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Abstract The mechanism of charge transfer among
tris(8-hydroxyquinolinate)aluminum (Alqz) molecules in
the electron-transporting layer (ETL) under amorphous
conditions was theoretically investigated using both quan-
tum mechanical/molecular mechanical (QM/MM) calcu-
lations and molecular dynamics (MD) simulations. The rate
constant of the electron transfer was estimated for the
equilibrated structure taken from the QM/MM MD simu-
lations, based on the hopping model and Marcus theory. It
was found that the coordination of a (LiF), cluster in ETL
drastically lowers the energy of the lowest unoccupied
molecular orbital in the Alqsz molecule. The small rate
constant, namely the slow charge mobility, in ETL is
believed to be causally related to the low-lying delocalized
unoccupied molecular orbital of Alqg; coordinated by the
(LiF)4 cluster. The results suggest that their interaction has
a considerable influence on efficiency and is attributed in
part to ETL degradation in organic light-emitting diodes.
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1 Introduction

Organic light-emitting diodes (OLEDs) have recently been
used as displays in cell phones, televisions, electronic
paper, and illuminations. In these OLEDs, emission is
triggered by charge recombination of electrons and holes in
the light-emitting layer (EML). Since the first report, in
1987, by Tang et al. [1] of a thin-layered structural device,
the structures of OLEDs have been optimized for higher
efficiency. For instance, tris(8-hydroxyquinolinate)alumi-
num (Alqgs), LiF, and Al are typical constructions for the
electron-transporting layer (ETL) [2], electron-injecting
layer, and cathode [3], respectively.

The Alqg; molecule has geometrical isomers, meridional
(mer-Alq3), and facial (fac-Alqs). Curioni et al. [4] have
suggested that mer-Alqs is more stable than fac-Alqs by ca.
4 kcal/mol on the basis of their BLYP calculations using
plane-wave basis sets. Because of its thermodynamic sta-
bility, readily available mer-Alq; has been used in OLEDs
[5-9].

Alkali or alkali-earth metals possessing low work
functions are used to lower the injection barriers from
the cathode to the organic layers. LiF has several
advantages: the molecule possesses a large dipole
moment and a low electron-injection barrier against an
Al cathode, it has low Joule heating, and it inhibits the
diffusion motion of Al atoms. However, it is known that
this molecule reduces the light emission efficiency of
OLED devices [10] as a function of time. This
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phenomenon is usually explained by the penetration of
by Li ions into ETL.

In amorphous phases, the hopping model [11-13] is
considered to be appropriate for describing the electron
transfer (ET) between neighboring molecules, in which two
interacting molecules with different electronic states such
as radical anionic and neutral states are rather weakly
bound by van der Waals interactions. Using the hopping
model, Lin et al. [11] have demonstrated that ET mainly
occurs through quinoline moieties in mer-Alqs. They used
a simple energy splitting in dimer (ESID) method [14, 15]
to evaluate transfer integrals between Alq; molecules.
Since the molecular orientation of two molecules is not
taken into consideration in the ESID method, it is difficult
to estimate a reliable transfer integral in the amorphous
layer. In order to understand relative configurations in the
disordered structure of Alq; molecules, computer simula-
tions were performed, such as kinetic Monte Carlo simu-
lation [12] and quantum mechanical/molecular mechanical
(QM/MM) molecular dynamics (MD) simulation [16].
Kwiatkowski et al. [12] have also analyzed the rate con-
stants for electron and hole transfers in calculated struc-
tures and successfully reproduced the ratio of these rate
constants obtained on the basis of experimental measure-
ments for disordered Alq; systems. Yanagisawa et al. have
calculated work functions using first-principle MD simu-
lations in order to demonstrate that the energy barrier of an
electron injection is reduced by the coordination of the
Alqgz molecule on a Mg surface [17].

On the other hand, the degradation process of ETL by
the coordination of alkali metals or alkali-earth metals has
not yet been clarified. Therefore, the present paper dis-
cusses the mechanisms of ET in an Alqs; layer partially
coordinated by a (LiF), cluster. Since total energies cannot
be properly evaluated using simple classical MM force
fields, model structures in the amorphous layer are con-
structed using QM/MM MD simulation [18-20]. First,
these model structures of the Alq; molecule in the amor-
phous layer are discussed when a (LiF), cluster is coordi-
nated. Then, using Marcus theory [21, 22], the rate
constants of ET in an Alq; layer are estimated with and
without the coordination of a (LiF), cluster in the hopping
model [11-13]. The degradation mechanism of ETL is
proposed on the basis of the present results.

2 Computational methods
2.1 Model structure preparation

A number of relative configurations of Algs molecules in
the amorphous layer were generated using QM/MM MD
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simulations at room temperature. The initial configuration
in a unit cell was prepared using the Leap module of the
Amber9 package [23] to include 125 mer-Alq; molecules,
in which MM force fields of the Alg; molecule are gen-
erated by the Antechamber module. An MM MD simula-
tion was performed for 2,000 ps at a temperature of
1,000 K to generate random configurations under periodic
boundary conditions. The time step in this simulation was
taken as 1 fs. The system was gradually cooled to 300 K,
and MM MD simulation was performed for an additional
1,000 ps under the assumption of an NVT ensemble at
300 K in order to equilibrate the system. Then, MM MD
simulation under the condition of constant pressure was
carried out for 2,000 ps to prepare a model structure in the
amorphous layer at a pressure of 1 atm. The resulting
model system has a mass density of 1.42 g/cm>. This result
is in good agreement with the experimental value of
1.38-1.42 g/cm3 [24]. In addition, the diffusion constant of
the present model system is calculated to be 1.08 x 10~
m?/s on the basis of the Stokes—Einstein equation and
agrees reasonably with the experimental value of
341 x 107" m?%s [25]. Technically, this calculated
diffusion constant is slightly smaller than the experimental
value, but it was found to be improved to 3.3 x 107" m%s
in subsequent QM/MM MD simulation (see next section).

A vacuum region with a length of 30 A was added along
one of the three directions in the unit cell obtained by the
above MM simulation to employ it as a model for amor-
phous layers. In the following investigation, the direction is
taken as the z axis. For the purpose of obtaining realistic
coordination structures of LiF in the ETL, the QM/MM
MD simulation for 12 ps was achieved by approaching a
simple (LiF), cluster on the prepared amorphous layer. The
initial coordinate of the center of mass (COM) of the (LiF),
cluster was located ca. 12 A apart from the COM of the
nearest Alqz molecule. The temperature and pressure of the
system were controlled at 300 K and 1 atm, respectively,
and a time step of 1 fs was used for the QM/MM MD
simulations.

2.2 QM/MM calculation

In the QM/MM calculation, the target system was divided
into two regions, QM and MM. It was assumed that a
(LiF)4 cluster and its nearest Alqs molecule are included in
the QM region and that other Alqs molecules belong to the
MM regions in calculations of the present QM/MM MD
simulation. To evaluate environmental effects on chemical
properties, a charge-embedded approximation was applied
for QM calculations. Accordingly, the electric fields pro-
duced by classical point charges in the MM region were
included in the Hamiltonian of the QM region. The energy
of the QM/MM system, E(QM/MM), can be expressed as



Theor Chem Acc (2011) 130:439-448

441

E(QM/MM) = E(QM) + E(MM) + E(QM- - - MM),

(1)
where E(QM) and E(MM) are total energies of the QM and
MM regions, respectively, and E(QM:--MM) are the
interaction energies between QM and MM regions. When
Y is the wave function of electrons in the QM region,
E(QM) can be written as
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where r; is the distance between the i-th and j-th elec-
trons in the QM region, g, is the point charge on the
m-th atoms in the MM region, and Z, is the nuclear
charge on the a-th atom in the QM region. The first term
consists of the sum of kinetic energies of electrons,
electron—electron repulsions, electrostatic interactions
between electrons in the QM region and point charges in
the MM region, and electron—nuclear attractions. The
second term is the sum of nuclear—nuclear repulsive
interactions in the QM region. Thus, the molecular
orbital (MO) in the QM region can be polarized under
the external electric fields generated by MM charges, and
the electrostatic interactions between polarized QM and
MM regions are calculated by Eq. 2. In the present
study, the M05/6-31G(d) method was used for the QM
region using the Gaussian09 package [26]. The MO05
functional has been developed by Truhler et al. [27] in
order to improve the description of long-range
interactions.

The total energy of the MM region, E(MM), can be
expressed by classical force fields and non-bonded inter-
actions as
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The first three terms are bonding energies, where r, 0, and
¢ are bond length, bond angle, and dihedral angle,
respectively. The bond lengths and angles at the equilib-
rium structure are expressed by r.q and 0.4, respectively.
Here, K, and K are force constants, and V, 7, and k are the
energy barrier, phase shift, and periodicity of the potential
for a specific dihedral angle, respectively. The final term
shows the non-bonding interaction provided by
6—12 Lennard-Jones type of van der Waals interactions and

electrostatic potentials between point charges in the MM
regions, where A and B are van der Waals parameters, and
Fns Gm» and ¢ are the distance between the m-th and n-th
atoms, classical point charges on the m-th atom in the MM
region, and the relative dielectric constant, respectively.

The interaction energy between the QM and MM
regions is provided by the sum of the electrostatic inter-
actions between point charges in the MM region and QM
regions and the van der Waals interactions as
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No electron—electron energies are included in this equation,
since they are already included in Eq. 2.

2.3 Electron transfer rate constant

In the hopping model [11-13], the ET rate constant in the
amorphous layer of Alqz is estimated by that between
neighboring molecules. On the basis of semi-classical
Marcus theory, the ET rate constant k. can be expressed as

P 72 (AES+;L6)2 )
" h ,/74%163 4)ckgT

This equation includes the Planck constant 4, the transfer
integral f., the reorganization energy /., the Boltzmann
constant kg, and the absolute temperature 7, and the free-
energy change is AE, by ET between the two molecules.
The reorganization energy can be evaluated by

de ={E-(Qo) — E_(Q-)} +{Eo(Q-) — Eo(Q0)},  (6)

where Eo(Qop) and E_(Q,) are the total energies of Alq; and
its anionic radical, respectively, at the optimized structure
Qo of Algs. Similarly, Eo(Q_) and E_(Q_) are the total
energies at the optimized structure Q_ of the anionic rad-
ical. Accordingly, the reorganization energy corresponds to
the energy changes caused by the structural displacements
caused by ET.

The transfer integrals ¢, are computed by the procedure
proposed by Valeev et al. [14, 15]. On the basis of the tight
binding model, the Hamiltonian of the present system can
be written as

H= Zsma am+Ztm,,a a, (7)

m#n

where a and a,, are the creation and annihilation opera-
tors, respectively, and ¢, and #,, are the electron site
energy at the molecular site m and the transfer integral
between molecular sites m and n, respectively.

In the MO calculation of a dimer, the following equation
needs to be solved:
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(H — ES)C = 0. (8)

Here, H and S are the Hamiltonian and the overlap
matrices, respectively, for a dimer “AB.” These can be
decomposed into two monomers (A and B) using two sets
of orthogonalized MOs, ¢ and ¢®:

H— (eA JAB) 9)

Jap eB
and
(1 Sas
S - < SAB 1 )5 (10)
where

ex = (M), en= (6PHI4")
Iag = (p*|H|®),  Sap = (¢ | ¢°).

The elements of the partial matrices e and J are similar to
the site and transfer integrals used in Marcus theory. When
a set of MOs is optimized for a dimer, the partial orbitals
corresponding to the two monomers are non-orthogonal to
each other. Using the Lowdin symmetrical diagonalization
method, the Hamiltonian matrix can be transferred into

HE

(11)

HT = SZHS . (12)

In the ESID model [14, 15] based on Koopmans’ theorem,
ET integrals can be calculated from the energy splitting
between the two lowest unoccupied molecular orbitals
(LUMO and LUMO+1) in the dimer, AE} ymo Lumo+1:

twn = AELUMO,LUMO+1/2- (13)

It is reasonable to suppose that LUMO and LUMO+1 in
the dimer originate from the interaction between LUMOs
in its component monomers. Thus, this equation may be a
good approximation when the site energy splitting is close
to zero and only when the LUMOs in both monomers play
an important role in ET between the molecules.

3 Results and discussion

3.1 Model structure for the amorphous layer of Alqs
with a (LiF),4 cluster

Figure 1 shows the interatomic distances Rp;_o between
four Li and O atoms in the nearest Alqsz molecule along the
12 ps-QM/MM MD trajectory, where one of the three O
atoms in the Alqs molecule was chosen, since the other two
O atoms of the Alqs molecule are buried in the amorphous
layer. At the early stage of this simulation, the Li atoms of
the (LiF), cluster approach the quinoline moiety of the
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Alqg; molecule and then move to the O atom after thermal
fluctuation of 5 ps at room temperature (purple line in
Fig. 1). In the following discussion, the Alq; molecule
coordinated by the (LiF)4 cluster is denoted by Algs’ in
order to distinguish it from other Alq; molecules in the
amorphous layer. First, for the purpose of analyzing the
binding energies between Alqs and (LiF)4, two types of
coordination structure of the Algs'(LiF), were chosen from
the present QM/MM MD simulation and the interaction
energies were analyzed (Fig. 2). One is a typical structure
in the early stage of the coordination (1-4 ps), and the
other structure is typically observed after the system
reaches the equilibrated structure (>6 ps). These structures
were optimized in vacuum at the MP2/Lanl.2DZ level of
theory, and the binding energies were calculated with basis
set superposition error (BSSE) corrections. The optimized
structures are illustrated in Fig. 2, where their binding
energies are described in the caption. As mentioned pre-
viously, the coordination to an O atom (Fig. 2b) is more
favorable than that to a quinoline moiety (Fig. 2a) by
9.1 kcal/mol. Therefore, it is reasonable in the following
discussion to employ the structure of the coordination to an
O atom of Alqgsy’ at equilibrated structures. In fact, in the
present investigation, several trajectories were obtained, all
of which provide the equilibrated structures similar to that
observed in this trajectory.

The final structure in the present QM/MM MD simula-
tion was used to investigate ET mechanisms between Alqs
molecules. In comparison with the optimized structure of
an isolated Alqs molecule, the structure of Alqgy’ is distorted

Ryo /A

time / psec

Fig. 1 All interatomic distances, Ry;_o, between Li atoms and the
closest O atom in the nearest Alqz molecule during 12 ps-QM/MM
MD simulation. Each distance is drawn by the different color
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Fig. 2 Coordination structures of Alqz(LiF), molecules optimized
from the snapshot of QM/MM MD simulation in the vacuum state at
the MP2/LanL.2DZ level of theory and interatomic distances in A.
The binding energies are evaluated at the MP2/LanL2DZ level of

Pair 1

Algs

Alq,

theory with basis set superposition error corrections. a (LiF), binds to
the quinoline ring with the binding energy of 8.6 kcal/mol. b (LiF),
binds to the oxygen atom with the binding energy of 17.7 kcal/mol

Alq,

Fig. 3 Configuration of seven molecular pairs between Algs’(LiF), and surrounding Algs molecules at the 12 ps-snapshot taken from QM/MM

MD simulation

by ca. 5° in both O2-Al-O3 and O1-Al-O3 angles
(Fig. 2), and the twisted angle between the pyridine and
phenyl rings of each quinoline moiety is calculated to be
approximately 10 degrees. The number of Algq; molecules
surrounding Algs’ is found to be seven in the present
simulation from analyzing the radial distribution in the
amorphous layer. Figure 3 separately depicts seven con-
figurations of Alqgs’~Alqs molecular pairs extracted from
the final snapshot of the present simulation. Each pair is
referred to as Pair i (i = 1-7) in the following discussion.
Table 1 lists the geometrical parameters and the binding

energies evaluated by the MP2/LanL.2DZ method with
BSSE corrections. The binding energy of the most stable
pair (Pair 1) is found to be 7.4 kcal/mol, originating mainly
from the m—=n stacking interaction [28, 29] between the
quinoline moieties. The intermolecular distance (R.)
between the COMs of Algsy’ and Alqs is calculated to be
7.11 A. Although R, =7.06 A in Pair 2, the binding
energy is calculated to be 5.1 kcal/mol. It is considered that
the number of n—n stacking pairs between quinoline moi-
eties in Pair 2 is less than that in Pair 1, as shown in Fig. 3,
and thus, the total interaction energy becomes rather weak.
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Table 1 Binding energies, AEy;,q, distances between center of mass,
R., and the closest interatomic distance, ryin, between Alqs’ and Alqs
molecules

Complex AEp;na/kcal mol™! RC/A rmi,,/A
Pair 1 7.4 7.11 2.44
Pair 2 5.1 7.06 2.10
Pair 3 5.0 8.55 2.72
Pair 4 3.7 10.12 3.19
Pair 5 2.0 11.55 2.80
Pair 6 1.6 11.57 4.01
Pair 7 0.6 13.13 2.32

In the remaining pairs, R, is calculated to be larger than
8.5 A, and their binding energy is found to be less than
5.0 kcal/mol.

3.2 Theoretical analysis of electron transfer rate
constants between Alqs molecules

In order to investigate the effects of LiF coordination on
the Alqs amorphous layer, the rate constants, ET integrals,
and reorganization energies were estimated for Algs’---Alqs
and for Alqsy'(LiF)4---Alqs. In these analyses, all MO cal-
culations were carried out at the M05/6-31G(d) level of
theory.

3.3 Electron transfer rate constants between Alqs;
molecules

Table 2 summarizes the calculated properties relating to
the rate constants of ET between Alqy and Algs. To
examine the environmental effects on these properties, Pair
1, with the largest binding energy of all structures shown in
Fig. 3, is optimized in vacuum, and the corresponding
properties are also evaluated, as listed in Table 2. The
binding energy in vacuum is approximately 10 kcal/mol
more stable than that in the amorphous layer because of the
distortion energy caused by the steric effects in the amor-
phous layer.

As mentioned previously, the n—n stacking interaction,
which is mainly the result of charge-transfer interactions, is
important between Alq; molecules. Although the charge-
transfer interaction is based on the interaction between
occupied and vacant MOs in each molecular pair, the
transfer integral 7. is expected to show behavior similar to
that of the charge-transfer interaction because both types of
interaction are related to the overlap integrals between
MOs, depending on the intermolecular distances. Since the
optimized structure in vacuum favors a good n—mn stacking
interaction, it is reasonable to suppose that the transfer
integral in the isolated complex is larger than that in the
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Table 2 Reorganization energies, A, transfer integral, 7., site energy
splittings, AFE,, rate constant of the electron transfer, k., and pair of
molecular orbitals, MO(1)---MO(2), corresponding to the largest rate
constant of the electron transfer Alqgs’---Algs

Complex A/  td  AEJ ks

meV meV meV

MO(1)---MO(2)

10''  LUMO---LUMO+1
LUMO---LUMO+1
LUMO---LUMO
107 LUMO---LUMO+1
LUMO---LUMO+1
10>  LUMO---LUMO
10°  LUMO---LUMO
107! LUMO---LUMO+3
10*  LUMO---LUMO

Pair 1 406 32 76 1.08

310 41*  173* 2.53

406°  21° 0® 2.33
Pair 2 444 14 298 2.84
Pair 3 270 8 294 2.10
Pair 4 426 0.1 366 265
Pair 5 309 01 182 242
Pair 6 403 0.7 586 7.66
Pair 7 3 01 211 675

X X X X X X X X X
—
(=]
n

? In the vacuum state
" Using ESID method

amorphous layer (See Table 2). Indeed, the overlap inte-
grals for Pair 1 are 6.17 x 107> and 3.18 x 107 in vac-
uum and in the amorphous layer, respectively. Transfer
integrals are significantly reduced for the other pairs with
large intermolecular distances. However, in contrast to our
calculated transfer integral of 32 meV, Difley et al. [16]
have reported a largest transfer integral of 317 meV. A
possible reason for this discrepancy is that our model
structure is more disordered than theirs because they pre-
pared it from crystal data using an MM molecular simu-
lation technique, while ours was prepared by cooling from
the gas phase. Our value is calculated to be 274 meV for
the optimized structure in vacuum.

Although the reorganization energy A. of Pair 1 in the
model amorphous layer appears to be larger than that of the
optimized structure in vacuum by 0.1 eV, it is independent
of the binding energies, as seen in Table 2. The present
calculated values of 260-440 meV for the reorganization
energy are similar to the range of 250-500 meV reported
by Difley et al. On the other hand, the site energy splitting
AE, is affected by environmental factors. In the amorphous
layer, the quinoline moieties are distorted because of steric
hindrance by the surrounding molecules, as mentioned
previously. If two molecules are symmetrically arranged in
a dimer to give the same electronic state in each monomer,
AE, becomes zero. Therefore, AE, in the crystal can be
approximated to be zero, in contrast to that in the amor-
phous layer. The calculated values of AE, are widely dis-
tributed from 76 to 586 meV, depending on the relative
configuration of each molecular pair, where Pair 1 has the
smallest value of all the molecular pairs. The larger the
energy splitting, the smaller the rate constant, according to
Marcus theory, given by Eq. 5. Some molecular pairs show
larger values than those of 4—171 meV reported by Difley



Theor Chem Acc (2011) 130:439-448

445

Table 3 Transfer integrals, ., site energy splittings, AE,, rate con-
stants of the electron transfer, k., and overlap integrals, S, for some
pairs of molecular orbitals in each monomer for the pair 1 in
Algy'-Alqgs

Algy’ Alg; t/ AEJ/ kels™! S§x1072
meV meV

LUMO LUMO+1 32 76 1.08 x 10" 3.18

LUMO LUMO+2 25 348 2.11 x 10" 1.99

LUMO LUMO 11 33 3.26 x 10" 0.11

LUMO+1 LUMO+1 17 38 7.25 x 10" 2.54

et al., and this discrepancy is also explained by considering
that the present model structure is more disordered than
Difley et al.’s structure.

In considering the energies of MOs, it is reasonable to
suppose that LUMOs are the dominant contributors to ET in
the crystal, and thus, it is necessary to find the dominant pair
of unoccupied MOs for the ET process for each pair since the
energies and shapes of MOs vary in the amorphous layer.
Table 3 shows the dependence of transfer integrals, site
energy splittings, and rate constants of ET for various pairs of
unoccupied MOs for Pair 1. Although the rate constant of ET
between LUMOs is 3.26 x 10'° s™!, the largest rate con-
stant of 1.08 x 10'' s™' originates from the interaction
between LUMO and LUMO+1. Some unoccupied MOs in
Pair 1 are shown in Fig. 4 for the dimer and for its component
monomers, indicating that the shape of the low-lying LUMO

-1.629

(@) Algy

Alqg, (b)

Fig. 4 Shapes and orbital energy in eV of molecular orbitals
associated with the electron transfer between Alq; molecules. Values
of the isosurface are 3.37 x 107> e/bohr’ and 8.37 x 10~ e/bohr’
for the dimer and monomer, respectively. a Structure of Alqs'--Alq;

in the Algs’---Alqs, denoted by LUMO(Algs'-+-Alqs), has the
character of both LUMO(Algs’) and LUMO+1(Alqs). Thus,
it is reasonable to suppose that the rate constant in
Alqgy'--Alqs is described by the orbital interaction between
LUMO(Algs’) and LUMO+1(Alqs). It is worth noting that
ET can occur between some unoccupied MOs in each
monomer; this consists of the low-lying delocalized unoc-
cupied MO in the dimer.

3.4 Rate constants of electron transfer between Alqs
molecules with a (LiF), cluster

Table 4 summarizes calculated properties related to rate
constants of ET between Alqs'(LiF), and Alq; molecules.
The rate constant of ET for Pair 1 of Algs'(LiF)4--Alqgs
decreases compared with that of Alqs’---Alqs, which is
consistent with experimental results [10] that the coordi-
nation of LiF on the Alqg; layer causes degradation of the
ETL. However, when the ESID method is applied, the rate
constant in Alqs'(LiF)---Alqs significantly increases to
4.60 x 10" s7'. Thus, the ESID method is not applicable
for calculating the rate constant in the Alqs'(LiF)4---Alqs.
In Pair 1, the unoccupied MOs in each monomer contrib-
uting to the large rate constant of ET become LUMO+-2
and LUMO, in contrast to LUMO and LUMO+1 in
Algs’---Algs. Table 5 lists the dependences of transfer
integrals, site energy splittings, and rate constants for some
pairs of unoccupied MOs for Pair 1, used to evaluate the

(f) -1.710

.

for the pair 1. b LUMO in the Algs’---Alq; dimer. ¢ LUMO+1 in the
Algs'---Algz dimer. d LUMO in the Algs’ monomer. e LUMO+1 in
the Algs’ monomer. f LUMO in the Algs monomer. g LUMO+1 in
the Alq; monomer
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Table 4 Reorganization energies, /. transfer integrals, ., site energy
splittings, AE., rate constants of the electron transfer, k., and pair of
molecular orbitals, MO(1)---MO(2), corresponding to the largest rate
constant of the electron transfer for Alqs'(LiF)4-+-Alqs

Complex A/ to/ AEJ ks MO(1)---MO(2)
meV meV meV
Pair 1 294 9 24 923 x 10! LUMO+2---LUMO
294 4 9 225x 10" LUMO+I1--LUMO
294% 160° 0°  4.60 x 10"** LUMO---LUMO
Pair 2 408 11 301 214 x 107 LUMO--LUMO
Pair 3 426 8 522 235x10° LUMO--LUMO
Pair 4 214 2 382 126 x 10* LUMO---LUMO
Pair 5 361 04 549 1.5 LUMO---LUMO+2
Pair 6 314 4 373 230 x 10° LUMO---LUMO
Pair 7 291 04 254 255x 10° LUMO+1--LUMO

* Using ESID method

Table 5 Transfer integrals, ., site energy splittings, AE,, rate con-
stants of the electron transfer, k., and overlap integrals, S, for some
pairs of molecular orbitals in each monomer for the pair 1 in
Algs'(LiF)y-Algs

Algy'(LiF), Algs to/ AE,/ ke/s™! §x1072
meV meV
LUMO+2 LUMO 9 24 9.23 x 10" 1.05
LUMO+1 LUMO 4 9 225 x 10" 030
LUMO LUMO 5 354 729 x 10°  0.46
LUMO LUMO+1 10 439 5.92 x 10*  1.31
LUMO+1 LUMO+1 17 289 1.28 x 108 222
(a) Alg;'(LiF), Alqg, (b) -1.885

Fig. 5 Shapes and orbital energy in eV of molecular orbitals
associated with the electron transfer between Alq; and Alqs(LiF),
molecules. Values of the isosurface are 3.37 x 10 e/bohr® and
8.37 x 1072 e/bohr® for the dimer and monomer, respectively.
a Structure of Alqs'(LiF)4--Algs for the pair 1. b LUMO in the
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rate constant for the other pair of MOs. While the rate
constant of ET obtained from the interaction between
LUMO+1(Algs'(LiF);) and LUMO(Alqg3) is relatively
large (2.25 x 10" s7"), the largest rate constant can be
obtained between LUMO+2(Algs'(LiF);) and Algs(-
LUMO) in conjunction with both the large transfer integral
and the small site energy splitting.

Figure 5 illustrates some low-lying unoccupied orbitals in
the dimer and in its component monomers, Algs'(LiF), and
Alqs. A drastic change can be found in the energy and shape
of LUMO(Alqs'(LiF),), where the orbital energy of LUMO
is lowered to —1.816 eV and the electron is clearly localized
on quinoline moiety A (see Fig. 2b), far from the coordinated
(LiF),4 cluster, which is the distant quinoline moiety from the
counter Alq; molecule. Since the energy of LUMO in the
Alg; molecule is —1.407 eV, the energy separation of LU-
MOs between Algs'(LiF), and Algs molecules becomes
large by the addition of (LiF),. Considering the perturbation
method, the interaction between two MOs is inversely pro-
portional to the orbital energy separation, which means that
the interaction between LUMOs of Alqgs'(LiF), and Alqgs
molecules becomes smaller than that of the Algs'--Alqgs
because of the large orbital energy splitting. Therefore, the
main character of LUMO(AIQs'(LiF)4---Alqs) is similar to
that of LUMO(Alq3'(LiF),), and LUMO+1 and LUMO+-2
in Alqsy'(LiF)4---Alqs mainly originate from the orbital
interaction  between =~ LUMO+1(Algs/'(LiF),) and
LUMO(Alq3), as seen in Fig. 5. In the ESID method, the
transfer integral and thus the rate constant become large by

(c) -1.483

(d) -1.454

(i) -1.281

Alqs/'(LiF)4---Alqs dimer. ¢ LUMO+-1 in the Algs'(LiF),---Alqs dimer.
d LUMO+2 in the Algs' (LiF)4--Alq; dimer. e LUMO in the
Algs'(LiF); monomer. f LUMO+1 in the Alqs'(LiF); monomer.
g LUMO+2 in the Algsy'(LiF); monomer. h LUMO in the Algs
monomer. i LUMO+1 in the Alq; monomer
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coordination of (LiF), because of the large energy separation
between LUMO and LUMO+-1 in the dimer.

Although an electron appears to be localized on quinoline
moiety B (see Fig. 2b) for LUMO+2(Algs'(LiF)4) far from
the Alqs molecule, the overlap integral of 1.05 x 1073
between LUMO+2(Alq5(LiF),) and LUMO(Algy) is larger
than that between LUMO+1(Algs'(LiF)4) and LUMO(AlQs),
which is 3.0 x 107, Thus, it is believed that the transfer
integral increases between LUMO+2(Algs' (LiF);) and
LUMO(Alg;). However, since the rate constant calculated
from the orbital interaction between the pair of monomer
unoccupied MOs does not depend on the orbital energy of the
dimer, we must consider the energies of dimer orbitals and find
a pair of suitable component monomer orbitals in order to
calculate a reliable rate constant for ET. Since
LUMO(Algs'(LiF)4--Algs) is localized on quinoline moiety
A in Algs/'(LiF),, the delocalized LUMO+1(Alqs'(LiF),
---Alqs) is considered to be an important MO for ET, which
means that the rate constant for Algs'(LiF),---Algs is consid-
ered to be 2.25 x 10'° sfl, obtained from the interaction
between LUMO+1(Alqs’(LiF)4) and LUMO(Alq3) by coor-
dination of (LiF),, rather than the largest rate constant of
923 x 10'°s™"  between LUMO+2(Algy/(LiF),) and
LUMO(Algy).

On the basis of the present calculated results, we can
propose a plausible degradation mechanism describing
penetration of the Alq; amorphous layer by LiF. First,
LUMO in Alq;’ becomes a stable localized orbital by coor-
dination of the (LiF), cluster, which does not play an
important role in ET between Alqs molecules. Then,
LUMO+1 becomes an important delocalized MO for ET
with a relatively small rate constant, which may be related to
degradation in the ETL. However, this preliminary investi-
gation was performed for only those seven molecular pairs in
the single configuration obtained from QM/MM MD simu-
lations. Although our calculation could reproduce the small
rate constants of ET for Algs'(LiF),---Algs, the statistical
average of calculated properties is yet to be compared with
experimental measurements.

4 Conclusions

The mechanism of charge transfer in the ETL was analyzed
on the basis of the hopping model and Marcus theory for a
model Alqsy amorphous layer generated by QM/MM MD
simulation. A simple (LiF), cluster was coordinated on the
model amorphous layer for preliminary investigation of ET
efficiency by penetration of the ETL by an LiF molecule
from the electron-injection layer.

The QM/MM MD simulation indicates that the (LiF),
cluster favors coordinating with one of the O atoms in the
Algs’. Since seven Alqs molecules can be found

surrounding the Algs’ molecule, the molecular pair with the
largest rate constant of ET, denoted Pair 1, was selected for
detailed theoretical analysis. Pair 1 also has the most
favorable binding energy of 7.7 kcal/mol by n—n stacking
interaction. Both ET and binding energies are related to the
overlap integral between MOs, because the n—n stacking
interaction originates from the charge-transfer interaction
based on overlap integrals between occupied and vacant
MGOs, in addition to the fact that ET is related to overlap
integrals between unoccupied MOs. The largest rate con-
stant of ET without (LiF), originates from the interaction
between LUMO in the Alq; molecule and LUMO+1 in
Algs’, which is reasonable because LUMO in the
Algs'-+-Algs dimer, denoted LUMO(Alq3'---Alq3), has the
character of both LUMO+1(Algs’) and LUMO(Algs3).

The coordination of (LiF), to Alqz reduces the rate con-
stant of ET between Alqs’ and Algz molecules to ca. 20% and
drastically lowers the orbital energy of LUMO(Alqs' (LiF),).
The electron in LUMO(Alq3' (LiF)4---Algs) is localized on
the Algs’'(LiF); moiety because of the energy separation
between LUMOs in Algs'(LiF); and Algs; molecules.
Therefore, LUMO in Alqs’(LiF)4---Alg; cannot contribute to
the ET, and thus, LUMO-+1(Alqs'(LiF)4---Alqs), whose
component MOs are LUMO+1(Algs'(LiF);) and
LUMO(AIqy), is considered to be an important MO for ET.
The rate constant of ET between LUMO+1(Alqgs’ (LiF)4) and
LUMO(Alq3) is calculated to be smaller than that without
coordination of (LiF),. These results suggest that the pene-
tration of the ETL by LiF considerably reduces the efficiency
of electron transportation and is attributed in part to the
degradation of the ETL in OLEDs.
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