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ABSTRACT: Molecular orientation anisotropy of the emitter
molecules used in organic light emitting diodes (OLEDs) can

gve rise to an enhanced light outcoupling efficiency, when their
ansition dipole moments are oriented preferentially parallel to
the substrate, and to a modified internal quantum efficiency,
when their static dipole moments give rise to a locally modified

internal electric field. Here, the orientation anisotropy of state
of the art phosphorescent dye molecules is investigated using a

simulation approach which mimics the physical vapor

deposition process of amorphous thin films. The simulations

reveal for all studied systems significant orientation anisotropy.
Various types are found, inch;%.ing a preference of the static
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dipole moments to a certain direction or axis. However, only few systems show an improved outcoupling efficiency. The
outcoupling efficiency predicted by the simulations agrees with experimentally reported values. The simulations reveal in some
cases a significant effect of the host molecules, and suggest that the driving force of molecular orientation lies in the molecule
spedific van der Waals interactions of the dye molecule within the thin film surface. The electrostatic dipole—dipole interaction

slightly reduces the anisotropy. These findings can be used for the future design of improved dye molecules.

1. INTRODUCTION

In 2011, Schmidt et al." showed that an anisotropy can exist in
the orientation distribution of phosphorescent dye molecules in
organic light emitting diodes manufactured by vapor deposi

tion. The orientation anisotropy of certain emitters leads to a
preferential orientation of the molecular transition dipole
moment vectors (TDVs) parallel to the thin film plane.”” "
The optical power is emitted mainly in directions perpendicular
to the transition dipole moment, making an in plane
orientation of the TDV favorable for obtaining a high light

outcoupling efficiency. The TDV orientation anisotropy is
usually quantified in terms of an orientation descriptor ® which

is defined as the average of the square of the cosine of the angle
between the TDV and the growth direction. For a system with

only horizontal or vertical dipoles, ® would be the fraction of
vertical dipoles. The value of © is '/; for a completely isotropic
orientation distribution and smaller than '/; in the case of
preferential in plane orientation. While there have been several
experimental reports of an orientation induced variation of the
outcoupling efficiency,””'""'> the microscopic origin and the
drivingpforge of theczvr,lolecular orientation Ia:nisotrgg:;ly are still
unclear, which prevents a systematic design of more efficient
dye materials. Furthermore, developing improved understand
ing of the orientation anisotropy is also important when the
emitter molecules have a large static dipole moment. Static

dipole orientation can lead to a significant modification of the
internal electrostatic field, as is known from the observation of a
giant surface potential (GSP) effect,'*"” which influences the
transport and density distribution of electrons and holes in the
thin film, and hence the internal quantum efficiency.

Here we present an atomistic simulation approach for
calculating the anisotropic dye orientation distribution in mixed
host—guest systems as used in the emissive layers of OLED:s.
We demonstrate its predictive power by reproducing the
experimentally measured © values of three iridium complexes
embedded in 4,4’ bis(N carbazolyl) 1,1’ biphenyl (CBP), dis
cussed by Jurow et al.” A microscopic analysis of the various
intermolecular interactions affecting the molecular orientation
indicates that the main driving force is the van der Waals
interaction between the molecules at the surface. The
electrostatic dipole—dipole interaction is found to slightly
reduce the anisotropy. We include in our study eight iridium
based emitter molecules, with a wide range of static dipole
moments, embedded in three different host materials including
the polar material diphenyl 4 triphenylsilylphenyl phosphine
oxide (TSPOL1). First, the overall static dipole orientation



distribution and the short range correlations between the static
dipole moment orientations are analyzed. Subsequently, we
calculate for all emitter molecules in the transition dipole
moment axis direction using time dependent density functional

theory (TDDFT), and analyze the effect of the orientation
anisotropy found on the © values of all systems studied.

2. VAPOR DEPOSITION SIMULATION

To simulate the physical vapor deposition process on an
atomistic level, we use a Monte Carlo based simulated
annealing (SA) protocol which sequentially deposits molecules

on an amorphous film."® During the deposition of each
molecule, the simulation temperature undergoes 10 SA cycles

from artificially high temperatures (4000 Kz to room
temperature (330 15 The molecular energies (E,’s) are

evaluated using a force field which incorporates the Lennard
Jones interaction energy (ELJ) describing van der Waals
attraction and the Pauli repulsion, the electrostatic interaction

E, i), and, to model molecular flexibility, the intra
r(norég'ﬁﬁ?c % edral potential energy (Egpedra): »

Eiya = Epj + Eqectrostatic + Edinedral (1)

The intramolecular degrees of freedom are expressed in terms
of dihedral rotations which are parametrized for each type of
molecule using semiempirical PM7 calculations.'””” The
ground state geometries as well as the electrostatic potential
fitted partial charges (ESP charges) for the electrostatic force
field are calculated using density functional theory (DFT)
calculation on a def2 SV(P)/B3 LYP/DFT D3 level of
theory.”' ™" The final states of the sequential SA cycles are
accepted or rejected according to the Metropolis Monte Carlo
criterion.

3. TRANSITION DIPOLE MOMENT
ORIENTATION—COMPARISON WITH EXPERIMENT

Using the protocol introduced above, we have generated
amorphous morphologies of eight mixed host—guest systems.
Before presenting a systemic discussion of all simulation results,
we first focus, for comparison with experiments performed by
Jurow et al,” on the transition dipole moment orientation as
obtained for the iridium compounds shown in Figure 1,
embedded in a matrix of CBP. As in the experiments, we used
guest concentrations of 10 and 20 mol %. For each host—guest
combination and guest concentration, we generated four
morphologies with 850 molecules each, resulting in 6800
molecules per host—guest combination. To calculate ©, we
determined the orientation of the TDVs of all emitter
molecules in the amorphous films. For that purpose, we used
the transition dipole direction assumed by Jurow et al., where
the direction of the TDV axis is in the benzopyranopyridinone
(bppo) ligand plane between the Ir—N and the Ir—C bond with
an angle to the Ir—N bond of 20°. The simulated and
experimental © values, which are both included in Figure 1,
show a fair agreement. We will later reanalyze these results on
the basis of a more in depth analysis of the intramolecular TDV
direction and its influence on ©.

4. ORIENTATION MECHANISM—STATIC DIPOLE
MOMENT ORIENTATION DISTRIBUTION

This fair agreement between the vapor deposition simulation
and experimental results motivated us to further study a variety
of state of the art host—guest systems, to understand and
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Figure 1. Molecular structure of the iridium emitters Ir(bppo),(acac),
Ir(bppo).(ppy), and Ir(bppo)(ppy)» and experimental and simulated
values of the parameter ® which characterizes the average orientation
of the transition dipole moment with respect to the film normal,
averaged in films with a 10% and 20% dye concentration. Here bppo,
acac, and ppy are benzopyranopyridinone, acetylacetonate, and 2
phenylpyridinate, respectively. The experimental data were taken from
Jurow et al.”

potentially control the orientation of the dye molecules in the
film. We will first focus on the dependence of the static dipole
moment orientation distribution on the film composition. As
no covalent bonds are created or broken during deposition, we
analyze the orientation anisotropy in terms of the two
noncovalent contributions, ie., dispersion interactions modeled
by the van der Waals potential and electrostatic interactions.
Table 1 gives an overview of all host—guest combinations
studied and the guest concentrations employed. Our study

Table 1. Host—Guest Combinations Included in This Study,
Concentrations Used for the Generation of Atomistic
Morphologies, and Ensemble Averaged Value of the z
Component of the Static Dipole Moment of the Emitter
Molecules

guest mean guest static dipole
concentration, orientation,
host guest ¢ [mol %] {0) = (cos 6.)
CBP Ir(bppo),(acac) 20 0.339
CBP Ir(bppo),(ppy) 20 0210
CBP Ir(bppo) (ppy), 20 0.040
TSPO1 fac-Ir(pmp), 15 0.034
TCTA fac-Ir(pmp); 15 0.112
TSPO1 mer-Ir(pmp), 15 0.035
TCTA fac-Ir(ppy)s 6 0.146
TCTA Ir(ppy),(acac) 6 0333
Ir(dpbic), 0.105

“(cos ,), with 0, the angle of the static dipole moment with respect to
the perpendicular (out of the film, positive z) direction.

includes the blue emitters fac and mer tris(N phenyl, n methyl
pyridoimidazol 2 yl)iridium(III) [fac Ir(pmp); and mer Ir
(pmp);),° the widely used green emitter tris[2 phenyl
pyridinato C%NJiridium(III) [Ir(ppy);],”* and the yellowish
green emitter Ir(ppy),(acac). As host materials, TSPO1 and
tris(4 carbazoyl 9 ylphenyl)amine (TCTA) were included. The
chemical structures and the electrostatic potentials on isosur
faces of the electron density of these molecules are shown in
Figure 2. The calculated static dipole moments are given in
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Figure 2. Chemical structures, electrostatic potential on surfaces of constant electron density, and electrostatic dipole moments of all host and dye
molecules used in this work. Colors of the atoms: carbon, gray; hydrogen, white; nitrogen, blue; oxygen, red; iridium, brown; silicon, light brown;
and phosphorus, yellow. The red arrows indicate the direction of the static dipole moments and point in the direction of the negative pole.

Table 2. The dipole moments of the dye molecules range from
1.6 D for Ir(ppy),(acac) to 11.8 D for fac Ir(pmp);. This wide

Table 2. Static Dipole Moments of the Host and Guest
Molecules, As Obtained from DFT

dipole moment [Debye]  dipole moment [Debye]

(this study) (literature)
Ir(bppo),(acac) 5.8
Ir(bppo),(ppy) 8.2
Ir(bppo) (ppy), 8.1 ]
fac-Ir(pmp) 11.8 17.2°
mer-Ir(pmp) 7.5 10.8°
fac-Ir(ppy), 62 6.3"
Ir(ppy),(acac) 1.6 1.9*
Ir(dpbic), 8.4
TSPO1 3.8
TCTA 0.1
CBP 0.0

range gives us the possibility to analyze the role of dipole—
dipole interactions on the orientation anisotropy. If available, a
comparison with literature values is included in the table.
Deviations can arise because of different functionals, basis sets,
or further methodological differences within DFT. We
furthermore analyzed the orientation anisotropy in neat films
of the hole conducting and electron blocking molecule fac
tris(1,3 diphenzyl benzimidazolin 2 ylidene C,C2’)iridium (III)
[Ir(dpbic);].>**

The shape of the dipole orientation distribution function is
described fully by the averages over all emitter molecules of the
quantities [cos 6,]", with O, the angle of the static dipole
moment vector with respect to the perpendicular (out of the

film, positive z) direction and with n = 0, 1, 2, ... The mean
static dipole orientations (o) = (cos 6,) obtained for mixed
films with guest concentrations ¢ of 6 and 15 mol % are given in
Table 1. In the mixed systems, only the iridium dye dipole
moments were included, whereas, in the case of neat Ir(dpbic),
films, all dipole moments were taken into account. We find
significant deviations from the isotropic expectation value of (o)
= 0, indicating systematic dipole orientation effects in all
investigated systems. In all cases, the more positive parts of the
molecules are oriented toward the vacuum.

Figures 3¢, 4a, and Sa show for all systems studied the
emitter orientation distribution as obtained from the
simulations, expressed as the normalized number of occur
rences in nine equally large bins of (cos 6,). For neat Ir(dpbic),
films (Figure 3c), we observe a significant deviation from an
isotropic orientation (dashed line), with an excess of molecules
oriented with their partially positively charged pole toward the
vacuum. The mean orientation is (o) = 0.10S. For the
heteroleptic iridium complexes incorporating one single acac or
ppy ligand [Ir(bppo),(acac), Ir(bppo),(ppy), and Ir
(ppy)a(acac)], we observe a similar orientation anisotropy
(Figures 4a and Sa). These relatively small partially positively
charged groups point with a higher probability away from the
surface while the van der Waals interaction of the other ligands
with the already deposited film reduces the total energy. A
similar but more subtle effect occurs for TCTA containing fac
Ir(ppy)s, whose dipole moment arises from the asymmetry of
the positions of the partially positively charged nitrogen atoms.
The excess electron density on the opposite side of the
molecule increases the van der Waals attraction with the
surface, leading to a preferential orientation of fac Ir(ppy); with
the nitrogen atoms pointing toward the vacuum (Figure 4a). In
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Figure 3. (a) Definition of the absolute and relative angles used for the calculation of the prefactor k in the expression for the dipole—dipole
interaction energy. The red circles denote the position of the molecules, and the dashed arrow is the vector connecting the two molecules. (b)
Examples of relative dipole orientations values and the corresponding x values. (c) Distribution of orientations of molecular dipole moments in neat
films of Ir(dpbic),. The dashed line corresponds to a random (isotropic) molecular orientation distribution. (d) Deviation of the distribution of x
values of relative dipole orientations in neat films of Ir(dpbic), from the distribution of k values in an isotropic system. Deviations from the dashed
line in panel ¢ and from zero in panel d are a measure of the global orientation anisotropy and the local orientation correlation, respectively.
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Figure 4. (a) Distribution of dipole orientations of Ir(bppo),(acac),
Ir(bppo),(ppy), and Ir(bppo)(ppy), with respect to the z axis. The
dashed line comresponds to a random (isotropic) orientation of the
molecules. ¢ is the concentration of the material written in bold letters.
(b) Deviation of the distribution of k values of relative dipole
orientations of dye pairs from the distribution of x values in an
isotropic system.

the case of the more disc shaped molecule fac Ir(pmp),, the
two possible orientations which optimize van der Waals
interaction with the surface lead to an approximately equal
preference of the dipole orientation in the +z or —z directions.
We therefore observe a U shaped distribution of dipole
orientations and a lack of molecules with an in plane
orientation of their electrostatic dipole moments (Figure Sa).

We do not observe a significant dependence of the
orientation anisotropy on the dye concentration. That may
be seen from Figure 6a, which gives an overview of the
simulated net orientation of guest dipole moments in six
systems. To be able to evaluate the net dye orientation with
sufficient accuracy, we generated in total 20 (10) morphologies
for each host—dye system at dye concentrations of 3 mol % (6
mol %), corresponding to a total number of ~25000
(~12 500) molecules per host—dye concentration or ~1000
dye molecules. The large statistical uncertainty makes it hard to
extract conclusive and quantitative information. However, we
nevertheless cannot exclude a weak concentration dependence
of the net orientation. This weak concentration dependence
indicates that dipole—dipole interactions, which would counter
act the development of a large net perpendicular dipole
orientation, do not actually play a dominant role.

5. SHORT-RANGE STATIC DIPOLE ORIENTATION
CORRELATIONS

The simulation results presented so far indicate that for these
systems the anisotropy of the van der Waals interaction for

molecules at the surface is the dominant interaction effect.
Nevertheless, dipole—dipole interactions may lead to another

effect, which does not
distribution function, viz.,
dipole moment orientation correlations. Such an effect would

influence the electron and hole transport by affecting the
highest occupied molecular orbital (HC?MO) and the lowest

unoccupied molecular orbital (LUMO) levels. The orientation
correlation can arise because of the angular dependence of the
dipole—dipole interaction energy, which is given by

pear from the overall orientation
e development of short range static

47re,eor3 )

with g the vacuum permittivity; &, the relative permittivity,
which is around 3—4 for most organic semiconductors; r the
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Figure 5. (a) Distribution of dipole orientations of fac Ir(pmp), mer
Ir(pmp);, Ir(ppy)s, and Ir(ppy)a(acac) with respect to the z axis. The
dashed line corresponds to random (isotropic) orentations of
molecules. ¢ is the concentration of the material written in bold
letters. (b) Deviation of the distribution of « values of relative dipole
orientations of dye pairs from the distribution of x values in an
isotropic system.

distance between the two dipole moments with sizes d, and d;
and k a factor which describes their relative orientation.
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The angles 6,, 8,, and 6,, are defined as depicted in Figure 3a.
Figure 3b shows the value of x for various cases. For isotropic

systems, the mean value of « is zero, and the mean value of k” is

?/,. To an the electrostatic interaction between molecules,
we have calculated the x parameter for all dye pairs in the

amorphous films. Figures 3d, 4b, and 5b show the deviation
from the distribution of k values from a distribution which can
be expected in a completely isotropic system and give the
values of (k). Figure S1 (Supporting Information) gives the
distance dependence of the x distributions. The distributions
are very close to those expected for isotropic orientations. Only
at intermolecular (center of mass) distances of about 1.0—1.5
nm, (k) drops below 0, leading to an overall mean value of K¥*

slightly below */;. We thus do not find pronounced short range
orientation correlation effects.

With the observations of the last two sections combined, all
observations indicate that short range Lennard Jones inter
actions (the van der Waals attraction and the Pauli repulsion)
rather than long range electrostatic interactions are responsible
for the anisotropic dye molecule orientation. The degree of the
orientation and the shape of the dipole orientation distribution
are mainly determined by the individual shapes of the
molecules. The dipole—dipole interaction slightly reduces the
net orientation by aligning neighboring molecules in an
antiparallel way.

Similar to the findings of Moon et al,”® we find rather
symmetric distributions of Ir(ppy); molecules while Ir
(ppy).(acac) has a preferential alignment with the ppy ligands
pointing toward the substrate. We agree with Lee et al,” that
the broken symmetry during the growth process is responsible
for the orientation of molecules, but we go one step further and

show that the static dipole moments do not significantly

influence the outcoupling efficiency, which means that the
orientation of molecules is a process mainly driven by van der

Waals interaction between molecules and the substrate.

6. HOST ANISOTROPY

In systems within which the host has a significant static dipole
moment, host molecular orientation and a resulting modified
host—guest interaction could be important to dipole
induced internal electrostatic field and to the guest dipole

orientation distribution. To study such effects, we have
analyzed the orientation anisotropy of TSPO1 host molecules

in systems containing fac Ir(pmp); and mer Ir(pmp); as a
guest. TSPOI has a small but non negligible dipole moment of
3.8 D (see Figure 2), which mainly arises from the polarity of
the phosphine oxide group. For both systems, we observe a

TSPO1:fac-Ir(pmp);
0.4 — TSPOL1:mer-Ir(pmp);
0.2
0.0 i
-0.2
0.00 0.06 0.12 0.18

Dye concentration [mol%]

Figure 6. Net orientation (o) of the dipole moments of (a) the dye molecules and (b) the TSPO1 host molecules, as a function of the dye
concentration. The vertical lines are error bars indicating the statistical uncertainties.



distinct anisotropy of the molecular dipoles, which are
preferentially parallel to the growth axis (z) direction, as
shown in Figure 7a,b. A similar distribution was found for the
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Figure 7. (a) Orientation of TSPO1 molecules in mixed TSPO1 dye
systems. The dashed line corresponds to random (isotropic)
orientations of molecules; ¢ is the concentration of the material
written in bold letters. (b) Deviation of the distribution of x values of
relative dipole orientations of TSPOLI host pairs from the distribution
of k values in an isotropic system.

disc shaped fac Ir(pmp); molecule in TSPO1 (Figure Sa). The
results in Figure 7a indicate that the P=O bond points
preferentially in the +z or —z direction. We attribute that to the
large van der Waals interaction of the molecule with the other
molecules at the surface when five phenyl rings are in contact
with the surface. The P=0 bond direction is then orthogonal
to the substrate plane. These findings are independent of the
dye molecule embedded into TSPO1 and are also rather
independent of the dye concentration used.

The resulting net orientation of the TSPO1 dipole moments,
with (o) = 0.01-0.015 in a wide range of emitter
concentrations (see Figure 6b), creates an electrostatic
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background field similar to the giant surface potential (GSP)
effect reported by Ishii and co workers for other organic
molecules such as Alg;.'”'” The interaction of the dipole
moments of the dye molecules with this field might explain the
weaker asymmetry in the distribution of fac Ir(pmp); when
embedded in TSPO1 ({0) = 0.034), as compared to fac
Ir(pmp); when embedded in TCTA ({o) = 0.112). As the
internal electric fields generated by the orientation of host and
guest dipole moments have considerable effects on the charge
distribution and charge dynamics in OLEDs, we suggest the
experimental measurement of the strength of the surface
potential created by the dye molecules in mixed organic layers.
Experimental measurements of the GSP effect are possible
either directly using the Kelvin probe technique or indirectly
using measurements of the capacitance—voltage characteristics
of double layer devices.*

7. ORIENTATION OF THE TRANSITION DIPOLE
MOMENTS—FIRST PRINCIPLES CALCULATIONS

After having analyzed the anisotropy of the static dipole
orientation distribution for a variety of systems, we return to
the subject of the orientation distribution of the emitter
transition dipole moments. An issue which has not yet been
fully solved is the relationship between the orientation of a

ecific molecule and the contribution of that molecule to the
value. A complicating factor is that each optically active

ligand has a TDV. Furthermore, the analysis is affected v
uncertainties in the determination of the direction of the TD
in each ligand. The transition dipole moments associated with
metal to ligand triplet excitations in the iridium complexes
usually point from the iridium center toward the respective
ligand. Especially in multiligand complexes, a net orientation of
molecules does not necessarily lead to a net orientation of the
transition dipole moments.

For all emitters included in this study, we have used time
dependent density functional theory (TDDFT) calculations®
of geometry optimized triplet excitations to calculate the

intramolecular TDV directions. These first princples calcu
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Figure 8. (a) Transition dipole orientation parameter ® as obtained from simulations and experiment,””'" calculated for values of the TDV
direction & in the range from —30° to +30° (see inset as well as Figure S2 and Table S1). The yellow bars result from the & angles obtained from
TDDFT calculations. The shape of the symbols indicates the type of host (see panel b). For Ir(ppy)(acac) and Ir(ppy);, the experimental value of
© = 0.27 was obtained for mixtures with CBP,*' while also higher anisotropies of ® = 0.23—0.24 were reported for the CBP host™** and for a 1:1
mixed TCTA:B3PYMPM host.'' A possible reason for deviations can arise from differences in the host materials and guest concentration as well as
approximations by the force field and the simulation methods. (b) Simulated values of © as a function of the TDV direction &.



lations predict a TDV direction within the ligand plane with a
negative angle & (as defined in the inset of Figure 8a) between
—17° and —36°. In the main part of Figure 8a, we show the
resulting © values. The orientation distribution of the TDV
directions is shown in Figure S3. For the three systems studied
already in Figure 1, the © values as obtained from the TDDFT
calculations are larger than those given in Figure 1. These were
obtained using & & +20° on the basis of a rough estimation
from experiments on a single crystal of Re(ppy)(CO),.”*
Nevertheless, the predicted and experimental trends are still
similar: Only the system CPB:Ir(bppo),(acac) shows a
significantly reduced © value.

Figure 8b shows for all systems studied in this work the
influence of § on the ® value over the interval between 6 =
—30° and & = +30°. Using the 6 values as obtained for this
interval from the TDDFT calculations as a possible uncertainty
range, the simulation results would predict that apart from the
CPB:Ir(bppo),(acac) system only the TCTA:Ir(ppy),(acac)
system (© = 0.29) shows a significant deviation from © = '/,.
For Ir(ppy),(acac) in CBP and in a 1:1 mixed host of TCTA
and B3PYMPM, indeed a reduced value of © (in the range
0.22—0.24) has been found.”"'

8. CONCLUSIONS

The orientation distribution of (dye) molecules in OLEDs is
important because an anisotropic orientation of transition

dipole moments directly influences the light outcoupling

efficiency, and thus the_ device efficiency. Nonetheless, its
molecular origin is not well understood. We have demonstrated

that our Monte Carlo based molecular simulation method
mimicking the vapor deposition process allows a quantitative
analysis of the orientation of (dye) molecules and yields results
which are in agreement with experimental data. We find that
the short range van der Waals interaction between the
phosphorescent dye molecules and other molecules at the

film surface is responsible for the orientation. The electrostatic
dipole—dipole interaction with the other molecules slightly

reduces the anisotropy strength. While only few materials

studied in this work show an improved outcoupling efficiency,
almost all of them (including the host materian) show ‘a

significant orientation anisotropy which, in combination with
the electrostatic dipole moments of the molecules, leads to a

modified internal electric field which will influence the charge

transport and recombination processes. The simulation
methods demonstrated in this work can help the systematic
exploration of the chemical space while searching for dye

molecules with improved outcoupling efficiency.
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