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The absorption and emission spectra of 1,6-bis(2-hydroxyphenol)pyridylboronrbimf@Aphenyl)phenyl-
eneamine were systematically calculated by time-dependent density functional theory (TD-DFT) level. These
results are in good agreement with experiment ones. The charge transport properties were investigated within
the framework of the charge hopping model. The results show that 1,6-bis(2-hydroxyphenyl)pyridineboron
((dppy)BF) functions as a electron transport group and triphenylamine as a hole transport group; the charge
transport ability for the two types of carriers is not only high but also nearly balanced, which explains why

it is an efficient single-layer electroluminescent device. On the basis of the large second-order polarizability
value and high transparency, this compound has the possibility to be an excellent second-order nonlinear
optical material. The main origin of this large second-order nonlinear optical response is charge transfer from
the triphenylamine group to (dppy)BF.

1. Introduction is a key point for providing guideline for device design, and a
o o ) ) great theoretical research effort is currently being made in this

Organic light-emitting diodes (OLEDs) are of interest for regards
displays because they show promise for low cost, they are large  An OLED has an organic electroluminescence (EL) medium
area devices, and they are compatible with low processing consisting of extremely thin layers<Q.2 um in combined
temperatures and flexible substrates. As a consequence, thergnickness) sandwiched by two electrodes. In a basic three-layer
have been ianeaSing interest and research activities in this fleld,OLED structure, one organic |ayer is Speciﬁca”y chosen to
and enormous progress has been made in the improvements ofransport holes, one organic layer is specifically chosen to
color range, luminance efficiency, and device reliabititfhe transport electrons and the other organic layer is chosen to light.
continued emergence for these applications will mainly depend However, fabrication of multilayer devices is often tedious,
on performance enhancement in such materials. The efficiencydifficult and more expensive than single-layer devices. In view
of OLEDs is determined by charge injection and transport, of this, fabrication of single-layer device is a challenge of the
charge carrier balance, radiative decay of excitons, and light next generation of high-performance OLEDs. In this device,
extraction. However, charge transport in organic materials is the molecule acts as both efficient emitters and charge transport
one of the most important properties in the performance of materials. Our group has fabricated a efficient single-layer
OLEDs? organic field effect transistofsand organic solar  device by using the 1,6-bis(2-hydroxyphenol)pyridylboron bis-
cells? For OLEDs, the location of the electremole recombi- (4-n-butyl-phenyl)phenyleneamine ((dppy)BTPA) compotind.
nation zone where excitons are created and light is emitted is The reason this material exhibits high efficiency has remained
directly affected by the mobilities of electrons and holes in the illusive. Furthermore, a fundamental understanding of charge
materials> An unbalanced charge transport results in an excesstransport in organic molecules for potential applications as
of one carrier type that does not contribute to light emission, electronic device elements is very significant. In this paper, our
and it can also result in an enhanced nonradiative recombinationgoal is to shed light, with the help of quantum-chemical
because of interactions of excitons with the charge carriers. calculations, on photophysical properities of compound (dppy)-
Moreover, charge transport is one of the main limiting factors BTPA compound and elucidate why it is an efficient single-
in determining operating voltage and luminance efficiency. High layer electroluminescent device.
charge mobilities also reduce the resistance of the devices, ) )
leading to higher efficiency. Therefore, both efficiency and 2- Method and Computational Details
balance of charge transport within the organic layer(s) play a  All calculations are performed at the density functional theory
key role for the OLEDs. Understanding the relationship between level with the B3LYP functional, involving the gradient
molecular structure and charge transport properties of a materialcorrection of the exchange functional by Betkand the
correction functional by Lee, Yang and P&remploying a
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Figure 1. Molecular structure and the frontier molecular orbital of compound (dppy)BTPA.
first singlet excited-state ¢pstructures, based on the ground- 12 e Abs
state (9) structures. The absorption and emission energies were 1.0h —PL
systematically investigated by time-dependent density functional ‘\ A
theory (TD-DFT). Since the frontier molecular orbitals play a 3 o8t [ 4
vital role in the process of charge transport, a sketch of the s Vo
highest occupied molecular orbital (HOMO) and lowest unoc- %’ 0.6 ‘: {
cupied molecular orbital (LUMO) is shown in Figure 1. The 8 -\/
HOMO is mainly localized on triphenylamine and the LUMO £ 04
|lel())callzed on 1,6-bis(2-hydroxyphenyl)pyridineboron ((dppy)- 02t
There are two widely used theories for describing the charge 0.0
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Figure 2. Absorption and emission spectrum measured in chloroform.

mobilities in organic material, namely the band théérgnd
hopping model3 The hopping model is suitable to our case,
because the intermolecular interactions are weak for the most
thin-film amorphous materials in OLEDs. In this case, the charge TABLE 1: Absorption and Emission Energy (nm),
transport mechanism can be described as involving a self- Oscillators Strengths, Major Contribution, and Experimental
exchange electron transfer from a charged oligomer to an Data

adjacent neutral oligomer. According to the semiclassical experiment  theory f major contribution

electron-transfer theor the electron-transfer ratkgr, can be absorption 304 312 02769 HOMS LUMO+4

described to a good approximation as absorption 375 384 0.0015 HOMO LUMO
emission 550 576 0.0325 HOMES LUMO

2
ke = ﬂ;ﬁ exd — L (1) TABLE 2: Transfer Integral t(h) for Hole and t(e) for
h [477ksT 4kgT Electron of the Studied Molecule in Each Pathway
pathway | Il 1} \ \Y \! Vil VI

where/ is the reorganization energyis the transfer integral,  t(hy/10%ev 17.7 62.6 844.9 13.6 183.7 289.8 178.3 24.7
T is the temperature, aridandkg are the Planck and Boltamann  t(e)/10%eV 12.3 295.3 504.8 537.4 268.1 1129 24.5 213.6
constants. The intermolecular transfer integraharacterizes

the strength of electronic coupling between the two oligomers
the reorganization energycorresponds to the sum of geometry

relaxation energies upon going from the neutral-state geo.met,ryMoreover, Han et a5 and our grou# have proved that the
to the charged-state geometry and vice versa. The reorganizationry_peT method provides the most reliable results for the

energy 1S the furr]n of tvlvo elnergect;cr:erms: the_lnn_er reorgamze:(— absorption and emission transition energies, compared with CIS
tion energy of the molecule and the reorganization energy of 5q zemer's intermediate neglect of differential overlap (ZIN-

surrounding medium. In this case, the'latter contribution can DO) methods. In Table 2, we summarize the absorption energies,
be neglected, so that the structural differences between theemission energy, oscillator strength, and major contribution for

_eql_JiIibrium configurations of[-_conjugated units in neutral ‘de the studied compound, as compared to experimental data. This
ionic states become the dominant offeEhere are two major result shows an intense absorption band at 312 nm and a

para.m_eters gppearing ineq 1 that dgtermine the eIeCtron'm’m":’fanoderately intense absorption band at 384 nm. This indicates
rate: ('.) the' |Qtermolecular _trar_lsfer |ntegta|/v_h|ch should be that the B3LYP excitation energies and oscillator strength are
maximized; (i) t.h? reorganization energywhich needs to be in good agreement with the experimental ones. The main
small for the efficient transport. contribution of the corresponding maximal absorption corre-
sponds to the promotion of one electron from HOMO to
LUMO-+4. A crucial feature is that the HOMO are localized

3.1. Electronic Spectrum. The optical properties of the  mainly on triphenylamine and LUMO on the compound (dppy)-
compound (dppy)BTPA was examined both by absorption and BF. Based on the structure obtained from the CIS method,
emission spectroscopy at room temperature. This compoundemission spectrum is calculated by TDDFT method. Theoretical
exhibits an intense absorption band at 304 nm and a moderatelyalue (576 nm) is agreement to the experimental one (550 nm).
intense absorption band at 375 nm measured in chloroform. This emission corresponds to the promotion of one electron from
Upon irradiation by UV light fexx = 365 nm), compound  HOMO to LUMO (Figure 4). The absorption and emission
(dppy)BTPA exhibits bright yellow emission in chloroform, the properties mainly were determined by charge transfer between
emission maximum is at 550 nm (Figure 2). triphenylamine group and (dppy)BF.

~ Time-dependent density functional theory (TDDFT) has
' emerged as the currently most applied method for molecular
computations due to its balance between accuracy and efficiency.

3. Results and Discussion
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Figure 3. Molecular orbitals involved into the main absorption
transition.
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Figure 4. Molecular orbitals involved into the emission transition.
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Figure 5. Sketch map of reorganization energy for compound (dppy)-
BTPA.

3.2. Charge Transport. The internal reorganization energies
for hole and electron transfer calculated by the DFT B3LYP/

Yang et al.

amine. This indicates that compound (dppy)BF is functioned
as a electron transport group and triphenylamine as a hole
transport group. In our previous work, the (dppy)BF complex
is a emitter material and has a superior electron moHilitthe
triphenylamine group is known to be a superior hole mobifity.
This implies that the functions of both (dppy)BF and triphenyl-
amine do not alter in the (dppy)BTPA. And this is also in
accordance with the frontier molecular orbitals (Figure 1). This
indicates that (dppy)BTPA would act as both charge transport
and emitters material. As a whole, the average bond length
modifications upon oxidation (0.005) are much smaller than that
upon reduction (0.014). The larger reorganization energy of the
anion is rationalized by the fact that the geometry modifications
upon reduction are more pronounced than upon oxidation. This
indicates that the larger reorganization energy results from the
larger bond length modifications.

The relative positions of the two molecules in the hopping
complexes are necessary for calculating transfer integral for our
studied compound in an amorphous film. An amorphous
material can be considered as a collection of molecules with
relative positions similar to that in crystalline state without long
range order. A charge on a [(dppy)BTPA] can hop to others
related by translational symmetry in neighboring unit cells. The
charge can also hop to other molecules related by inversion
symmetry in addition to translational symmetries in neighboring
unit cells. The hopping pathways are shown in Figure 6. The
direct coupling scheme HRKT!® was employed to calculate
the transfer integral. Energy splitting values were calculated as
the energy differences between HOMO and HOMO-1 (for hole
transfer) or between LUMO and LUMEL (for electron
transfer) of the hopping compleiis half of the energy splitting.
According to KT, a large value faih)/t(e) results from good
overlap of the HOMOs and LUMOs of the two interacting
partners. The transfer integral of | is 1 order of magnitude
smaller than that of Ill, V, and VI because of longer distance
between the two molecules. Among the eight pathways, there
are four oligomers with effective overlap for LUMO and four
oligomers with effective overlap for HOMO. The statistical
average value for transfer integtée) is 246.1/10% eV, while
for transfer integrat(h) is 203.0/10* eV. This indicates that
there exits effective overlap for both HOMO and LUMO. The
average value of transfer integté) is slightly larger than that
of transfer integrat(h). This feature does not like the Alq that
transfer integralt(e) is larger by 1 order of magnitude than
transfer integrat(h).®> According to the eq 1, we can find that
the two carrier mobilities are almost equivalent.

3.3. The Second-Order Polarizability.On the basis of the

6-31G* method. Our calculations of the reorganization energy
associated with different geometries of these two states are base#esult of our calculation, this compound should have larger
on the hopping model schematically illustrated in Figure 5. The intramolecular charge transfer under the external electronic field.
energy of optimized neutral compound (dppy)BTPA was used Moreover, in view of the energy of the UWis spectrum, the
as reference and was set to zero, the others with respect to thisompound satisfies high transparency in the visible light area
reference are also listed. The reorganization energy computedaccording to Gomper’s researé¢hThis transparency is worthy

for holei(h) is 0.20 eV, while for electroa(e) is 0.40 eV. The
value of A(h) is smaller than that of TPD which is a typical
hole transport materidfd The value ofi(e) is slightly larger
than that of Alg which is a typical electron transport matetial.

of remarks in considering practical applications. We anticipate
that this compound offers some interesting new opportunities
to second-order nonlinear optical materials. The second-order
polarizabilty was calculated by using time-dependent density-

This indicates that the compound (dppy)BTPA could be a good functional theory (TDDFT) combined with the sum-over-states
carrier transport material from the standpoint of reorganization (SOS) method (TDDFT-SOS). First, 100 excited states were
energy. The slightly smallei(h) would suggest that the carrier  calculated using TDB3LYP model. Then those physical values
mobilities of the hole are larger than that of the electron. The were then taken as input of the sum-over-states (SOS) formula
bond length modifications on going from neutral to negatively to calculate the second-order polarizability. Our group has used
charged compound are mainly localized on the compound this method to investigate the NLO properties of a series of
(dppy)BF. While those modifications on going from neutral to compound$! Specific calculating information can be seen in
positively charged compound are mainly localized on triphenyl- the literature?l2¢ Although 27 components of thg can be
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Figure 6. All charge hopping pathways for studied molecule.

computed, only the vector component along the dipole moment charge-transfer transition has been established. For the static
direction is sampled experimentally in electric field induced case, the following expression is employed to estinfate
second-harmonic generation (EFISH) experiments. Thug,the

is defined a¥® Auf
PerO—7 (3)
3 wp Egm
4 lu whereAu is the change of dipole moment between the ground
1 and mth excited statefygn is the oscillator strength of the
=B 4= 4B 4B 2 transition from the ground state (g) to tinth excited state (m)
Bi= P 3Z By + By + By) &) and Egm is transition energy. Thus, the second-order polariz-

1]

ability caused by charge transfeicr is proportional to the
The calculateB evalue is 58.1x 10730 esu, which is about  optical intensity and inversely proportional to the cube of
400 times larger than the average second-order polarizability transition energy. The calculated value is 330730 esu by
of the organic urea molecdfeand 12 times larger than that using the two-level model. The contribution of the value
measured for highlyr-delocalized phenyliminomethylferrocene  calculated from the two-level model to the value obtained from
complex?® This indicates that the compound has excellent summation over 100 states is about 54%, which has similar trend
second-order nonlinear optical response. compared to the literatuf®.2* This indicates that two-level
From the complex SOS expression, the two-level model that model can be applied to our studied compound and explain the
linked between second-order polarizability and a low-lying mechanism of the charge transfer. As a result, a ldggenith
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a lowerEgm will lead to a larger the second-order polarizability.
From Table 1 and Figure 2, we can know that charge transfer
from triphenylamine group to (dppy)BF plays a key role in the
second-order nonlinear optical response.

4, Conclusion

The equilibrium geometries of natural, anionic, and cationic
states were optimized by means of the B3LYP method at the
6-31G* basis sets in this paper. The molecular structure of the
first singlet excited state (the emission state) was optimized with

the CIS method. The absorption and emission energies have,

been calculated with the TDDFT method at the optimized

Yang et al.

(6) For example: (a) Gruhn, N. E.; da Silva Filho, D. A;; Bill, T. G;
Malagoli, M.; Coropceanu, V.; Kahn, A.; Bredas, J.1..Am. Chem. Soc.
2002 124, 7918. (b) Lemaur, V.; da Silva Filho, D. A.; Coropceanu, V.;
Lehmann, M.; Geerts, Y.; Piris, J.; Debije, M. G.; van de Craats, A. M.;
Senthilkumar, K.; Siebbeles, L. D. A.; Warman, J. M.; Bredas, J. L.; Cornil,
J.J. Am. Chem. So2004 126, 3271. (c) Kwon, O.; Coropceanu, V.; Gruhn,
N. E.; Durivage, J. C.; Cornil, J.; Bredas, J.1.Chem. Phys2004 120,
8186. (d) Sancho-GdmiJ. C.; Horowitz, G.; Bredas, J. L.; Cornil, J.
Chem. Phys2003 119, 12563. (e) Sakanoue, K.; Motoda, M.; Sugimoto,
M.; Sakaki, S.J. Phys. Chem. A1999 103 5551. (f) Berlin, Yu. A,
Hutchison, G. R.; Rempala, P.; Ratner, M. A.; MichlJJPhys. Chem. A.
2003 107, 3970. (g) Hutchison, G. R.; Ratner, M. A.; Marks, TJJAm.
Chem. Soc2005 127, 16866.

(7) Zhang, H. Y.; Huo, C.; Zhang, J. Y.; Zhang, P.; Tian, W. J.; Wang.
Chem. Commur006 281.
(8) Becke, A. D.Phys. Re. A. 1988 38, 3098. (b) Becke, A. DJ.

geometries. The fact that the calculated energies are in goodChem. Phys1993 98, 1372.

agreement with the experimental ones provides support for the

utility of the optimized geometries. The orbital pattern suggests

(9) Lee, C.; Yang, W.; Parr, R. ®hys. Re. B 1998 37, 785.
(10) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb,
M. A.; Cheeseman, J. R.; Montgomery, J. A., Jr.; Vreven, T.; Kudin, K.

that the absorption and emission transition can be attributed toN.; Burant, J. C.; Millam, J. M.; lyengar, S. S.; Tomasi, J.; Barone, V.;

charge transfer between triphenylamine group and (dppy)BF.
The carrier mobilities of hole are larger than that of electron
from the standpoint of reorganization energy, while two carrier
mobilities are almost equal from the standpoint of the transfer
integral. The transfer integral is the most crucial parameter
affecting the charge transport properties, becausekghas
proportional to the square of transfer integral according to eq
1. Therefore, the charge transport ability for the two types of
carriers is nearly balanced. This explains why it is an efficient
single-layer electroluminescent device. The (dppy)BF is func-

Mennucci, B.; Cossi, M.; Scalmani, G.; Rega, N.; Petersson, G. A,
Nakatsuji, H.; Hada, M.; Ehara, M.; Toyota, K.; Fukuda, R.; Hasegawa, J.;
Ishida, M.; Nakajima, T.; Honda, Y.; Kitao, O.; Nakai, H.; Klene, M.; Li,
X.; Knox, J. E.; Hratchian, H. P.; Cross, J. B.; Adamo, C.; Jaramillo, J.;
Gomperts, R.; Stratmann, R. E.; Yazyev, O.; Austin, A. J.; Cammi, R;
Pomelli, C.; Ochterski, J. W.; Ayala, P. Y.; Morokuma, K.; Voth, G. A;;
Salvador, P.; Dannenberg, J. J.; Zakrzewski, V. G.; Dapprich, S.; Daniels,
A. D.; Strain, M. C.; Farkas, O.; Malick, D. K.; Rabuck, A. D.;
Raghavachari, K.; Foresman, J. B.; Ortiz, J. V.; Cui, Q.; Baboul, A. G.;
Clifford, S.; Cioslowski, J.; Stefanov, B. B.; Liu, G.; Liashenko, A.; Piskorz,
P.; Komaromi, I.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham, M. A;;
Peng, C. Y.; Nanayakkara, A.; Challacombe, M.; Gill, P. M. W.; Johnson,
B.; Chen, W.; Wong, M. W.; Gonzalez, C.; Pople, J. A. Gaussian 03,

tioned as a electron transport group and triphenylamine as aRevision C.02. Gaussian, Inc.. Pittsburgh, PA, 2003.

hole transport group. Thus, combining the excellent hole and
electron transport group into one molecule may become an
excellent single-layer device in the electroluminescence field.

Further studies on these properties are in progress in our group

In view of the merit of large second-order polarizabilty and

(11) Foresman, J. B.; Head-Gordon, M.; Pople, J. A.; Frisch, M. J.
Phys. Chem1992 96, 135.

(12) (a) Bredas, J. L.; Calbert, J. P.; da Silva Filho, D. A.; Cornil, J.
Proc. Natl. Acad. Sci. U.S.R002 99, 5804. (b) Cheng, Y. C.; Silbey, R.
J.; da Silva Filho, D. A.; Calbert, J. P.; Cormil, J.; Bredas, JChem.
Phys.2003 118 3764.

(13) (a) Nelsen, S. F.; Trieber, D. A., II.; Ismagilov, R. F.; Teki,X.

high transparency, this compound can become an excellent kindAm. Chem. So001, 123 5684. (b) Nelsen, S. F.; Blomgren, ¥.Org.

of material in the second-order nonlinear optical field. The

analysis shows that the charge transfer from triphenylamine
group to (dppy)BF makes dominant contributions to the second-
order nonlinear optical response.
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