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Effect of tert-butyl substitution on controlling the
orientation of TADF emitters in guest–host
systems†

Prakhar Sahay,a Ettore Crovini,b Kleitos Stavrou,c Zhen Zhang,d Bı̀nh Minh Nguyên,a

Daniel Wagner,e Peter Strohriegl,e Stefan Bräse,df Andrew Monkman, c

Eli Zysman-Colman *b and Wolfgang Brütting *a

Organic light-emitting diodes (OLEDs) using thermally activated delayed fluorescence (TADF) materials

as emitters have been reported to achieve 100% internal quantum efficiency due to their ability to

harvest both singlet and triplet excitons. This is due to the small singlet–triplet energy gap in the emitter

material that allows reverse intersystem crossing of excitons formed in the non-emissive triplet state to

be endothermally upconverted to the emissive singlet state. Compared to phosphorescent molecules,

the less bulky TADF molecules show a stronger tendency for horizontal alignment in vacuum-deposited

films, which leads to an enhancement of the light-outcoupling from the OLED. In this work, we

compare how changes in the structure of a linear acceptor–donor–acceptor indolocarbazole–triazine

TADF emitter with tert-butyl groups affect molecular alignment across a range of different host

matrices. We discuss the effects of their molecular electrostatic potentials and inertial moments as well

as the glass transition temperatures of the host matrices. We observe that our previously reported

molecule ICzTRZ with tert-butyl substitution on the distal phenyl rings of the acceptor yields the

strongest horizontal alignment and, accordingly, the highest external quantum efficiency in OLEDs. By

contrast, the absence of tert-butyl groups within the emitter leads to significantly lower alignment.

Introduction

In organic light-emitting diodes (OLEDs), thermally activated
delayed fluorescent (TADF) emitters are able to harvest both
singlet and triplet excitons. This is made possible by a reverse
intersystem crossing (RISC) process that offers a route to the
upconversion of excitons from the non-emissive triplet state to
the emissive singlet state, ultimately leading to up to unity
internal quantum efficiency (IQE) in the device, compared to

the use of conventional fluorescent emitters where IQE is
limited to 25%.

One of the first examples of this phenomenon was reported
by Adachi and co-workers in 2012 for the TADF emitter 4CzIPN,
where the device showed an IQE of 93% and a maximum
external quantum efficiency (EQEmax) of 19.3%.1 RISC is
mediated by a three-state vibronic coupling-assisted spin–orbit
coupling mechanism involving two different triplet states
which must be close in energy. This implies that RISC is highly
dependent on the host matrix used to embed the emitter.2,3 It is
also important to choose a suitable host matrix to avoid
luminescence quenching due to aggregation of the emitter.4

Efficient TADF molecules need to have a low energy splitting
(o200 meV) between the emissive charge transfer state with
singlet character (1CT), the triplet CT state (3CT) and the
localized exciton triplet state (3LE). LE states refer to a local
excitation confined at a specific region on the molecule, i.e.
either the donor or acceptor part, whereas CT states are
extended over the whole molecule because they are associated
with the transfer of charge between them. The magnitude of the
singlet–triplet gap DEST is proportional to the exchange integral
of the orbitals describing the transitions to the lowest energy
singlet and triplet states. Thus, DEST becomes smaller as the
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wave function overlap between the highest occupied molecular
orbital (HOMO) and lowest unoccupied molecular orbital
(LUMO) of the molecule decreases, a feature that is generally
observed in highly twisted donor–acceptor type molecules.5

Another common strategy to minimize DEST is to incorporate
an aromatic spacer bridging moiety between the donor and
acceptor groups to further electronically isolate the electron
and hole of the intramolecular CT state.6

TADF emitters often present highly anisotropic molecular
structures, which offers an advantage in terms of preferential
(horizontal) alignment of the optical transition dipole moments
(TDMs), thus enhancing the EQE of TADF OLEDs. Randomly or
specifically, vertically oriented emitter molecules dissipate a
significant portion of their energy into trapped optical modes,
for example, waveguided or surface plasmon modes, thus
decreasing the light outcoupling and EQE of the OLED. An
orientation parameter Y is used to quantify the alignment of
molecular TDMs.7 It is defined as the second moment of the
orientation distribution hcos2Wi, where W is the angle between the
substrate normal and the TDM vector on the molecule. Y can
also be understood as the fraction of optical power emitted by
vertical TDM components in relation to all TDMs in an ensemble
of molecules. The goal is to align TDMs horizontally, i.e., parallel
to the substrate, thus minimizing Y.

As mentioned above, molecular shape plays a crucial role in
governing the orientation parameter of a film. The tendency to
form optically anisotropic films is enhanced with disc- or rod-
like structures,8 though the exact definition of these terms is
hard to quantify. For neat films, molecular alignment can be
probed by variable angle spectroscopic ellipsometry (VASE),8

whereas in light-emitting guest–host systems angular depen-
dent photoluminescence (ADPL) is the method of choice, which
involves exciting the films using a laser and studying the
emitted optical radiation pattern.9 Please note that optical
anisotropy (as determined by VASE) and emitter orientation
(probed by ADPL) are related to distinct molecular properties,
i.e. molecular polarizability in the former case and TDM vector
alignment in the latter case.10 However, specifically for rod-
shaped molecules, the TDM vector and the largest component
of the polarizability tensor are typically collinear and point
along the long axis of the molecule. Thus, in such cases,

molecular orientation and TDM alignment can be used (more
or less) synonymously.

Controlling emitter orientation in vapor-deposited films has
been linked to the field of glass physics, where it has been
demonstrated that the ratio between the substrate temperature
(TS), on which the film is grown, and the glass transition
temperature (Tg) of the organic material allows controlling
their emitting TDM orientation.11 This correlation has been
studied extensively in our previous work where we established
that with a higher host Tg, the emitter molecules tend to align
more horizontally on the surface of the substrate due to the
reduced diffusivity of molecules, resulting in less time for them
to equilibrate towards random or even vertical orientation.12,13

Recent studies of linear-shaped organic molecules, such as
BSB-Cz, have been established to be more than 90% horizon-
tally oriented.14 Indolocarbazole (ICz) based emitters have like-
wise been shown to be highly horizontally aligned, where the
ICz group acts as a weak, planar, and rigid donor. The use of
ICz-containing emitters has led to devices showing high
EQEmax (Fig. 1).15 For instance, Xiang et al. reported the emitter
IndCzpTR1 that has a FPL of 75.2% and a delayed fluorescence
(DF) lifetime, td, of 25.48 ms along with a Y factor of 0.27 in neat
film. A related, rather horizontally oriented variant IndCzpTR2
has also been reported with a FPL of 71.9% and a td of 34.41 ms
with a Y factor of 0.16 in neat film.16 We previously reported
the emitter ICzTRZ, which exhibits highly horizontal orienta-
tion of its TDM in multiple host matrices (mCP: Y = 0.12,
mCBP: Y = 0.09, DPEPO: Y = 0.06) and has a FPL of 70% and a
td of 121.1 ms.15 Indeed, ICzTRZ, with its symmetric acceptor–
donor–acceptor structure containing distal tert-butyl substitu-
ents, is among the most horizontally aligned TADF emitters
known so far.17

In this work, we investigate the impact of the position of the
of tert-butyl (tBu) substituents on the TDM alignment of the
emitter (Fig. 2). We find that the placement of the tBu groups
on the two triazine acceptors in ICzTRZ leads to the most
strongly horizontal alignment of the TDMs of the four deriva-
tives, while the unsubstituted analogue, ICzTRZ-0, has a much
less horizontal orientation of its TDMs. We discuss our obser-
vations with respect to the electronic structure of the emitter
molecules and their geometries as well as the glass transition

Fig. 1 Chemical structures and performance of known indolocarbazole based TADF emitters.
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temperatures of the host materials and compare their perfor-
mance in OLEDs. Details of the synthesis and characterization
of the emitters are given in ESI.†

Results and discussion
Density functional theory calculations

Density functional theory (DFT) and time-dependent DFT
(TD-DFT) calculations in the gas phase at the PBE0/6-31G(d,p)
level were used to explore how the reported structural modifi-
cations to the previously reported ICzTRZ would impact its
frontier molecular orbitals (FMOs), energy levels, and excited-
state properties (Fig. 3). Their corresponding energies were
obtained using the Tamm–Dancoff approximation18 to TD-
DFT (TDA-DFT) at the same level of theory. All calculations
were conducted in the gas phase.

The highest occupied molecular orbital (HOMO) and lowest
unoccupied molecular orbital (LUMO) energies of ICzTRZ were
calculated as�5.19 and�1.75 eV, respectively.15 ICzTRZ-0 shows
a slight weakening (strengthening) of the donor (acceptor)
character of the molecule, which was expected due to the
absence of the electron-donating tert-butyl groups attached to
the triazine acceptor, which is conjugated to the indolocarbazole
donor, with HOMO and LUMO levels of �5.25 eV and �1.86 eV.
The insertion of the electron-donating tert-butyl groups on the
indolocarbazole in dtBu-ICzTRZ-0 leads to a modestly destabi-
lized HOMO level of �5.15 eV compared to ICzTRZ, while the
LUMO level is nearly identical to that of ICzTRZ-0 at �1.84 eV
since the acceptor moiety is the same. The presence of tert-butyl
groups on both the donor and acceptor in dtBu-ICzTRZ results in
the most destabilized HOMO level of �5.09 eV, and an electron-
accepting character that closely resembles that of ICzTRZ, with a

Fig. 2 Molecular structures of the ICzTRZ series of emitters under consideration.

Fig. 3 HOMO, LUMO and excited states energies of ICzTRZ, ICzTRZ-0, dtBu-ICzTRZ-0, and dtBu-ICzTRZ (obtained via DFT and TD-DFT at the PBE0/
6-31G(d,p) level, isovalues: MO = 0.02, density = 0.0004).
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LUMO level of �1.73 eV. Fig. 3 and Table 1 summarize the
HOMO and LUMO levels for the four emitter molecules. Details
of the calculations as well as other relevant orbitals can be found
in ESI† (Fig. S3–S6 and Tables S1–S4).

All materials exhibit a very similar excited-state landscape,
with almost identical DEST values (between the lowest lying
singlet and triplet state) of 0.22 eV for ICzTRZ, and 0.21 eV for
each of ICzTRZ-0, dtBu-ICzTRZ-0 and dtBu-ICzTRZ. In total,
there are three energetically close-lying triplet states (see Tables
S1–S4 in the ESI†). The lowest two, T1 and T2, possess CT
character, similar to that of S1, and so spin–orbit coupling
(SOC) between these states is expected to be small. T3 possesses
LE character (localized on the ICz donor) and so SOC between
this state and S1 will be strongest and RISC is likely to proceed
with the involvement of this LE triplet state.19–23 Note, however,
that even two triplet states with the same character, e.g. two CT
triplets with different orbital configurations, are sufficient for
RISC to proceed efficiently, as has been shown recently.24 The
transition from S0 to the S1 state in all four compounds has
high oscillator strength (f), with values of 0.72, 0.68, 0.69, and
0.74 for ICzTRZ, ICzTRZ-0, dtBu-ICzTRZ-0, and dtBu-ICzTRZ,
respectively. Comparing ICzTRZ to ICzTRZ-0, we can see that
the removal of the tert-butyl groups stabilizes the excited states,
with S1 and T1 energies changing from 2.92 and 2.70 eV to
2.88 and 2.67 eV, respectively. The presence of the tert-butyl
groups on the donor in dtBu-ICzTRZ-0, correlates with a stabili-
zation of the excited states to 2.81 eV for S1 and 2.60 eV for T1.
With six tert-butyl groups, dtBu-ICzTRZ has only slightly desta-
bilized excited states compared to dtBu-ICzTRZ-0, S1 and T1

levels of 2.86 and 2.65 eV, respectively.

Electrostatic surface potential (ESP) & inertial moments

In addition to the above discussed excited-state properties, we
also calculated the electrostatic surface potential (ESP) of the
molecules in the ground state (Fig. 4). To this end, the

molecular structures of ICzTRZ-0, ICzTRZ, dtBu-ICzTRZ-0 and
dtBu-ICzTRZ were optimized using the Jaguar software from
Schrödinger.25 Please note that due to their high flexibility, all four
emitter molecules have many conformers that are close in energy
and deviate only slightly in their dihedral angles, as was shown by
Stavrou et al.26 However, they are qualitatively very similar. We also
want to emphasize that the ground state geometries of the four
emitters obtained from the Schrödinger software are in excellent
agreement with the results from Gaussian shown in Fig. 3; this is
particularly valid for the dihedral angles between the indolocarba-
zole donor core and the two triazine acceptor units.

As evident from Fig. 4, the planar ICz donor unit and the two
(also close to planar) TRZ acceptor units are strongly twisted
with respect to each other. Specifically, the dihedral angles
between the TRZ acceptor and the ICz donor are about 501 in all
four emitters. Note that the phenyl linker between the ICz core
and the TRZ unit is actually almost coplanar with the latter
(twist angle of 1–31 only) whereas it has a twist angle of 47–481
to the ICz unit.

The unsubstituted ICz cores of ICzTRZ and ICzTRZ-0 have a
pronounced negative ESP, whereas the unsubstituted TRZ units
of ICzTRZ-0 and dtBU-ICzTRZ-0 have a more mixed character of
positive and negative ESP regions being close by. Adding the
tert-butyl substituents to either of these groups seems to induce
a certain degree of shielding of the ESP of the emitter skeleton
proximal to these groups. It has been shown in the literature
that the ESP landscape of an emitter can influence its orienta-
tion in vacuum-deposited guest–host systems,27 as will be
discussed further below.

Furthermore, the addition or removal of tert-butyl groups
changes the overall mass and the mass distribution of the
molecule. To quantitatively analyse these effects, we extracted
the principal moments of inertia of the four emitters at their
respective optimized geometries, represented as I1, I2 and I3

(Table 2). The corresponding eigenvectors are given in Fig. S13
of the ESI.†

To begin with, molecular weight (see Table 3) increases from
ICzTRZ-0 to dtBu-ICzTRZ-0 and ICzTRZ and reaches a max-
imum value for dtBu-ICzTRZ. However, regarding their aspect
ratio, ICzTRZ-0 shows the highest value of 7.73, whereas dtBu-
ICzTRZ-0 and dtBu-ICzTRZ, have the lowest aspect ratios of 4.76
and 4.53, respectively. The aspect ratio of 5.73 for ICzTRZ lies in
between these other values. Further information concerning
the geometric factors of these emitter molecules as well as the
aspect ratio calculation for the host materials can be found in
the ESI† (Table S7).

Table 1 Summarizing the HOMO, LUMO and excited-state energies for
all four emitter materials

Material HOMO/eV LUMO/eV
S1 energy
(1CT)/eV

T1 energy
(3CT)/eV DEST/eV

ICzTRZ �5.19 �1.75 2.92 2.70 0.22
ICzTRZ-0 �5.25 �1.86 2.88 2.67 0.21
dtBu-ICzTRZ-0 �5.15 �1.84 2.81 2.60 0.21
dtBu-ICzTRZ �5.09 �1.73 2.86 2.65 0.21

Fig. 4 Electrostatic surface potential (ESP) maps extracted from DFT
calculation for the emitter series.

Table 2 Calculated inertial moments and aspect ratios of the ICzTRZ
series of molecules

Molecule I1/amu Å2 I2/amu Å2 I3/amu Å2 Aspect ratio

ffiffiffiffiffiffiffiffiffiffiffiffi
I3 � I2
p

I1

ICzTRZ 18 148 103 829 104 334 5.73
ICzTRZ-0 7917 60 165 62 215 7.73
dtBuICzTRZ-0 13 426 60 494 67 797 4.76
dtBu-ICzTRZ 23 630 104 546 109 732 4.53
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Glass transition temperature measurements

Next, given the reported importance of the glass transition
temperature (Tg) as a factor controlling the orientation of the
TDM, we also measured the Tg’s of the emitters (see ESI,† Fig.
S7–S12). ICzTRZ, dtBu-ICzTRZ-0, and dtBu-ICzTRZ have Tg

values of 253, 227, and 264 1C, respectively. Although no Tg

could be determined for ICzTRZ-0, we expect it to be the lowest
of all four emitters as the magnitude of the Tg roughly scales
with molecular weight (Table 3). However, as the guest concen-
tration is 10 wt% for the used guest–host films in this study, the
Tg of the blend is expected to roughly mirror that of the host.
The host Tg’s increase from mCP (65 1C) via mCBP (92 1C) and
DPEPO (93 1C) to mCBP-CN (113 1C).

Photoluminescence spectra

The solid-state photophysics of the four emitters were studied
at 10 wt% concentration guest–host films. This emitter concen-
tration has been used in several of our orientation studies before,
where no significant difference has been found between 5 and
10 wt% concentration.12 As host we used mCBP-CN, which is a
bipolar material with a sufficiently high triplet energy to ensure
that excitons are confined on the emitters. The steady-state
photoluminescence (PL) spectra are shown in Fig. 5.

ICzTRZ emits with a peak maximum at lPL of 490 nm,
whereas ICzTRZ-0 emits at lPL at 496 nm. As discussed above,
the absence of tert-butyl groups on the TRZ acceptor in ICzTRZ-
0, compared to ICzTRZ enhances the acceptor strength, causing

a bathochromic shift in the PL spectrum. dtBu-ICzTRZ and
dtBu-ICzTRZ-0 have their lPL at 492 and 508 nm, respectively.
For the first, the effect of the tert-butyl groups’ presence on
both the donor and acceptor units has complementary effects
on their strengths, leading to an emission that is intermediate
between ICzTRZ and ICzTRZ-0. However, dtBu-ICzTRZ-0 has a
significantly red shifted PL spectrum because of the tert-butyl
groups’ presence on the donor unit (indolocarbazole), enhancing
only the donor strength. Interestingly, the overall PL full width at
half maximum (FWHM) of dtBu-ICzTRZ and dtBu-ICzTRZ-0 films
is at 410 meV (a factor mainly determined by the fluorescence
decay of S1 excitons to the sub-vibrational states of the S0 state,
the conformational dispersion, and the intermolecular interac-
tions/aggregation). This value is smaller than those of ICzTRZ
and ICzTRZ-0 which is at around 440 to 450 meV (Table 4). This is
attributed to the presence of the tert-butyl groups on the donor
unit which appear to minimize the intermolecular interactions
that lead to aggregation effects, i.e., broader PL spectrum.

Time-resolved photoluminescence decays

The time-resolved (TR) PL decays of the four emitters in mCBP-
CN host (at 10 wt% emitter concentration in the film) are shown
in Fig. 6. The TRPL decays of ICzTRZ-0 and dtBu-ICzTRZ-0 have
similar TADF contributions, as evidenced by the similar ampli-
tude and lifetime of the delayed fluorescence (DF) regime. The
TADF behavior of dtBu-ICzTRZ and ICzTRZ is also very similar
between the two molecules, although the contribution from
their DF regime is slightly smaller than for the former two,
indicating somewhat weaker RISC in their case.

The triplet energy of ICzTRZ was previously reported as 2.62
eV (at 5 wt% concentration in mCBP host),15 and is in good
proximity with the lowest local triplet energy of the ICz donor
unit.28–30 This means that although the lowest CT triplet level
might change between the four molecules, the lowest energy LE
triplet state, which is crucial in promoting RISC,2,3 will always
be within the reported range. This partially explains why the
absence of the tert-butyl groups on the TRZ acceptor units (in
ICzTRZ-0 and dtBu-ICzTRZ-0) leads to a stabilization of their S1

energies and also to a smaller energy difference between 1CT

Table 3 Tg and MW values for ICzTRZ series molecules and host materials

Molecule Tg/1C Molecular weight/g mol�1

ICzTRZ 253 1095
ICzTRZ-0 NA 871
dtBu-ICzTRZ-0 227 983
dtBu-ICzTRZ 264 1208
mCP 65 409
mCBP 92 485
mCBP-CN 113 510
DPEPO 93 571

Fig. 5 Steady-state PL spectra of the four TADF emitters doped into an
mCBP-CN host matrix at 10 wt% (lexc = 365 nm).

Table 4 Photophysical properties of ICzTRZ, ICzTRZ-0, dtBu-ICzTRZ-0
and dtBu-ICzTRZ at 10 wt% concentration in mCBP-CN host (extracted
from Fig. 5 and 6)

ICzTRZ ICzTRZ-0 dtBu-ICzTRZ-0 dtBu-ICzTRZ

lPL/nm 490 496 508 492
FWHM/meV 440 450 410 410
APF avg./a.u. 0.76 0.71 0.82 0.74
tp avg./s

a 9.47 � 10�9 1.00 � 10�8 8.69 � 10�9 8.25 � 10�9

ADF avg./a.u. 2.23 � 10�5 5.75 � 10�5 6.41 � 10�5 1.52 � 10�5

td avg./s
a 8.33 � 10�5 6.13 � 10�5 4.99 � 10�5 1.31 � 10�4

kF avg./s
�1 1.06 � 108 1.00 � 108 1.15 � 108 1.21 � 108

kISC avg./s
�1 2.17 � 107 3.29 � 107 3.57 � 107 2.98 � 107

kRISC avg./s
�1 1.51 � 104 2.44 � 104 2.90 � 104 1.01 � 104

a Average values were extracted from the averaging of the multiple
exponentials used to fit the prompt and delayed lifetimes using the

following equation: tavg: ¼
Pn
i¼1

Aiti2
� ��Pn

i¼1
Aitið Þ.
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and 3LE compared to the two other emitters. This thus results
in an improved triplet harvesting efficiency (higher amplitude
of the DF regime in Fig. 6) in the latter two emitters.

The time-resolved decay kinetics were calculated according
to the method of Dias et al.5 and are shown in Table 4. The
prompt fluorescence (PF) lifetime, tp, is comparable across all
four emitters, while the average delayed fluorescence (DF)
lifetime, td, adheres to the following trend: the emitters with
unshielded triazine units (ICzTRZ-0 and dtBu- ICzTRZ-0) have
shorter td of around 50 ms, while the other two emitters have a
td closer to 100 ms. The corresponding kRISC values are 1.51 �
104, 2.44 � 104, 2.90 � 104, and 1.01 � 104 s�1 for ICzTRZ,
ICzTRZ-0, dtBu-ICzTRZ and dtBu-ICzTRZ, respectively. The
photoluminescence quantum yield (FPL) for ICzTRZ has been
measured as 84% under nitrogen and decreases to 73% in air,
while the corresponding values of dtBu-ICzTRZ are 81% and 70%,
respectively. For the other two emitters, we do not have absolute
PLQY data, but the relative intensities of their PL spectra are very
similar to the first two, and since film thickness and host were
identical, we conclude comparable PLQY values. This suggests
that the incorporation of tert-butyl groups does not impact
significantly the FPL for this family series of emitters. The similar
structures and PL spectra (singlet energies) of the four emitters
explain why their decay kinetics are almost the same, although
small differences mainly in their singlet energies do affect the
triplet harvesting efficiency. We also note that the relatively high
oscillator strength from the S1 state (with CT character) to the
ground state of about 0.7, and the only moderate RISC rates are
consistent with the dihedral angles between donor and acceptor
being far from orthogonal (about 501), which is in contrast to
TADF emitters like DMAC-TRZ, where this angle is close to 901.

Orientation measurements

The orientation factor (Y) for these four emitter molecules was
measured in several relevant host materials. The doped films
(10 wt% emitter in the respective host matrix) were obtained via
vacuum-deposition and the orientation of the emitter molecule
was measured using angular dependant photoluminescence

spectroscopy (ADPL). Fig. 7 shows the obtained raw data for
mCBP-CN as host, together with fits yielding Y at the respective
peak emission wavelength. Table 5 collates the Y values for
different hosts; measurement and fits are shown in the ESI†
(Fig. S14–S16).

ICzTRZ presents a near complete horizontal orientation of its
TDM regardless of the host material, with the strongest horizon-
tal orientation found in DPEPO (Y = 0.06), followed by mCBP-CN
(Y = 0.07), mCBP (Y = 0.09), and the weakest alignment in mCP
(Y = 0.12). Overall, the TDM of ICzTRZ is the most horizontally
aligned of the family of four emitters in this study.

For ICzTRZ-0, we find the highest Y values (i.e., the least
horizontal orientation of its TDM) of the four emitters. For
dtBu-ICzTRZ-0 and dtBu-ICzTRZ, we find very similar orienta-
tion parameters that are close to that of ICzTRZ. The presence
of tert-butyl groups, regardless of location, has a positive effect
with respect to the orientation factor (i.e., leading to better
horizontal orientation of the TDM, when compared to ICzTRZ-
0, regardless of the nature of the host). This implies that a
general increase in molecular weight, as opposed to the dimen-
sionality or aspect ratio of the emitter, has the greatest influ-
ence on the Y value.

Organic light-emitting diodes

To demonstrate the impact of emitter orientation on device
performance, we fabricated OLEDs with the four emitter mate-
rials and using mCBP-CN as the host. Patterned indium tin
oxide (ITO) substrates were spin-coated with B30 nm PED-
OT:PSS along with 30 nm vacuum-deposited TCTA, which
together act as the hole injection and transport side of the
devices. This was followed by a 20 nm thick emission layer
consisting of 10% emitter doped in mCBP-CN. We then depos-
ited 40 nm TPBi along with 0.5 nm LiF and 100 nm aluminium
on the electron transport side. LiF acts as a work function
modifier for the aluminium cathode. The layer stack together
with the obtained results are shown in Fig. 8.

Current–voltage–luminance characteristics (shown in the
ESI,† Fig. S17) indicate that the devices need a relatively high

Fig. 6 Time-resolved PL (a) decays and (b) contour plots of ICzTRZ, ICzTRZ-0, dtBu-ICzTRZ-0 and dtBu-ICzTRZ-0 at 10 wt% concentration in mCBP-
CN at room temperature under an excitation wavelength of 355 nm.
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voltage to turn on (B4 V), but they all achieve luminance values
of about 5000 cd m�2 at 8 V. The relatively high drive voltages can
be understood in view of the simple layer stack with significant
injection barriers at both contacts. Nevertheless, the data can
serve as a comparison for the performance of the four different
emitter molecules. First, their electroluminescence spectra
(shown in Fig. 8(b)) are in good agreement with the PL spectra
discussed above. They exhibit the same FWHM trend and bath-
ochromic shift of the emission peak wavelength from 498 nm for
ICzTRZ & dtBu-ICzTRZ along with 508 nm and 518 nm for
ICzTRZ-0 and dtBu-ICzTRZ-0 respectively. Their EQEs show an
increase at low current densities with a maximum in the range
10–100 cd m�2, before the EQE rolls-off at higher currents, most
likely due to exciton quenching by charges or other biexcitonic
pathways (Fig. 8(c)). The maximum EQE of the devices follows a
similar trend as the orientation parameters of the emitters in
mCBP-CN (Table 4), which confirms the link between device
efficiency and the propensity for the emitter to have a horizon-
tally aligned TDM, which affects the light outcoupling efficiency.
The EQE values were measured over 8 devices in total with a
distribution of values shown in Fig. 8(d).

Discussion

The focus of this work is to study structure–property relation-
ships between the presence of tert-butyl substituents at differ-
ent positions on the four different ICzTRZ-derivatives. The
central goal was to manipulate the TDM orientation of these
emitters in luminescent guest–host systems and investigate its
effect on the photophysics and OLED efficiency of the related
devices.

In general, molecular weight and Tg of both, emitter and
host, are the main driving forces for emitter orientation.
Comparing the different host materials, doped films in mCP
(Tg = 65 1C, MW = 409 g mol�1), which is the host molecule with
the lowest Tg and MW, are always (slightly) inferior to the doped
films in mCBP-CN (Tg = 113 1C, MW = 510 g mol�1) and DPEPO
(Tg = 93 1C, MW = 571 g mol�1). This confirms the established
scaling of the orientation factor of emissive guest–host systems
with the Tg of the host material.15

However, the comparison between the four emitters in a
given host is not that straightforward to explain. Previous
studies on emitter orientation have often used geometrical
arguments, specifically the aspect ratio between the longest
extension of an emitter molecule in one direction and the
shortest one in a direction perpendicular to it31 or an aspect
ratio that is based on the inertial moments tensor.32,33 But
these simple predictors do not work here. For example, ICzTRZ-
0 has the largest aspect ratio of 7.7 (derived from the inertial
moments in Table 2) but the least horizontal orientation factor
in all the hosts. And among the other emitters, there is also no
clear correlation between this ratio and Y. Other authors have

Table 5 Measured orientation values in different emitters in four matrices
at 10 wt% doping concentration

Y mCP mCBP mCBP-CN DPEPO

ICzTRZ 0.12 0.09 0.07 0.06
ICzTRZ-0 0.18 0.17 0.21 0.15
dtBu-ICzTRZ-0 0.11 0.09 0.11 0.09
dtBu-ICzTRZ 0.10 0.10 0.09 0.09

Fig. 7 Orientation measurements for 10 wt% emitters in mCBP-CN. Other host materials are shown in the ESI.† Excitation wavelength was 365 nm in all
cases.
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introduced slightly modified predictors for orientation,17 but
also for these parameters (see Tables S5 and S6 of the ESI†)
we do not find a clear correlation. As Tenopala et al.
have suggested for emitters with high molecular weight
(4600 g mol�1), the primary predictor of orientation seems
to be the emitter’s MW.17 ICz-TRZ-0 (without any tert-butyl
substituents) has the lowest MW of 871 g mol�1 and, thus,
the highest Y values. But for the other three emitter molecules
(dtBu-ICzTRZ-0: 983 g mol�1, ICzTRZ: 1095 g mol�1, and dtBu-
ICzTRZ: 1208 g mol�1) the correlation is much weaker. They all
have significantly lower Y values than ICzTRZ-0, but ICzTRZ,
where the tert-butyl substituents are at the terminal acceptor
positions, is the best. We think that for the subtle differences in
molecular orientation between them, other factors like their
electrostatic surface potentials might play a role as well, since
the presence of tert-butyl substituents changes the ESP land-
scape as shown in Fig. 4. Specifically, the tert-butyl groups seem
to have some shielding effect with their more or less neutral
values, whereas the central ICz donor unit is strongly negative.
Finally, regarding the ‘‘outlier’’ in orientation, ICzTRZ-0, one
could even consider some influence of emitter aggregation due
to the absence of any substituents, although we did not find
direct evidence for it, e.g., in the PL spectra for different emitter
doping concentration.

Coming to the device data of the four emitters, we find that
ICzTRZ has the best performance. But compared to our pre-
vious publication with the parent compound ICzTRZ as the
emitter14 we find lower maximum device EQE, EQEmax, of 16%
compared to 22%. This is mainly due to the simplified OLED
stack used here without extra hole and electron blocking layers

that were present in the original report. As a consequence, the
charge carrier balance is not ideal and there is a lack of carrier
confinement for achieving close to unity recombination effi-
ciency. Considering the relative variation of the peak EQEs
between the four emitters, we have performed simulations of
the light outcoupling factor based on their measured TDM
orientations (see Fig. S18 and Table S8 of the ESI† for details).
However, the predicted difference in this factor is relatively
small (changing from about 35% for the most horizontal emitter
ICzTRZ to slightly below 30% for the least horizontal emitter
ICzTRZ-0). On the other hand, the FPL of all four emitters is
similar, at about 80% and also are their RISC efficiencies. This
implies that the expected device EQEs should not differ by a
factor of two between the best emitter (ICzTRZ) and the worst
(ICzTRZ-0), as observed. Thus, we have to conclude, that there
are additional electrical losses as well as exciton quenching,
which reduce the EQEmax below the theoretically possible
values. Moreover, the different shielding of the emitters as a
result of the tert-butyl substituents seems not only to affect the
TDM orientation but also the electronic properties of the
materials as well as the electrical behaviour in the device. For
example, it is known that more horizontal alignment of mole-
cules in a thin-film device can improve its charge carrier
mobility in the out-of-plane direction.14 And, also energy trans-
fer from the host to the emitter molecules or direct charge
trapping and recombination could be affected by the presence
of tert-butyl substituents at different positions on the emitter
molecules. But overall, we find a clear correlation between
emitter orientation and OLED performance with ICzTRZ giving
the highest EQEs and ICzTRZ-0 the lowest values.

Fig. 8 OLED Devices. (a) Stack illustration, (b) EL spectrum, (c) Comparative EQE graph, (d) peak EQE distribution over different devices.
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Conclusions

In this study, we report a family of structurally similar ICzTRZ
derivatives containing different numbers and of tert-butyl sub-
stituents, positioned on either the triazine acceptor and/or the
indolocarbazole donor. We correlated different structural para-
meters to the propensity for these emitters to align their TDMs
horizontally in vacuum-deposited films. While ICzTRZ-0, which
contains no tert-butyl substituents and is the lightest of the
family of emitters, shows the largest orientation factor and
hence has the least horizontally aligned TDM, dtBu-ICzTRZ has
only a slightly more horizontally aligned TDM, despite having
the greatest number of tert-butyl groups. This is also the case
for dtBu-ICzTRZ-0. The compound with the most horizontally
aligned TDM, irrespective of host, is ICzTRZ, which seems to
have the best balance of its properties in terms of Tg, molecular
weight, aspect ratio and ESP.
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