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ABSTRACT. We study thermally evaporated thin filwfsir(ppy)s and Ir(ppy)(acac) by means

of grazing incidence X-ray diffraction (GIXRD) angrazing incidence wide-angle X-ray
scattering (GIWAXS). Ir(ppyand Ir(ppy)(acac) are both widely used as phosphorescent green
emitter molecules in organic light-emitting diod@3LEDs) and it was previously found that
differences in their average transition dipole wia¢ion affect the light extraction efficiency in
OLEDs. Here we show that in pure films both materfarm crystalline grains and that these

grains exhibit a preferred orientation with respéctthe substrate. When doped into an



amorphous host, both the orientation and formatibthe crystallites remain nearly unchanged
for the concentration range accessible with GIXRID &IWAXS. This is remarkable given that
the transition dipole moments have found to benbei@ only for Ir(ppy)(acac) but isotropic for
Ir(ppy)s. Analysis of the crystallite size indicates tHa tendency to form crystallites is stronger
for Ir(ppy)s than for Ir(ppy)(acac). From a comparison of the thin-film diffiact data of
Ir(ppy)s to its powder pattern, we infer that Ir(ppyholecules are oriented with their permanent
dipole moment roughly parallel to the substrate.r Qumdings will guide the further
understanding of the mechanisms controlling trasitlipole orientation and may thus lead to

further improvements in device efficiency.

KEYWORDS. Phosphorescent iridium complex, oriewiatiorganic light-emitting diode, X-ray

diffraction.

1. Introduction

The orientation of the emitting molecules in orgaight-emitting diodes (OLEDs) has a
significant impact on OLED efficiency.[1-5] In pexlar, if all transition dipole moments are
aligned horizontally with respect to the substrates expects an increase in outcoupling
efficiency by approximately 60% compared to isotcagientation.[6] A preferential orientation
of the transition dipole moment has been obsergeciny emitting molecules but its origin
remains a subject of debate in the OLED commufdtgf et al. suggested that strong dipole-
dipole potential of iridium compounds leads to aggtion and, thus, random orientation, while
the observed anisotropy of emitters with a weakéemtial is based on matrix-induced London

forces.[7] A study by Kinet al.found that the symmetry axes of all investigatedttens were



preferentially aligned with respect to the substide to the formation of supramolecules with
the host materials.[6] Recently, Juretval. suggested that the strong chemical asymmetryghat
often observed in heteroleptic emitter complexeamsdhat molecules adopt a preferential
orientation with respect to the substrate when thgynge on the film surface during thermal

evaporation.[8]

So far, there is a lack of experimental data oratlgmment of the molecules themselves (i.e. the
average orientation of the principal axes of symydiecause the quantity that has been
measured in most experiments so far is the averagetation of the transition dipole moments
in the film with respect to the substrate. Typiceasurement techniques include variable angle
spectroscopic ellipsometry[4] and angular resopiedtoluminescence[9,10] and
electroluminescence[3,7] measurements. While m#@sedhat show a predominant orientation
of their transition dipoles will automatically haaegoreferred orientation of their symmetry axis,
the situation is less clear for molecules that shavisotropic dipole orientation when
characterized with the above optical methods. kes¢ molecules, the observed isotropy can
either be due to random orientation of the moleoulmay be indicative of a situation where
molecules are aligned on the substrate but hawetthasition dipole moments slanted such that

they contribute equally in all three emission dii@ts.[6,11]

Very recently, X-ray diffraction studies have shotliat phosphorescent platinum emitters can
form large crystals with a nearly perfect horizdmtiggnment of the transition dipoles.[12] In
contrast, the light-emitting structures that aeglitionally used in OLEDs are generally believed
to comprise of amorphous films which are genenadlyamenable to investigation by X-ray
diffraction. Therefore, structure analysis by meahX-ray diffraction has mainly been applied

to organic semiconductors in order to evaluateggand exciton transport in thin-film



transistors or photovoltaics where crystallineemscrystalline morphology is more
prevalent.[13—15] In this contribution, we use X-diffraction measurements to determine the
orientation of the symmetry axes of Ir(ppgnd Ir(ppy}(acac) molecules and, thus, their
alignment on a substrate. Ir(ppy@nd Ir(ppy}(acac) are selected as model emitters because they
are well-studied in terms of their transition dgalrientation and their tendency to form
aggregates.[3,16] We have previously found that @BP matrix the transition dipoles of
Ir(ppy)z(acac) exhibit a preferential horizontal orientatiith an anisotropy factor @f= 0.23

while the transition dipoles of Ir(ppy3howed isotropic orientatiom € 0.33).[3] (The

anisotropy factoa is defined as the ratio of vertical transitionagmoments to the total

radiated power, i.&a = 0 represents perfect horizontal orientation.)

When X-ray diffraction measurements are perfornmecbinventional specular geometry, i.e. the
incident anglev equals the reflection angl®,2he penetration depth of X-rays into the surface
of the sample is several um, which is orders ofmitage larger than the typical layer thickness
of organic thin films. In order to get informatiabout the organic films and to not
predominantly probe the underlying substrate, gigzimcidence geometries are used here, i.e.
the anglaw between the incident X-rays and sample surfakepsvery small¢ =~ 0.2°). This
leads to total reflection at the interface betwdemnorganic thin film and substrate and thus

allows probing solely the organic material.

2. Experimental Section

Layer fabrication.Tris(2-phenylpyridine)iridium(lll) (Ir(ppyd) and bis(2-

phenylpyridine)(acetylacetonate)iridium(lll) (Ir(pp(acac)) were deposited either as neat films



or doped into 4,4’,4”-tris(N-carbazolyl)-triphenytene (TCTA) or 4,4’-bis(carbazol-9-
yhbiphenyl (CBP) using co-evaporation. All matésiavere purchased commercially and
purified further by vacuum sublimation prior to uS8 nm thick organic films were prepared on
pre-cleaned glass substrates by thermal evaporatidhlV at a base pressure of 1bar (Kurt

J. Lesker Co.). The host materials were depositeates between 0.3 and 0.8 A/s. For co-
evaporation, the deposition rate of the dopantadissted to achieve the desired doping
concentration. The rates and layer thicknesses egrieolled in-situ by calibrated quartz crystal
monitors. Samples were packed into sealed box@srunitrogen atmosphere directly after
fabrication and boxes were only opened immedidiefpre the measurement to avoid extended

exposure of the films to air.

X-ray diffraction measurementswo different configurations were employed — gnagi

incidence X-ray diffraction (GIXRD) and grazing idence wide-angle X-ray scattering
(GIWAXS) (seeFigure la and b, respectively). GIXRD was measured at &83rD8 Discover
diffractometer, which uses Cugkadiation & = 1.54 A) and a scintillation counter. The andle o
incidence was kept constant at approximadely 0.2° while the reflection angleg2vas scanned
from 3-90° in angular steps of 0.1°, using as3®ampling time. Additionally, the background
was measured at a smaller angle of incidence $oXthays were totally reflected at the interface
between air and organic thin film. All measuremesfitswn were background-corrected (cf. Ref.
[17] for more details). Due to the small incidengke, the spot size is several mm. With such a
large area contributing to the scattering of X-rd3tagg reflections are broadened compared to
the conventional specular geometry. The instrumesgonse is estimated to FWHM.6°,

which leads to an uncertainty©10.1° on the determined peak position.[18]



2D-GIWAXS measurements were performed at the Stdrgnchrotron Radiation Lightsource
(SSRL), beamline 11-3, at an energy of 12.735 keMgia MAR2300 image plate detector for
recording. The incident angle was kept constantat0.12°. 2D-GIWAXS data are isotropically

converted ta-values and are further analyzed using the softwaBiff.[14]

(a) GIXRD w = fixed

Figure 1. Experimental setup for measuring (a) GIXRD and@BNAXS. For both

measurements, the incident anglevas kept constant.

3. Results and Discussion

3.1. Film structure

For our study, Ir(ppyand Ir(ppy}(acac) are doped into either a CBP or TCTA mairhe
doping concentration is varied from 0 wt% (i.e.guratrix) via 20 wt% and 50 wt% to 100 wt%

(i.e. pure emitter). Compared to host-guest sysiesed in OLEDs, we need relatively high



concentrations here since lower concentrations @vdwhinish the relatively weak X-ray signal
too much. All thin-film samples are measured withencapsulation under ambient conditions.
Previous studies have shown that the moleculangeraent and, hence, X-ray measurements,

are not influenced by storage and measurement.[6&]i

In the following, grazing incidence X-ray diffracti (GIXRD) measurements are discussed in
the out-of-plane direction, i.e. perpendicularite substrateigure 2a and b show the results
for Ir(ppy)s and Ir(ppy)(acac) as pure films and when doped into CBP &reint

concentrations. The pure emitter films show a dcstpeak at around 11°, which indicates the
presences of crystallites. In addition, the weakusther at approximately 22° originating from
diffusely scattered radiation suggests the presehadditional amorphous regions in the film. In
contrast, the GIXRD spectra of pure CBP and TCTA show the shoulder at 22°, indicating
that both matrix materials have an amorphous madogfyo For films containing one of the
emitters doped into either of the two matrix matksiithe diffraction peak at 11° decreases, but
remains visible down to a doping concentration®f2%. This leads us to the conclusion that
Ir(ppy)s and Ir(ppy)(acac) form crystalline grains also when embeddexla matrix, at least
down to a concentration of 20 wt%. Since the cotraions of Ir(ppy} and Ir(ppy)(acac) used

in OLEDs are typically around 8 wt%, we also tesI&T A films with 8 wt% of Ir(ppy} or
Ir(ppy)z(acac). However, we did not observe a diffractiealpfor this low concentration. This
implies that at 8 wt% molecular aggregation isesitteduced or that a lower amount and
possibly smaller size of crystallites means thairttiffraction peak can no longer be resolved.
In reality, a combination of both effects is likely the absence of other options to study
aggregation with XRD, we therefore resorted toaptating results and drawing conclusions

from the higher concentration samples.
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Figure 2. XRD measurements of thin films containing (a)@y(p and (b) Ir(ppy)(acac) as a
guest doped into a CBP host matrix at different cemtrations. (c) GIXRD spectrum of
CBP:Ir(ppy)k at 20 wt% doping concentration (black line) togethvith a fit (red dashed line)
that is composed of two individual Gauss functiamg for the Bragg reflection (green line) and
one to approximate the amorphous halo (blue ligd) Literature powder diffraction pattern of
Ir(ppy)s with indication of the four main peaks. Figure drafrom data given in Refl9]. (e)
Packing diagram of Ir(ppy)showing the unit cell containing eight moleculs®lecules are

outlined by their iridium cores and the three ngem atoms. The spatial depth of the molecules
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According to Bragg's law, the diffraction anglés inversely proportional to the distaratef the

repeating structures:

nl = 2dsin@, (1)

where/ is the wavelength of the X-rays ands an integer. To extract the peak position aid fu
width at half maximum (FWHM) from the GIXRD datdl spectra are fitted with two Gauss
functions (see Figure 2c). This ensures that tligp2ak caused by diffusely scattered radiation
does not interfere with the position of the maiake€rhe results of all fits and the associated

errors are summarized imable 1.

Table 1. Diffraction angle 2, of the main X-ray reflex and coherence lengtltdlculated from
the peak width via the Scherrer equation (Eq. (Exxors are calculated from the standard

deviation of the fits and the instrumental response

material Ir(ppy3 Ir(ppy)2(acac)
200 [°] Lc [nm] 20 [°] Lc [nm]
guest 100 wt% 10.60+0.10 4.38+0.26 10.82+0.10 K9IS%N

TCTA:guest 50 wt%  10.75+0.10 2.07+0.07 10.99+0.12 .4320.05
TCTA:guest 20 wt%  10.95+0.12 1.49+0.06 12.40+0.14 .2420.06
CBP:guest 50 wt% 10.86+0.10 2.46%0.10 10.98+0.10 26£0.08
CBP:guest 20 wt% 11.08+0.11 2.22+0.12 11.17+0.12 09£0.13

Compared to the Ir(ppypeak, which is located at (10.60 + 0.10)°, thekgadr(ppy)(acac) is

positioned at (10.82+0.10)°, i.e. there is a siy@tlisignificant difference in peak position. We



also observe that the diffraction peak shifts gher angles as the emitter concentration is

reduced, which implies that emitter aggregates toecemaller with reducing concentration.

For comparison, Figure 2d shows the powder X-réfyadition pattern of Ir(ppyas reported in
the literature (data provided by Berggral, Ref. [19], c.f. Cambridge Crystallographic
Database entry CCDC-747921). Two peaks are obs@ntee close vicinity of the thin-film
diffraction peak observed in our measurement. Thaler peak at 10.42° originates from
diffraction at the (101)-plane and the larger paak0.82°, which is also the most intense peak
of the powder spectrum, is associated with scatieat the (220)-plane. In an independent set of
measurements, Takayasual[20] found the (220)-peak to be positioned at 10wRBich leads
them to assume a slightly larger crystallite simntBergeet al. (Both groups however conclude
that the space group of the Ir(ppg)ystallites is acentric tetragon2d2, c.) Although neither of
the two peaks from the powder spectrum fits exaotiye observed thin-film peak, it is likely
that the thin-film peak originates from reflectianthe (220)-plane. This is because the (220)-
peak is the most intense peak in the powder spactind also because for decreasing Ir(ppy)
concentrations the position of the peak in the-thim diffraction data agrees much better with
the (220)-peak from the powder data than with it J-peak. Figure 2e shows the crystal
packing of the Ir(ppyunit cell, which contains eight molecules. Tgsymmetry axis of the
Ir(ppy)s molecules and their large permanent dipole morfreagnitude, 6.4 D) lie
approximately parallel to theaxis of the unit cell, pointing in the directiohtbe nitrogen
atoms.[7] Within the crystal, groups of four molexualways form a tetramer. Every second
molecule has different chirality meaning that thegrmanent dipole moments oppose in
direction and will compensate in far-field.[19]slhould be noted that Ir(ppyls polymorphic,

i.e. the crystallographic data of vacuum sublimggply)s-films that we showed above is

10



different from the crystal structure found for dangrystals grown by slow evaporation from
solution.[21] The crystal structure for Ir(ppfgcac) has so far only been measured for crystals
grown from solution.[22,23] Given that our Ir(ppfgcac) films are vacuum sublimed and
considering the polymorphism observed for Ir(gpyjherefore remains unclear where the
Ir(ppy)z(acac) thin-film diffraction peak, which occursaasimilar position as the Ir(ppypeak,

originates from.

3.2. Molecular aggregation

Studies of the film morphology not only give vallamsight into molecular orientation but may
also provide insight into aggregation, which cahaasrce the rate of exciton annihilation and thus
typically increases the efficiency roll-off of OLEt high current densities.[24,25] In order to
compare the amount of molecular aggregation betweetwo emitters, the size of the

crystallite grains is approximated with the Scheeguation, which correlates the FWHAM26,)

of the diffraction peak (located afig? with the coherence length:[15]

N KA @)
7 cos((260)/2)A(26,)

Here,K denotes a shape factor that can be approximatédTdee resulting coherence length is
4.4 nm and 3.8 nm for the 100 wt% samples of Irjpppd Ir(ppy}(acac), respectively (Table

1). TheL. value predicted by Eq. (2) decreases for filmalmch the emitter molecules are
embedded into a host. We note that our calculatields the coherence length in the out-of-
plane direction and thus approximates the sizgygfegates perpendicular to the substrate. The

dimensions in the in-plane extension (paralleh® dubstrate) may therefore well be different.

11



For all host-guest combinations studied hegas higher for Ir(ppy) than for Ir(ppy)(acac) and
higher for CBP than for TCTA as host. A longer camee length correlates with larger
crystallite grains and therefore indicates thaigy)s; forms larger aggregates than Ir(pggtac),

as has been previously suggested by Reineké16]. However, the calculated coherence
length only gives a lower limit for the size of aggates. For instance, a distortion of the
molecular arrangement due to cumulative disordeddo small estimates of grain size although
a larger molecular arrangement is present.[15Hbfiteon, only the crystallite components of the
materials can be considered while amorphous pattispessibly different structure and size are
neglected. Although doping concentrations were anhgstigated down to 20 wt%, aggregation
is likely to also be present for lower concentnagi@ven though a (220)-Bragg reflection was not
observed for these.[26] Note that a diffractionkpean only be observed if the crystal structure

is preserved within aggregates, which requiresagtlone complete unit cell.

3.3. Molecular orientation

Up to now, we have only discussed scattering irabytlane direction as observed by GIXRD.
In order to learn more about the orientation ofesales on the substrate, we performed 2D
grazing incidence wide-angle X-ray scattering (2DMBXS) measurements. Data for Ir(ppy)
and Ir(ppy}(acac)-doped CBP films are showrFigure 3 (again at doping concentrations of 0,
20, 50 and 100 wt%). Herg, denotes the out-of-plane direction apgthe in-plane direction.

The scattering vectary, relates to the diffraction anglé 2ia[27]

12



2
q; = TH(sinw + sin(260 — w)). (3

(@) Ir(ppy), (b) CBP:Ir(ppy),, 50 wt % (c) CBP:Ir(ppy),, 20 wt %
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Figure 3. 2D-GIWAXS measurements on thin films of Ir(p@nd Ir(ppy}(acac) doped
into CBP at different concentrations. (a) plaindply) film; (b) 50 wt% Ir(ppy3 in CBP;
(c) 20 wt% Ir(ppy3 in CBP; (d) plain Ir(ppyi(acac) film; (e) 50 wt% Ir(ppyjacac) in
CBP; (e) 20 wt% Ir(ppyfacac) in CBP; (g) plain CBP film. Shown is a fats#or plot of
the scattering intensity as a function of the iar@ and out-of-plane scattering vectogs q

and g.

An isotropic orientation of the crystallites wowdgdpear as a ring in the 2D-measurements,
whereas spots indicate strong orientation.[15]tRermpure Ir(ppy) and Ir(ppy}(acac) films, an
intense spot-shaped peak is observed in out-ofpdirection at; = 0.75 A* with further

intensity along a ring. The intensity of the peakmases when Ir(ppyand Ir(ppy)(acac) are
doped into CBP. There is also a second broad iajoatq = 1.5 A™*. The diffraction patterns

are similar for Ir(ppyd and Ir(ppy}(acac).
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Before analyzing the 2D-GIWAXS data further, we gamed the scatting in out-of-plane
direction against the results from the earlier GDXReasuremenkEigur e 4a shows the out-of-
plane component of the 2D-GIWAXS signal for theglr{ppy} and Ir(ppy)(acac) films,
summed over the polar anglérom 80° <y < 100° and compares this data to the GIXRD
measurements. The 11° diffraction peak from theREIXnmeasurement is clearly reproduced by
the peak and ring at= 0.75 A, showing that the main 2D-GIWAXS peak is assodiatéh
(220)-scattering. The broad halo ringiat 1.5 A is related to the second peak in GIXRD
measurements at around 22° confirming the presefindéfusely scattered radiation due to
amorphous regions in the film.[17] There are slig@tiations in the width of the first peak
between the GIXRD and 2D-GIWAXS measurement aneeerpronounced difference in the
intensity of the second peak. These deviationsraialy due to missing background information
for the 2D-GIWAXS data. Furthermore, the summatwear a range of polar angles

(80° <y < 100°) leads to a change in the intensity ragitMeen the first and the second peak and
potentially a small amount of background may hasenbcollected from the underlying glass

substrate as well. Nevertheless, the measuremdhtdlew a qualitative comparison.

1 0 T T T E T T 4 T T T T T T T T T T T |
L (a) R Ir(ppy), | Ir(ppy),(acac) (b) Ir(ppy),
_ 08 ---- GIWAXS, oop | - -~ ~Ir(ppy),(acac)
£ — ---- GIXRD — 3L ]
g 5
2 0.6r- 1 % ,
- > ’
2 [ = ’ N emltter
N I = P o N SNNPPE T P -
= 0.4} Qe
£ \ £ CBP:guest, 50 wt%
S n \ 1
< 02b L N B B e D
<R\ ) 1r " CBP:guest, 20 wt%)
A T/ ¥ A ot L P N I - =
0.0 " MCBP‘———\
05 30 60 90 120 150
X[

Figure 4. (a) Comparison of the out-of-plane (oop)-componehtthe 2D-GIWAXS data,

calculated by summation over albetween 80° and 100°, to the GIXRD-measuremey}s. (
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Intensity of the ‘inner ring’ of 2D-GIWAXS data fitre films shown in Fig. 2 as a function of the

angley, intensity summed over 0.6'Aq<1.0 A%,

Next, we investigated the change in the scattéritensity atg = 0.75 A* with polar angle.
Figure 4b shows the scattering signal for all filassa function of the polar anglesummed

over allq from 0.6 A* to 1.0 A™*. For the pure Ir(ppy)film there is a pronounced peak in out-
of-plane direction = 90°, FWHM= 30°), which indicates that the Ir(pp\grystallites are
preferentially oriented with their (220)-plane iat@f-plane direction. A similar behavior is
found for the Ir(ppyXacac) film. For films of Ir(ppyand Ir(ppy)(acac) doped into CBP the
overall intensity is significantly reduced, but tR&/HM of roughly 30° is preserved suggesting
that the preferential orientation is retained. thar pure Ir(ppy) and Ir(ppy}(acac) films, there is
also a slight increase in intensity in in-planesdiion § = 90°), which may indicate that a
fraction of the crystallites is rotated by approately 90°. The trend vanishes for lower emitter

concentrations and is not present in the pure GIBP f

4. Conclusions

The 2D-GIWAXS measurements show that, althouglddwree of order is relatively low and
the crystallite size is small, there is a prefaemrientation of both Ir(ppy)and Ir(ppy)(acac)
in thin vacuum sublimed films. For Ir(ppyWwe found that crystallites are predominantly
oriented with the (220)-plane parallel to the stdist Hence, one can conclude that the
symmetry axis of the Ir(ppy)molecules is roughly parallel to the substratélastrated in
Figure5. This orientation is preserved when doping Ir(ppyjo a matrix, at least for the

concentrations investigated here. For Ir(p(agac) the experimental observations are similar bu

15



due to its unknown crystal structure the exact wwdbr orientation with respect to the substrate

cannot be determined at this stage.

o
o

x

S Rt -- (220)
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Figure 5. Schematic illustration of the orientation of Ir{pp crystallites embedded in a matrix.
The top part of the sketch shows the crystal strecof the Ir(ppyd unit cell with the (220)-
plane parallel to the substrate. The symmetry akithe Ir(ppy} molecule and its permanent
dipole moment, which both point along the directddrthe blue arrows, are oriented roughly in-
plane. The spatial depth of the molecules is inddaby decreasing color intensity. A small
fraction of the crystallites sketched in the lowpart of the illustration is turned by

approximately 90° with respect to the majoritylof trystallites.

Very recently, Leet al. performed molecular density (MD) simulations of E&8ims

comprising Ir(ppy3 and Ir(ppy)(acac) as emitters, respectively.[28] For both trstthey found

a preferential orientation of the emitter symmetxjs with respect to the substrate. In contrast to
our experimental findings, however, the symmetrgsaaf Ir(ppy} molecules were aligned
preferentially perpendicular to the substrate. Ailsir set of MD simulations on the same host-

guest system that was very recently performed bgrM al.revealed no preferential

16



orientation.[29] Both sets of MD simulations do tate aggregation of emitter molecules into

account but this is likely to be a relevant fadtorthe orientation observed in experiments.

Our measurements reveal that molecular orientagiparticularly pronounced for pure films of
the emitter molecules and it seems to be an intrpr®perty of the material growth during
thermal evaporation. The observation that the alytsts and permanent dipoles of both iridium
complexes investigated here are oriented in thaperated films is particularly significant given
that transition dipole moments only show a prefga¢orientation for Ir(ppy)acac) but were
found to be isotropic for Ir(ppy)3] Quantum chemical calculations can give andation as to
how the transition dipoles are oriented with respethe symmetry axis of the molecule, even
though it is not yet clear if this yields reliabksults and to which extend the environment
influences the orientation of the transition dipeéetor.[28] Using this approach, Moehal.
recently found that the transition dipole momeritthe three triplet sublevels of Ir(pgypoint
from the iridium core to the three ligands andratgually orthogonal.[30] Hence, the three
transition dipoles cancel each other, which leadbe isotropic dipole orientation that was

previously observed in OLEDs.

For Ir(ppy)(acac), instead, the two transition dipole vecpmt towards the phenylpyridine
ligands and, thus, lie roughly in the same plaeep@ndicular to the symmetry axis.[23,28]

Together with the orientation of Ir(ppy&cac) molecules on the substrate that we foudiin
2D-GIWAXS study, this would explain the observedfprential horizontal orientation of the

transition dipole moment in OLEDs.

In conclusion, we found that both Ir(ppy@nd Ir(ppy)(acac) form crystalline grains which

exhibit a preferential orientation on the substréféen embedding the molecules into a matrix,

17



aggregates of emitter molecules are formed, whetdinm the molecular orientation. Hence, the

emitter orientation seems to be an intrinsic prgpef the film formation process.
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Ir(ppy)s and Ir(ppy).(acac) form small crystallite grains.

Grains show a preferred orientation on the substrate.

Ir(ppy)s molecules orient roughly parallel to the substrate.

Crystallite formation and orientation preserve when emitters are doped into host.



