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Abstract

Efficient white light emission has been recently reported in an electroluminescent device where the active material is a complex made
of N,N'-bis(a-naphthyl)N,N'-diphenyl-1,1-biphenyl-4,4-diamine (NPB) and a boron—fluorine derivative of 1,6-bis(2-hydroxy-5-methyl-
phenyl)pyridine ((mdppy)BF). Here, we investigate theoretically the intermolecular charge transfer in the materials. The interfacial layer
is modeled on the basis of a simple dimer structure, for which the lowest excited states are described in the framework of a correlated
gquantum-chemical semiempirical technique. From the analysis of the calculated excited-state wavefunctions, we find that the lowest excited
state possesses significant contributions from charge-transfer excitations from the donor (NPB) to the acceptor ((mdppy)BF). The influence
of intermolecular distance and medium polarization are also explored.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction by either energy-transfer or charge-transfer (CT) processes.
In the former scheme, excitation energies can partly fun-

Considerable interest is given to organic electrolumines- nel from higher energy sites to lower energy sites through
cent devices (OLEDs) due to their potential applications a sequence of hopping processes; provided all the sites can
namely in large-area flat display technology. An advantage decay radiatively with sizeable efficiencies, light emission
of organic materials is the possibility to tune the color of can in principle cover the full visible range. In the latter
the emitted light over the entire visible ranfge-9]. Among scheme, either inter- or intramolecular charge-transfer ex-
the strategies explored to achieve color-tunable emission,cited states are generated that can subsequently decay ra-
white light-emitting devices have attracted much attention diatively at a lower energy than the localized molecular ex-
since they allow easy color selection through the use of cited state; in this case, the energy distribution of emis-
appropriate filterd10]; these devices can also be used as sive species is believed to arise from the sensitivity of the
paper-thin light sources or as backlight in liquid crystal charge-separated excited-state energy on the actual morphol-
displays. ogy and effective electric field at the interface of molecular

Several methods of producing white light from polymer blends.
or small-molecule organic devices have been demonstrated Recently, Liu et al. have demonstrated that the lumi-
[11-15] White emission in these devices can be produced nescent complex of the boron—fluorine derivative of 1,6-

bis(2-hydroxy-5-methylphenyl)pyridine ((mdppy)BF) and
R N,N'-bis(@-naphthyl)N,N'-diphenyl-1,1-biphenyl-4,4-dia-
* Corresponding author. _ mine (NPB) (sedrig. 1) yield white light emission at high

Eea'?]al'l'J :g‘r’ézzze@)szcise:‘:gt?'C;“:Cicem (é- L:Ogg')’ efficiencies when used as the active material in an OLED
: 1 Presént address: Dep;/r.tgment (.)f Cherﬁistry, School of Chemistry and structgre[16]. In solution, both mo'?cmes show strong pho-
Biochemistry, Georgia Institute of Technology, 770 State Street, Atlanta, toluminescence at about 450 nm (in the blue); therefore, the
GA 30332-0400, USA. Tel.:+1-520-626-6561; fax:-1-404-894-7452. possibility of an energy transfer mechanism can be ruled
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provides both the CT character and a significant oscillator
strength to exciplex-type states.

2. Theoretical methodology

The molecular geometries of the (mdppy)BF and NPB
isolated molecules have been optimized at the DFT level us-
ing the B3LYP functional and the 6-31G basis [gat]; they
are sketched ifrig. 1 The interface layer is modeled as a
dimer, using the following simple procedure: the intramolec-
ular geometrical parameters of the donor and acceptor moi-
eties are kept at their DFT values in the isolated molecules;
these are used to build donor—acceptor supramolecular sys-
tems assuming different initial orientations and distances be-
tween the interacting units. The total energy of the dimer is
calculated through the semiempirical Austin model 1 (AM1)
as implemented in AMPACL8]. We find the packing mode
shown inFig. 2as the most favored one. Note, however, that:
(i) other conformations are also accessible at relatively small
energy expenses; and (i) in the actual material, a number of
Fig. 1. DFT-B3LYP/6-31G-optimized molecular geometries of (mdppy)BF  different intermolecular separations and relative orientations
and NPB. of the molecules are likely present at the interface. Thus,

the dimer model used in this work should be regarded as a
out. Understanding at the microscopic level the underlying rough guess of the actual interfacial geometric arrangement.
mechanism for the white emission in this complex calls for  To investigate the dependence of the results on the choice
a detailed quantum-chemical characterization. of intermolecular geometric parameters, we have repeated

In this work, we consider a dimer structure consisting of the same calculations when systematically varying the in-
two interacting (mdppy)BF and NPB molecules to model termolecular distance. The influence of applying a static
the interface between the two materials. By means of cor- electric field was also explored; the presence of such field
related quantum-chemical calculations, we show that due tois meant to account for both the effective internal field in-
the mismatched electronic structures of the two molecules, duced by the surrounding molecules and/or the external field
charge-transfer excitations occur at energies close to those ofresent in a working OLED device. Again, the amplitude
excitations localized on the donor and acceptor molecules;of the applied electric field has to be regarded here as a
it is the mixing between these two types of excitations that tunable parameter taking into account the fact that in the

NPB

(mdppy)BF-NPB

Fig. 2. Stacking mode in the bimolecular system of (mdppy)BF and NPB, as obtained from AM1 supramolecular calculations.



Y. Fang et al./Synthetic Metals 141 (2004) 43-49 45

cited states, vide infra. In order to understand the nature of
LUMO this excitation, we have adopted the following scheme to
analyze the electron—hole wavefunction. In the single CI ap-
proach, an electron is promoted from an occupied MO to
a virtual MO; the many-body wavefunction is then a linear
combination of all the single excitations and we can express
an excited state as:

-1.15eV e

2.11eV

h+ e (1 .
-4.73 eV HOMO o) = Z Z; iy > ay) + iy — ay)) )

5.72eV i V2

where ) is the excited state(a) is the occupied (virtual)
molecular orbital indexi; — a4) represents a determinant
with an electron in MG with spin up promoted to MQ.

Fig. 3. DFT-B3LYP/6-31G HOMO and LUMO energies of isolated In the spatial representation, the excited-state wavefunction
(mdppy)BF and NPB molecules. can be projected into the electron—hole coordinate space in
the following way:

NPB (mdppy)BF

molecular blend the microscopic environment at the inter- 1 .

face is not uniform. U (xe, xh) = TZZ Zi,a((!’i(xe) Ya(xn) + @a(xe) i(xn))
On the basis of the supramolecular geometric structures, ha

the electronic excited states of the whole system were 2

studied by combining the intermediate neglect of diatomic

overlap (INDO) Hamiltoniar{19] to a single configuration  \yhere they’s are molecular orbitals.

interaction (SCI) formalism. The ClI active space has been \ve have previously applied this formulation to study

built by promoting a single electron from one of thigh-  the Iocalized and delocalized electronic excitations in

est occupied levels to one of thelowest unoccupied levels;  phenylene-based conjugated polymers; this contributed to

here, we have chosed = 50 andN = 50 given thatsucha  the emergence of a coherent picture on the origin of the

choice of active space leads to converged excitation energiesfrequency-dependent photo-current action spectra in these

The results are analyzed by means of the Zoa softj2ée materials[21]. A similar scheme has been applied by other
groups in analyzing the excited-state structure of porphyrin
and ladder-type conjugated polymé¢eZ].

3. Results and discussion To illustrate the nature of the electronic excitations, we
have generated a two-dimensional grid where the horizon-
3.1. Charge-transfer excited states tal axisx represents the coordinate of the electron and the

vertical axisy, the coordinate of the hole; each point on the

Fig. 3 shows the relative one-electron energy levels of grid then represents a possible electron—hole pair. An ex-
the isolated (mdppy)BF and NPB molecules, as obtained cited state obtained from SCI can be viewed as a linear com-
at the DFT-B3LYP/6-31G level. The energy difference be- bination of all the generated electron—hole pairs, with the
tween the HOMO levels of (mdppy)BF and NPB is 0.98 eV; brightest regions on the grid corresponding to the highest
that between the LUMO levels is 0.96 eV. This simple fron- probabilities. Having the bright spots occurring for similar
tier orbital picture suggests that a charge-transfer excita- x-y values means that the electron and hole remain close to
tion can in principle contribute to the lowest excited state, each other in the transition process. If the bright spots occur
provided intermolecular interactions are significant. In this for x andy values very different from one another, it indi-
case, we expect the lowest excited state to be dominated bycates that the electron and hole are well separated. Note that
an electron transition from the frontier molecular orbitals, each point on the grid is an instantaneous representation of
with the HOMO being essentially localized on NPB and the excited state; it does not necessarily describe the charge
the LUMO concentrated mostly on (mdppy)BF. If the inter- distribution in the excited state but rather reflects the transi-
molecular interactions are large enough that they lead to ation density distribution. In the upper panelff. 4, we de-
significant mixing between such CT excitations and local- pict the exciton wavefunction analysis results for the lowest
ized excitations on the donor and/or acceptor, this will result excited state of the complex in the geometryd. 2 This
in low-lying dipole-allowed excited states; radiative decay state has a CT character since we observe that the bright
from such states could contribute to the long-wavelength spots are found in areas with rather differgm@ndy values,
emission spectrum, a key component for a white light source. i.e., the electron and hole are well separated.

When considering various geometric structures of the In the lower panel ofFig. 4, we illustrate the INDO
dimer, we find that there usually exists a CT excited state frontier orbitals of the complex. The LUMO is centered
located at a lower energy than the localized molecular ex- on the NPB molecule, while the HOMO and HOMO-1 are
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Fig. 4. Description of the electron—hole pair distribution for the lowest excited state of the complex in the geork@dry2pivhere the average separation
between molecular planes is on the order of 3.2 A (upper panel). The INDO frontier molecular orbitals contributing to the excitation are depcted in th

lower panel.

localized on the (mdppy)BF molecule. From the INDO-SCI
calculations on the complex geometrykfy. 2, the lowest

excited state consists of 83% HOMO to LUMO transition
and 12% HOMO-1 to LUMO transition. This confirms that

plays a crucial role on the energetics of charge-separated
versus localized excitations. In the complex showhitn 2,

the two main molecular planes are nearly parallel to each
other; thus, the distance between these planes is expected to

there are dimer configurations for which a charge-transfer affect significantly the CT. Here, we have kept the same rel-

state can be the lowest excited state for the complex.

3.2. Effect of intermolecular distance

ative orientations and varied the distance between the planes
from 3 to 15 A. We define the CT probability, as the prob-
ability of having the electron in one molecule and the hole
in the other moleculep = 1, thus means that in the ex-

We now study the nature of this CT state with respect to cited state the charges are fully separated, whileofer 0,
the relative separation of the two molecules; this separationthe excitation corresponds to a localized molecular excited
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Fig. 5. Charge-transfer probability, p, as afunction of the distance between
molecular planes of (mdppy)BF and NPB.

state. Other relevant characteristics include the energy and
oscillator strength for the lowest excited state.

Fig. 5 shows that the CT probability p increases with
decreasing distance between the two molecules. Specificaly,
it is clear that as d gets smaller than 3.8 A, thereis an abrupt
increase in p, indicating a clear charge-transfer transition.
For d between 4.0 and 4.5A, the value of p is small and
decreases dowly with increasing d; thus, the lowest excited
state is mostly a localized species with dlight CT character
for d larger than 4.6 A.

Fig. 6 gives the evolution of the lowest excitation en-
ergy with respect to intermolecular distance. It is interest-
ing to note that the evolution fully correlates that in Fig. 5:
the charge-transfer state is stabilized for intermolecular dis-
tances lower than 4.5A. Fig. 7 illustrates the evolution of
the oscillator strength for the lowest excited state with re-
spect to transition energy. The localized molecular excita-
tions are stronger; however, interestingly, at short distances,
the oscillator strength of the CT state slightly increases with
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Fig. 6. Energy of the lowest singlet excited state as a function of inter-
molecular distance.
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Fig. 7. Relationship between transition energy and oscillator strength for
the lowest singlet excited state. Each point corresponds to a specific
intermolecular distance.
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decreasing transition energy. This can be rationalized in the
following way: as the distance between the interacting units
is getting shorter, the energy of the CT state is lowered,
the average electron-hol e separation becomes smaller. Thus,
such intermolecular CT states could play a role in white
emission. If in the actual materials there exists a distribu-
tion of dimers, the emission of the CT states can contribute
to the long-wavelength emission and the molecular excited
states to the short-wavelength emission.

3.3. Effect of electric field

Admittedly, the model for the complex considered here
is a crude representation of the interfacial layer. In redlity,
the surroundings play an important role, through packing,
locdl field, and polarization effects. As a very first step to-
wards modeling these effects, we have smply applied to the
complex a uniform static electric field going from NPB to
(mdppy)BF. The instantaneous electron and hole separation
distance in a CT state is expected to be significantly influ-
enced by the electric field. Fig. 8 shows the evolution of the
lowest CT state energy when the electric field increases from
0to 5 x 107 V/cm for an intermolecular distance d = 4.0A.
The CT energy decreases smoothly with field, as must be
expected. Fig. 9 illustrates the energy difference between the
first charge-transfer excited state and the lowest excited state
found at zero-field, as a function of electric field strength
for an intermolecular distance d = 4.0A. At this distance
and without electric field, the lowest excited state is mostly
a molecular exciton mixed with a small portion of CT; the
full CT state is identified by the wavefunction analysis and
is about 0.38eV above the molecular exciton state. We ob-
serve that, as the field strength increases, the CT state be-
comes lower in energy than the molecular excited state (their
difference A starts at +0.38eV, then goes down and be-
comes negative). However, beyond a field strength around
3.6 x 10’ V/cm, A starts to increase again. This expresses
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Fig. 8. Energy of the first charge-transfer excited state as a function of
electric field for d = 4A.
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Fig. 9. Evolution of the energy difference between the first charge-transfer
excited state and the lowest molecular excited state as a function of
electric field for d = 4A.
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Fig. 10. Oscillator strength of the lowest singlet excited state as a function
of electric field for d = 4A.
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the inability of the CT state to keep delocalizing as it is
confined within the bimolecular complex of our model.
Fig. 10 illustratesthat the oscillator strength for the lowest
CT excited state starts increasing with the electric field, then
peaksand decreases. Infact, asthefield strengthisincreased,
there occur an increasing number of states possessing CT
character, borrowing intensity from the lowest CT state.

4, Conclusion

To conclude, we have applied the INDO-SCI method
to a bimolecular complex system to rationalize the emis-
sion mechanism of a highly efficient white light device
ITO/NPB/(mdppy)BF/Al. Our results are consistent with the
fact that long-wavelength emission occurs due to exciplex
formation at the interfaces between (mdppy)BF and NPB
molecules.

By analyzing the instantaneous el ectron-hole distribution
in the excited-state wavefunction, we were able to identify
the CT state. We have investigated the nature of the CT
state as a function of intermolecular distance and electric
field, which serves to mimic the internal and external fields.
From frontier molecular orbital analysis, we find that usually
the HOMO mostly localizes on NPB and the LUMO on
(mdppy)BF. For an intermolecular distance lower than 4 A,
the CT stateis stabilized and can contribute to an emission at
much longer wavel ength than the molecular exciton. Effects
due to internal/external electric fields could further stabilize
the CT state and increase its oscillator strength.

It is expected that experimentally there occurs a distri-
bution of dimers or larger aggregates, which present vari-
ous separations and experience different fields. Even though
they are based on an admittedly oversimplified description
of the interfacial layers, we believe that our results shed
some useful light towards an understanding of the efficient
white emission demonstrated in [16].

Acknowledgements

The work at CAS is supported by NSF-China project
No. 90203015 and the Ministry of Science and Technol-
ogy of China “973 program” project No. 2002CB613406.
The work in Mons is partly supported by the Belgian Fed-
eral Government Office for Scientific, Technological, and
Cultural Affairs in the framework of the Inter-University
Attraction Pole program P5/03 and by the European Com-
mission “STEPLED” project. The work at Arizona/Georgia
Tech is partly supported by the National Science Foun-
dation (through the Science and Technology Program un-
der Agreement Number DMR 0120967 and through grant
CHE-0078819), the Office of Naval Research, and the IBM
Shared University Research Program. DB is a senior re-
search associate of the Belgian National Science Foundation
(FNRS).



Y. Fang et al./ Synthetic Metals 141 (2004) 43-49 49

References

[1] (8 C.W. Tang, S.A. Van Slyke, Appl. Phys. Lett. 51 (1987) 913;
(b) C.W. Tang, S.A. Van Slyde, C.H. Chen, J. Appl. Phys. 65 (1989)
3610.

[2] (a) JH. Burroughes, D.D.C. Bradley, A.R. Brown, R.N. Marks, K.
Mackay, R.H. Friend, PL. Burn, A.B. Holmes, Nature (London) 347
(1990) 539;

(b) G. Gustafsson, Y. Cao, G.M. Treacy, F. Klavetter, N. Colaneri,
A.J. Heeger, Nature (London) 352 (1992) 477,

(¢) R.H. Friend, RW. Gymer, A.B. Holmes, JH. Burroughes, R.N.
Marks, C. Tdliani, D.D.C. Bradley, D.A. dos Santos, J.L. Brédas, M.
Logdlund, W.R. Salaneck, Nature (London) 397 (1999) 121-128.

[3] Y. Liu, JH. Guo, J. Feng, H.D. Zhang, Y.Q. Li, Y. Wang, Appl.
Phys. Lett. 78 (2001) 2300.

[4] Y. Shirota, J. Mater. Chem. 10 (2000) 1.

[5] T. Noda, H. Ogawa, Y. Shirota, Adv. Mater. 11 (1999) 283.

[6] Z. Shen, PE. Bulovic, SR. Forrest, M.E. Thompson, Science 276
(1997) 2009.

[7] M.A. Bddo, D.F. O'Brien, Y. You, A. Shoustikov, S. Sibley, M.E.
Thompson, S.R. Forrest, Nature 359 (1998) 151.

[8] Y. Wang, W. Zhang, Y. Li, L. Ye, G. Yang, Chem. Mater. 11 (1999)
530.

[9] T.A. Hopkins, K. Meerholz, B. Kippelen, A.A. Padias, H.K. Hall
Jr, N. Peyghambarian, N.R. Armstrong, Chem. Mater. 8 (1996) 344.

[10] C.H. Chen, J. shi, C.W. Tang, Macromol. Symp. 125 (1997) 1.

[11] S. Tasch, E.JW. List, O. Ekstrom, W. Graupner, G. Leising, Appl.
Phys. Lett. 71 (1997) 2883.

[12] R.H. Jordan, A. Dodabaapur, M. Strukelj, T.M. Miller, Appl. Phys.

Lett. 68 (1996) 1192.

M. Granstrom, O. Inganas, Appl. Phys. Lett. 68 (1996) 147.

J. Kido, M. Kimura, K. Nagai, Science 267 (1995) 1332.

C.L. Chao, SA. Chen, Appl. Phys. Lett. 73 (1998) 426.

Y. Liu, JH. Guo, H.D. Zhang, Y. Wang, Angew. Chem. Int. Ed. 41

(2002) 182.

[17] M.J. Frisch, et a., GAUSSIAN 98, Revision A.13, Gaussian Inc.,
Pittsburgh, 2002.

[18] () AMPAC, Semichem, 7204 Mullen, Shawnee, KS 66216, 2002;
(b) M.J.S. Dewar, E.G. Zoebisch, E.F. Healy, JJ.P. Stewart, J. Am.
Chem. Soc. 107 (1995) 3702.

[19] J. Ridley, M.C. Zerner, Theor. Chim. Acta 32 (1973) 111.

[20] See http://zoa.freeservers.com.

[21] A. Kohler, D.A. dos Santos, D. Beljonne, Z. Shuai, J.L. Brédas, R.H.
Friend, S.C. Moratti, A.B. Holmes, A. Kraus, K. Mullen, Nature 392
(1998) 903.

[22] (a) J. Risdler, H. Bassler, F. Gebhard, P. Schwerdtfeger, Phys. Rev.
B 64 (2001) 045122;

(b) H.S. Cho, D.H. Jeong, S. Cho, D. Kim, Y. Matsuzaki, K.
Tanaka, A. Tsuda, A. Osuka, J. Am. Chem. Soc. 124 (2002) 14642—
14654.

[13
[14
[15
[16


http://zoa.freeservers.com

	Charge-transfer states and white emission in organic light-emitting diodes: a theoretical investigation
	Introduction
	Theoretical methodology
	Results and discussion
	Charge-transfer excited states
	Effect of intermolecular distance
	Effect of electric field

	Conclusion
	Acknowledgements
	References


