FEDOT and tJé;mtatlons inherent to the point-dipole model used in tradi-
o]

a probability of finding the two carriers on the BT units close ngl Fqster thepry(wmch works well pnly when the mter-i
to 70% in the FBT copolymer. chain distance is larger than the size of the interacting

The choice of the comonomer can also be critical inunits46), we have calculated here the optical couplings on the

defining the efficiency of interchain charge- and exciton-8SiS gL"j‘ﬁ‘gm'C transition densities, as described in previous

transfer processes. Polymer thin films are generally characc'—tlJOlIe '
terized by a large amount of statistical disorder and a broad 1
distribution of effective chain lengths; charge transport there Vdfm r
. . . . om n mn

is usually described by a thermally assisted hopping mecha-

nism where charges jump from chain to ch¥ifThe rate of ~ where the summations run over all sit@n] on the donor
charge hopping between two adjacent chains, and thus tHacceptot chain,r ,,, denotes the distance betwemrandn,

Sy ga(m)ga(n)
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FIG. 6. Representation of the elec-
tronic wave function of the electron—
hole pair in the lowest excited state of
four-ring  polyfluorene (a) and
poly(fluorene-co-benzothiadiazgléb)
chains. The horizontal and vertical
axes run over all the nonhydrogen at-
oms of the backbone, labeled from left
to right; in the copolymer, the labeling
is done by considering first the fluo-
rene and next the benzothiadiazole
units (the two groups are separated by
the white lines in the graphWe have
also illustrated on the chemical
sketches the chain segments explored
by the electron—hole pair.

40

30

20

10

(b) 10 20 30 40 50 60 70 80

andgq(m) [ga(n)] is the INDO/SCI-calculated atomic tran- chains, with an interchain distance ranging between 3.5 to
sition density on siten[n] calculated for the lowest optical 4.5 A, when one unit is translated along its main axis; the
transition between the ground state and the lowest excitedptical couplings typically vary in a range between 0 and 0.2
state. eV. In the case of polyfluorene chaifer FEDOT chaing

We report in Fig. 8 the evolution of the optical coupling the optical splittings, and hence the rate of energy transfer,
Vpa in systems formed by two parallel trimers of F and FBT are found to increase when the interchain distance is lowered
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4 = . ) ’ — (closed squargdevels in systems formed by two par-
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; P o mers of FBT(b), separated by 4 A, when translating
‘MW—M one chain along its main axis up to the length of one

repeat unit.
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and decrease when the degree of translation is augmentéibdes and solar ce)isan thus be strongly impeded by the
(again the latter is related to the significant reduction in spalocalization of the LUMO on the BT units in FBT chains.
tial overlap between the two chains as the translation pro-
gﬁzidnss) and is not expected to occur when considering IonR/. SYNOPSIS

In contrast, the evolution calculated for the FBT chains ~ We have discussed a detailed analysis of the electronic
is characterized by a steep decrease in the optical couplinand optical properties of F, FEDOT, and FBT oligomers. We
when the BT units of one chain start facing the F units of thehave shown that the strong localization of the LUMO level
adjacent chain, and hence leads to a minimum along than FBT leads to pronounced changes in the shape of the
course of the translation. The different evolutions can be exexcitons as well as in the efficiency of charge-transport and
plained by the different shapes of the excitons in the lowesenergy-transfer processes, in comparison to the properties
excited states of F and FBT chains, the excitonic wave funcebtained for polyfluorene chains. In contrast, the introduction
tion in FBT being mostly centered around the BT units. As isof EDOT units in a polyfluorene backbone, while shifting the
the case for charge transport, the efficiency of energy transfeamission to the green as for FBT, keeps good energy and
processedthat could be exploited for instance in photo- charge transfer properties. Quantum-chemical calculations
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