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Charge transport in organic materials is one of the most important )

b) C)

properties in the performance of organic light-emitting diode ,,J_‘*‘ A ;w:w
(OLED),! organic field effect transistérand organic solar cefl. “,.-‘_" 4 “od

For OLEDs, the location of the electretole recombination zone B ‘({"NC . S
where excitons are created and light is emitted is directly affected {f g 13'3,; ‘Lle%s: &

by the mobilities of electrons and holes in the materials. This

location and the conditions of exciton formation have a great Figure 1. (a) Structure, (b) HOMO, (c) LUMO ofnerAlg.
influence on the efficiency of OLE®High charge mobilities also

reduce resistance of devices, leading to higher efficiency. Despite x @:N @:0
the importance of charge transport, our understanding of this process
is still rudimentary? Insight into the charge transport phenomenon

in solid state could establish general guidelines in designing
materials with desirable charge transport properties. As a first step
toward this goal, we investigated the charge transport properties
of tris(8-hydroxyquinolinato)aluminum(lll), Alg, the most exten- .
sively used electron transport material in OLEDs. Alg was initially SK'
discovered by trial and error. The reason this material exhibits better X1 Qg

electron mobility than hole mobility has remained illusive. In this  Figure 2. All charge hopping pathways for a particular Alq molecule.
communication, we show that the charge-transfer integrals for . . .
electron transport can be more than 10 times over those for hole'S @n |ntramole(_:ular property |n9 nature that can be evaluated by
transport because of the presence of effective LUMO overlaps q”a“t““.“ chemistry calcula}tldﬁ. we ¢ arried oqt PFT.'BSLYP
between neighboring molecules and the absence of effective HOMOcalculatlons ormer-Alg, which is the isomer existing in OLED

10 . i : . .
overlaps. This difference predict 2 orders of magnitude higher devices; employlng a6 31. G* _baS|s set using the Gaussian 98
mobility for electron than for hole in Alg. program suite. Our calculation yieldéd(h) = 0.242 eV and, (e)

The charge mobilities in molecular organic materials can be = 0.276 eV(Supporting Information). The slightly smaller(h)

described by the band theéiyr the hopping modélin the former, would suggest that_AI_q is a better h_ole than electron trans_porter,
the conduction of charge through bands formed by the overlapping apparently contradicting the expe_rlmental observgtlén’ﬁhls
MOs between neighboring molecules is an activationless process.SLJggeStS that th? electrgnlc coupling factdy, must influence
The latter is suitable when couplings between neighboring mol- char_ge transport in a major way. .

ecules are small and conduction is an activation protEss. most since the MO of élq play a vital role in nl:?ar_ge transport, we
thin-film amorphous materials in OLED, the intermolecular interac- carried out HF/6-31G calculatlon_s anerAlg = with the experl-
tions are weak, and therefore the hopping model is appropriate. In mental geometry‘? The results (Flgure 1). show that H.OM.O IS
this model, the charge transport process can be divided into two largely localized on gand LUMO is on g with some contribution
parts: (1) an intermolecular process in which charge hops between rom G. . . . .
two molecules and (2) the macroscopic hopping pathway in which The relative positions of the two molecules in the_ hopping
the intermolecular processes are combined to form a conductingcomplexes are necessary for calculatllﬁgq for meFAlq.m an
pathway. This communication addresses the intermolecular processgmorphous film. An amorphous material can be considered as a

The rate of intermolecular electron hopping can be described by colletctlllt_)n oftn:olec_;Jr:estV\lnth relative podsmonAs S|mllatrhto that Lnd
the Marcus theory given in eq7s. crystalline state without long range order. Among the reporte

structures of Alg° only four solvent-free phast¥é?are known:

o Hda2 (AGO + /1)2 o-, f-phase, and high-temperature380°C) ¢- andy-phase. The
= ——— —exp——— Q) [p-phase is more densely packed than thphase. The UVvis
h N ATAKT 42KT and fluorescence spectra in the amorphous film are closer to that
in the8-phase than in the-phase'c Therefore, the8-phase is our
choice in simulating the relative positions of pairs of Alg. Alg in
thef-phase has a space groRf; each unit cell has two molecules
related by inversion symmetry. A charge on an Alg molecule can
hop to others related by translational symmetry in neighboring unit
cells, as shown in pathways VI in Figure 2. The charge can also
hop to other molecules related by inversion symmetry in addition
 National Tsing Hua University. to translat.ionz.al symmetries in neighboring unit cells as in pathways
* Academia Sinica. VII=XIV in Figure 2.

Ket

Here,A is reorganization energyqa is charge-transfer integral,
andAG? is the free energy difference between the deramrceptor
or the hopping partners.

The reorganization energyconsists of contributions from the
inner reorganization energy and the external polarizatioh,. 1,
may be in the range 1-01.5 eV reported for the polyacen®si;
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Table 1. Charge Transfer Integrals Hya(h) for Hole and Hga(e) for Electron
at (0.2229, — 0.1942, 0.2404) in Crystal Axis System and Its Neighbors?@

between an Alg Molecule at Unit Cell (0,0,0) with Al Coordinates

pathway I i, v V, VI Vil Vil IX X Xl Xl Xl XV
partnep (£1,00) (0£1,0) (0,0&1) (0,0,0) (1,0,0) (6-1,0) (0,01) (11,00 (0~1,1) (1,0,1) (1-1,1)
—~Al/A 8.443 10.252°  13.171  8.957 10.070  7.914 8.101 9.112 11579  7.710 11.275
contact H2.~C3, H6,~C7. H6—H7. C%-C% C3-C3 C7H6, C2—C5 C3~C3 H7.~C2 C%H6 H6,~H7,
Hah)/104eV  24.6 3.99' 0.003¢  3.40 0.408 49.4 332 313 1.50 121 159
Hade)/104eV  2.83 11.¢ 0.0037 2890 1940 2.99 20.8 83.7 0.544 30.5 0.136

a Al—Al distances and contacts in hopping complex are also gi&he unit cell where the hopping partner is locatedtoms of closest contact
between neighboring Alg molecules in each pathways; subscripts denote the particular ligand involved in theld®esatts of DC coupling calculation

We calculatedHy, employing either Koopmans Theorem in
conjunction with Hartree Fock model (HF-KT)12 or the direct
coupling schemé&*16 HF—KT results were obtained via HF/6-31

Acknowledgment. The financial support of the National Science

Council of Taiwan (Grant NSC92-2113-M-007-037, NSC92-2113-
M-001-035) and the Ministry of Education of Taiwan (Grant 89-

G*(Gaussian 98) calculations of the neutral hopping complexes. FA04-AA) is appreciated.

Energy splitting values were calculated as the energy differences
between HOMO and HOM®©1 (for hole transfer) or between
LUMO and LUMO+1 (for electron transfer) of the hopping
complex.Hga is half of the energy splitting. The HFKT scheme

Supporting Information Available: Reorganization energies of

Alg, experimental geometries of the hopping complexes in all pathways,
and the associated orbital energies of HOMOs and LUMOs. This
material is available free of charge via the Internet at http://pubs.acs.org.

sometimes fail$? as indicated by distorted HOMO or LUMO that

are no longer simple linear combination of charge-localized orbitals. References

For these cases, we report results obtained from the direct coupling
(DC) scheme.

The magnitudes dflg,'s (Table 1) are about one to several orders
of magnitude less than the value &f According to KT, good
overlap of the HOMOs and LUMOs of the two interacting partners
naturally leads to a large value fbig(h)/Hg{€). When the Al-Al
distance between hopping partners is large, there is poor overlap
of orbitals and consequently sméal), values, such as in pathways
V, VI, and XIl. From the HOMO and LUMO plots of Alq in Figure
1, one expectblg(h)(Hq€)) to be large when overlap aforbitals
on the g(g, and @) of hopping partners is good.

Examination of the geometries of the hopping pairs (Supporting
Information) reveals that there are two types of molecular contacts
among all pathways: (i) the two g planes are parallel to each other
(pathways VII, VIII, X, XI, and XIV) and (ii) the two q planes
deviate significantly from being parallel (all other pathways). One
can easily envisage that the parallel configurations may yield larger
overlap than the nonparallel types. Indeed, the paralia i
pathways VII and VIII lead to the two largests(e). However,
parallelism between the contacting g planes does not guarantee large
Hga because overlap in part of g may have a sign opposite to that
of the other part leading to cancellation. When there is significant
cancellation, we get a poor overlap and consequently draglhs
in the situations oHg4(€) in pathway X andHg(h) in pathway XI.
Haa(h) in pathway XIV is the largest among &y (h)’s. But it is
smaller by 1 order of magnitude that(e) in VIl and VIII because
of the longer distances between the twaiggs. According to eq
1, maximalke; for electron transfer controlled hiylg(e)’'s will be
2 orders of magnitude larger than that for hole transfer controlled
by Hao(h), because of the square dependencegnConsequently,
electron mobility is predicted to be 2 orders of magnitude larger
than that for hole, consistent with experimental observafibii¢ork
in constructing macroscopic charge transfer pathways is currently
undertaking.

In conclusion, we have shown that the charge-transfer integral
Hga is the most crucial parameter affecting the charge transport
properties of Alg. The distances and relative orientations of Algs
in 14 intermolecular hopping complexes are such that there are
some complexes with effective overlap for LUMO but none for
HOMO. Consequently, somHg,e)’s are more than 1 order of
magnitude larger than ayg4(h). This explains why Alq is a better
electron transporter than hole transporter.
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