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Crosslinkable Bis(diphenylamine)-Substituted Mixed
Dihydroindeno[1,2-b]fluorenes for Solution-Processed
Multilayer Organic Light-Emitting Diodes

Matthias Hempe,® Johanna Paschek,” Jirgen Schelter,” Anne Umbach,"

Klaus Meerholz,*" < and Michael Reggelin*®

The synthesis and application of a series of crosslinkable bis
(diphenylamine)-substituted mixed dihydroindeno[1,2-b]lfluo-
renes as model systems for the fabrication of solution-
processed, multilayer organic light-emitting diodes (OLEDs) is
described. Introducing a novel functionalization approach by
C(sp’)—C(sp?) Suzuki-Miyaura reactions, the synthesis is based
on a modular strategy, leading to eight nearly isoelectronic
derivatives that allow for the observation of structure-property
relationships in the context of crosslinkable hole-transport

1. Introduction

In current commercial applications, small molecule organic
semiconducting materials are most commonly processed by
vacuum deposition techniques to fabricate state-of-the-art, high
performance multilayer OLED devices. To realize future large-
area OLEDs, processing of the functional materials by low cost,
high-throughput, solution-based methods is favorable. Unfortu-
nately, commonly used small molecules often possess insuffi-
cient solubilities, and suffer from poor film forming properties
and/or poor solvent orthogonality. This leads to intermixing or
dissolution phenomena upon the processing of subsequent
layers and results in poor device performances. To cast defined
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materials, e.g., for use in OLEDs. By systematically altering
structural parameters, such as the number of crosslinkable
oxetane moieties per molecule (2-6 moieties) and their position
of attachment (geminal and/or lateral), process-relevant thermal
properties such as thermal stability (T495, 170-350°C) and glass-
transition temperature (15-100°C) can be influenced and allow
for the investigation of their impact on the crosslinking
behavior and the resulting device performance.

multilayer architectures from solution, two main issues must be
considered:

1) The formation of homogenous films: It has been shown
that besides their intrinsic electronic properties, the morphol-
ogy and thin film stability of the organic molecules is of vital
importance for the effectiveness and durability of the resulting
devices.!" The amorphous, glassy arrangement of the molecules
within each layer has been identified as beneficial for OLED
devices.” To cast homogenous films from solution, the glass-
transition temperature (T,) of the materials is a highly relevant
parameter. In this context, low-T, materials favor the formation
of smooth films, while high-T; materials are necessary for
durable device performance.”

2) The preservation of film integrity upon the deposition
of subsequent layers: One strategy to achieve this is the
polymerization of crosslinkable moieties. In this respect, the use
of oxetanes, which can be crosslinked through cationic ring-
opening polymerization reactions (CROP),"” has been demon-
strated in the field of hole-transporting®™ and light-emitting
materials.” The attachment of oxetane units through spacing
alkyl chains can lead to materials with high solubility, good film
forming properties, and low volume shrinkage upon polymer-
ization, which is a prerequisite for the fabrication of high-
performance OLED devices.” Additionally, it was shown that
the polymerization of oxetanes can even be used to preserve
ordered molecular arrangements within the solid state.”’ In the
course of the polymerization reaction, the vitrification of the
layer reduces the molecular mobility and increases the glass
transition temperature of the film. Thereby, the mechanical
properties of the resulting network depend on the mesh size
and the number of nodal points. Thus, even high-T; morpholo-
gies for durable device performance can be achieved by post-
deposition polymerization of low-T, oxetane-functionalized
materials.
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To hamper crystallization of the molecules before cross-
linking and, therefore, ensure their amorphous arrangement,
several molecular design strategies have been developed, one
of which is the introduction of sterically demanding spiro units
to the molecular backbone of fluorene and dihydroindeno[1,2-
blfluorene derivatives.”’ Here, especially aryl substituents have
been successfully used to prevent molecular aggregation by
steric hindrance."” Additionally, it has been shown that by the
attachment of arylamines to dihydroindeno[1,2-b]fluorene scaf-
folds, high performance hole transport materials (HTM) can be
obtained.™”

In this paper, we report on the syntheses and application of
crosslinkable  bis(diphenylamine)-substituted dihydroindeno-
[1,2-blfluorenes as HTM for solution-processed multilayer OLED
devices (Figure 1). Here, the mixed substituted dihydroindeno-
[1,2-blfluorene (MIF)"? core structure was used to combine
morphological stability by spiro-aryl substituents with an easy
to functionalize central, benzylic position for alkyl-substituent
attachment.”® The system allows for the variation of the
number of crosslinkable units per molecule (2-6 oxetanes), as
well as a variation in the positions of attachment (geminal and/
or lateral) of these moieties onto the rigid, high-T, molecular
backbone. The attachment of the alkyl-bound oxetane moieties
in the lateral positions of the molecules was realized through a
novel synthetic approach, involving the C(sp®-C(sp?) cross-
coupling reactions of oxetane-substituted potassium trifluoro-
borates with halogenated diphenylamine intermediates. This
strategy enables the synthesis of nearly isoelectronic derivatives
by a modular approach. Thus, a set of materials is obtained
which permits the investigation of the influence of the above
structural modifications on process-relevant properties such as
thermal stability, glass transition temperature, crosslinking
behavior, and its impact on the resulting device performance.
The performance of the novel materials is compared with
commonly used oxetane-functionalized, benzidine-type hole
conductors based on the TPD motif (triphenylamine dimer) as
well as fully alkyl-substituted dihydroindeno[1,2-b]fluorenes.

Diphenylamine segment Diphenylamine segment
X
X

X, Y = H and/or alkyl-oxetane Alkyl = n-alkyl or

alkyl-oxetane

Figure 1. Target structures of the DPA-MIF series reported in this work.
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2. Results and Discussion
2.1. Synthesis

The synthesis of the materials is based on a modular approach
involving Buchwald-Hartwig amination reactions of the mixed
dihydroindeno[1,2-b]fluorene (MIF) core structures and di-
phenylamine (DPA) components at the final stage. Here, the
syntheses of the DPA components 5a-b involve a novel,
selective functionalization strategy through C(sp®)-C(sp?) cross-
coupling of an oxetane-substituted potassium trifluoroborate 3
and diarylamine halides 4a-b. By permutation of oxetane-
functionalized and unfunctionalized diphenylamine- and MIF-
components, a series of eight nearly isoelectronic derivatives 9
was obtained.

Starting from the oxetane alcohol 1, the syntheses of
haloalkane-substituted oxetanes 2a-c of varying alkyl chain
length were achieved by etherification (Scheme 1).** There-
after, compound 2 was converted to the oxetane-substituted
potassium trifluoroborate 3, which was successfully cross-
coupled with the halogenated diphenylamines 4a and 4b to
obtain the mono- and bis-oxetane functionalized diphenyl-
amine components 5a-b. It is important to note that the
oxetane-substituted potassium trifluoroborate 3 is a novel,
highly versatile building block for the general synthesis of
crosslinkable aromatic materials. Similar to the primary alkyl
trifluoroborates reported by Molander et al.,"¥ compound 3 can
be stored under ambient conditions for months, with no special
precautions. Moreover, the cross-coupling reactions in this work
even proceed in the presence of the free N—H functionality of
the secondary amines 4a-b and do not require additional
protecting group chemistry of their acidic molecular positions.
Therefore, this functionalization strategy represents an interest-
ing alternative to traditional synthetic approaches, commonly

NaOH, TBAB .
O a,w-dibromoalkane O, 2an=3 72%
\XOH \XO 2bn=4  62%
nHex/H,0 (v/v; 1:1) B 2cn=5 87%
68°C, 3 h e

1) 2¢, BuLi, -78°C THF (abs.)
2) B(OiPr)3, -78°C->1t | 509%
3) KHF, (aq.), 0°C

O,

B \%
OBk

O,
o Ko
RuPhos,
NH K»CO3 NH
PhMe/H,0
(v/v; 10:1), 80°C
X X
4aX=H 5aX=H 57%
4b X =Br 5b X = hexyl-oxetane 54%

Scheme 1. Reaction sequence to diphenylamines 5a and 5b involving key
Suzuki-Miyaura cross-coupling reaction of oxetane-functionalized potassium
trifluoroborate 3 and halogenated diphenylamines 4a-b.
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involving a sequence of lithiation and nucleophilic substitution
reactions, which are not compatible with this kind of
substrates.”"

The syntheses of the MIF compounds 8a-d are in principle
based on the synthetic strategies of symmetrically substituted
dihydroindeno[1,2-blfluorenes.'®*'¥ However, due to the sus-
ceptibility of the oxetane moieties towards electrophiles and
with respect to the derivatization approach, the attachment of
the alkyl substituents to the MIF core reported in this work was
accomplished in the last stage of the MIF dibromide 8 synthetic
sequence (Scheme 2). As reported previously, the synthesis of
the respective MIF starting material 6 was realized in two
isolated reaction steps.” The copper(ll) bromide mediated
bromination”” of the MIF structure 6 was followed by the
alkylation of the benzylic 12,12'-positions of 7 with various
haloalkane electrophiles (1-bromobutane or 2a-c), which finally
yielded the key MIF intermediates 8 a-d.

The Buchwald-Hartwig amination reactions of the dibro-
mides 8a-d with diphenylamine led to the unfunctionalized
reference compound REF 9a, as well as to the geminally
functionalized derivatives 9b-9d. The twofold laterally func-
tionalized material 2L6-0G 9e, and the fourfold oxetane-
substituted compound 2L6-2G6 9f were obtained by the
coupling reactions of 8a and 8d with the mono-functionalized
diphenylamine 5a. The syntheses of the fourfold laterally
functionalized compound 4L6-0G 9g and the sixfold oxetane-

CuBr, / Al;04
_—
CCly, 77°C, 14 h
76%

diphenylamine

.

REF 9a Alkyl = n-butyl 78%
0L-2G4 9b Alkyl = butyl-oxetane 84%
0L-2G5 9¢ Alkyl = pentyl-oxetane  59%
0L-2G6 9d Alkyl = hexyl-oxetane 87%

lateral

2L6-0G 9e R=H 72%
4L6-0G 9g R = hexyl-oxetane 70%

Scheme 2. Synthesis of DPA-MIF derivatives 9a-h.
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substituted molecule 4L6-2G6 9h were achieved by the reaction
of 8a and 8d with the bis-oxetane-substituted diphenylamine
component 5b. Throughout the remainder of the paper we will
refer to the different DPA-MIFs as xLm-yGn, where “x” and “y”
indicate the number of oxetane groups for the lateral (“L") and
geminal (“G") positions, while “m” and “n"” indicate the length of
the alkyl spacer between the molecular core and the oxetane

group for “L" and “G" positions.

2.2. Solid-State Structure of REF 9a

The solid-state structure of the unfunctionalized DPA-MIF 9a
was elucidated by single crystal x-ray analysis. The compound
was recrystallized from ethyl acetate, yielding the space group
P-1 (triclinic, Figure 2). In every unit cell, two molecules are in
coplanar arrangement while being shifted relative to one
another. The lateral diphenylamine substituents are slightly
bent out of plane, distorting the aromatic dihydroindenol[1,2-b]
-fluorene backbone. Within the molecular packing, no cofacial
arrangement of the dihydroindenofluorene structures was
observed. While the dihydroindenofluorene core structures are
spatially well separated and do not overlap, the closest
intermolecular C—C-distance between two arylamine units of
one layer was determined to be 3.737 A. Between the layers,
the shortest contact of arylamines has been determined to be

1) KOtBu, 18-crown-6
2) 1-bromobutane or
2a-c

THF (abs.), 0°C, 21 h

Pd(OAc),, P(tBu),,
NaOtBu,

PhMe (abs.), 110°C

8a  Alkyl = n-butyl 87%
8b  Alkyl = butyl-oxetane 65%
5a-b 8c  Alkyl = pentyl-oxetane  36%
8d  Alkyl = hexyl-oxetane  70%

lateral + geminal

———
2L6-2G6 9f R=H 68%
41.6-2G6 9h R = hexyl-oxetane 65%
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Figure 2. a) ORTEP plot of the molecular structure of 12,12"-dibutyl-6,6'-di(4-
tert.-butylbenzene)-N*N*,N'°,N'*-tetraphenyldihydroindeno[1,2-b]fluorene-
4,10-diamine (REF 9a). b) coplanar molecular packing, c) detailed view of the
closest intermolecular contact, d) side view of coplanar molecular packing (H
atoms have been omitted for clarity).

4,577 A. These short intermolecular distances can be beneficial
for hole transportation. All other compounds 9b-h do not
crystallize due to the decoration with the alkyl-bound oxetane
units.

2.3. Thermal Properties
The thermal properties of the DPA-MIF materials were inves-

tigated by thermal gravimetric analysis (TGA) and differential
scanning calorimetry (DSC, Table 1 and SI). To evaluate the

Table 1. Thermal properties of the DPA-MIF derivatives 9a-h.

Td95 [oc][a] Tg [OC][b]

REF 9a 153 not observed"
0L-2G4 9b 355 100

0L-2G5 9c¢ >350 83

0L-2G6 9d 350 69

2L6-0G 9e 170 38

2L6-2G6 9f 270 36

4L6-0G 9¢g 220 18

416-2G6 9h 250 15

[a] T,*: decomposition temperature determined by TGA (temperature at
5% weight loss, N, atmosphere, 10 K/min), [b] Tg: glass transition
temperature determined by DSC in second heating cycle (N, atmosphere,
10 K/min), [c] Temperature range between 0°C and 110°C.
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thermal stability of the derivatives, the decomposition temper-
ature T, was determined. Due to the different molecular
weights of the derivatives investigated, this parameter should
only be used for qualitative evaluation (for detailed TGA
analyses, see Supporting Information). The TGA analyses reveal
an intrinsic instability of the geminal n-butyl substituents (9a,
9e and 9g) at temperatures higher than 100°C. In contrast to
this, longer alkyl-oxetane substituents in the geminal positions
lead to materials of higher thermal stability (9b-d, 9f, 9h). The
geminally functionalized materials 9b-d show high thermal
stabilities with T,” parameters higher than 350°C. This
tendency can also be observed comparing the thermal stability
of the fourfold functionalized compounds 2L6-2G6 9f (T,*
270°C) and 4L6-0G 9g (T,° 220°C).

For the processing of the materials from solution, the glass
transition temperature (T,) is of high importance. Here, the
DPA-MIF derivatives follow a clear trend. In case of the
geminally functionalized materials 9b-d, a lowering T, from
100°C to 69°C can be observed when increasing the length of
the spacing alkyl chains from butyl to hexyl. By laterally
attaching two hexyl-bound moieties to the molecular structure,
T, can be significantly lowered to 38°C (2L6-0G 9e). Here, the
attachment of further alkyl-oxetane substituents in the central,
geminal position has only minor impact on T, (2L6-2G6 9f, T,
36°C). In case of the fourfold laterally functionalized derivatives
9g-h, the glass transition temperature is lowered even further
(18°C and 15°C), however, the impact of increasing number of
oxetane units is surprisingly small. By comparing the T of DPA-
MIF derivatives with identical number of oxetane units, but
which differ in their position of functionalization, it becomes
obvious that the lateral attachment reduces T; more strongly
than the geminal attachment. Comparing the glass transition
temperatures of the DPA-MIF materials to the twofold oxetane-
functionalized materials OTPD and QUPD (T,—5°C and —1°C)
reported in the literature,” it can be seen that the rigid
dihydroindeno[1,2-b]fluorene backbone bearing two aryl sub-
stituents generally leads to higher T, materials than the
benzidine-based molecules.

2.4. Electronic and Optical Characterization

The electronic and optical properties of the series of materials
have been investigated by cyclic voltammetry (CV), UV/vis, and
photoluminescence (PL) spectroscopy, respectively (see Ta-
ble 2). Due to the identical electronic situation of 9a and the
geminally functionalized derivatives 9b-d, the latter have been
omitted from this investigation. The minor electronic impact of
the number of laterally attached alkyl-oxetane substituents was
observed by optical spectroscopy (Figure 3). Here, the two- and
fourfold functionalized compounds 2L6-0G 9e and 4L6-0G 99
have been studied as examples and have been compared to
the unfunctionalized compound DPA-MIF REF 9a.

The DPA-MIF-reference REF 9a features two chemically
reversible oxidation steps with half-wave potentials at Eo,,
(+0.23V) and Eo,, (4+0.44 V) vs. ferrocene/ferrocenium (FeCp,/
FeCp,™) (the cyclic voltammogram is given in the Supporting

154 © 2020 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA
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Table 2. Optical and electronic properties of the derivatives REF 9a, 2L6-
0G 9e, 4L6-0G 99 in comparison to the dihydroindeno[1,2-b]fluorene 3Ph
by Wong et al."®' the benzidine-based materials QUPD and OTPD, as well
as the dihydroindenofluorene-based material JS247 (structures given in the
Supporting Information).

E"00 ™ Aas . AE,, HOMO  LUMO

[V VS, [nm][b] [nm][b] [ev][(] [eV][d] [ev][e]

Fc/Fct]
3PhIee] 1.44 347 353 353 —6.40 —2.87
REF 9a 0.23 402 417 2.98 —5.33 —2.35
2L6-0G9d  0.20" 405 421 2.95 —5.30 —2.35
4L6-0G9g  0.18" 408 424 293 —5.28 —2.35
QUPD 0.07 353 423 3.12 —5.17 —2.05
OTPD 0.24 354 404 3.17 —534 —217
15247 0.11 404 423 2.93 —5.21 —2.28

[a] Obtained in DCM/TBAPF,, T=298 K, 20 mV/s. [b] At maximum intensity,
respectively, excited at A,.. [c] From absorption edge of UV/vis spectra. [d]
Calculated from the first oxidation potential using Eyoyo=—5.1-E"%,;.°¢

[e] Determined by the optical bandgap and HOMO energy. [f] Estimated

considering additional alkyl substituents.

T T T T T
—— REF  9a |ig
2L6-0G 9e
—— 4L6-0G 9g

408
@ 3
[} <
c @
8 ®
o 406 ®
[ o
Qo -]
< o
b o

404
8 s
© \ ©
g 02 £
z M 172

0,0

T L T T T T
300 350 400 450 500 550 800

Wavelength (nm)

Figure 3. Absorption spectra (bold lines) and photoluminescence spectra
(dashed lines) of REF 9a, 2L6-0G 9e and 4L6-0G 99 in THF (excited at A,,).

Information). Due to the isoelectronic nature of the compounds
9b-9d, very similar values can be assumed.

By introducing more and more alkyl substituents in the
peripheral positions (compounds 9e and 9f have 2 additional
alkyl substituents; compounds 9g and 9h have 4 additional
alkyl substituents), a lower oxidation potential is expected.
Comparison with the basic molecular structure of 3Ph reported
by Wong et al"™ (the molecular structure is given in the
Supporting Information) shows, that both oxidation potentials
are shifted towards more positive values, which can be
attributed to the electron-rich nature of the diphenylamine
substituents and the extension of the conjugated m-electron
system. Further, compared to a dihydroindenofluorene featur-
ing all-alkyl-substitution at the core (compound JS247, Support-
ing Information), which is oxidized at 0.11 V vs. ferrocene under
identical conditions, the higher oxidation potential of 9g (and
the isoelectronic 9h) might be indicative of stronger twisting of
the MIF core compared to dihydroindenofluorene.

To estimate the HOMO energy level of the DPA-MIF
compounds, the first oxidation potential was used in accord-
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ance to an established procedure: E,opo = —5.1-E,,.*9 Here, the
HOMO energy level of the diphenylamine-substituted com-
pound REF 9a was determined to —5.33 eV. Thus, the DPA-MIF
materials are easily oxidized and should allow for efficient hole
transportation. The energy level of the LUMO could not be
obtained directly by electrochemical analysis, since the electro-
chemical window is too small. Therefore, the energy of the
optical bandgap was derived from the absorption edge of the
of UV/vis spectrum and was used to calculate the LUMO energy
of DPA-MIF 9a (—2.35 eV) (Table 2). This energy level was found
to be sufficiently high to efficiently block electrons from
adjacent layers of an OLED device, resulting in good charge
confinement within the emissive layer.

The absorption spectrum of compound 9a presents an
absorption maximum at 402 nm and hence is bathochromically
shifted with respect to 3Ph (347 nm). Similar to the ladder-type
oligophenylene arylamines reported by Fan et al."® the spec-
trum features two prominent bands, which were assigned to
the n—m* transition of the triarylamine moieties and m—m*
transition of the dihydroindenofluorene core. The mirror-image
like photoluminescence spectrum of DPA-MIF 9a exhibits a
small Stokes shift of 15 nm and presents an emission maximum
at 417 nm (3Ph, 353 nm). To investigate the electronic impact
of the number of laterally attached alkyl-oxetane substituents,
compounds 2L6-0G 9e and 4L6-0G 9g have also been
characterized by optical spectroscopy. Along the series of REF
9a, 2L6-0G 9e and 4L6-0G 9g, the absorption edge of the
spectra bathochromically shifts by 3 nm (23 meV) for each
compound, respectively. This small bathochromic shift can be
observed in the emission spectra as well, demonstrating the
low electronic impact of the novel functionalization strategy by
C(sp*)-C(sp?) cross-coupling reactions. Hence, the DPA-MIF
series presented here is in principle well suited for a compara-
tive study of their respective OLED performance.

2.5. Crosslinking Behavior

The impact of the structural modifications on the crosslinking
behavior of the DPA-MIF derivatives was investigated by
photoacid-initiated crosslinking experiments under inert atmos-
phere using the photoacid generator (PAG) 4-octyloxydiphen-
yliodonium hexafluoroantimonate(V) (OPPI) reported by Crivello
et al. (Table 3)." After the deposition of the functional ink onto
the glass substrate, the PAG was activated by UV irradiation at
365 nm. Thereafter, it was necessary to promote the cross-
linking reaction by thermal curing of the film. Due to gelation
and vitrification, the curing temperature should in general be
higher than the glass transition temperature T, of the respective
material in order to propagate network formation.”” Here, the
diffusional mobility of the functional moieties can be inversely
correlated to T, which rapidly increases in the course of the
polymerization reaction. Consequently, the ideal crosslinking
temperature should be set in agreement with the efficient
formation of the macromolecular network and in respect to the
thermal stability of the materials. The topography of crosslinked
films has been investigated by atomic force microscopy (AFM).

155 © 2020 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA
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Table 3. Crosslinking of DPA-MIF derivatives 9d-h spin-coated from
toluene solution onto glass substrates (N, atmosphere).

No. T,[°C1  OPPI[mol%]®  curing SR [%]™
1 0L-2G69d 69 2 5min, 130°C 0

2 2 5min, 150°C 16
3 4 (OLED) 5min, 150°C 100
4 2L6-0G9e 38 2 5min, 100°C 0

5 2 5min, 130°C 0

6 4 5min, 150°C 0

7 2L6-2G6 9f 36 2 5min, 130°C 79
8 3 5min, 130°C 77
9 4 5min, 130°C 88
10 4L6-0G9g 18 2 5min, 130°C 93
1 3 5min, 130°C 100
12 4L6-2G69h 15 2 (OLED)“ 5min, 150°C 100

[a] 4-Octyloxydiphenyliodonium hexafluoroantimonate(V) (OPPI) used as
photoacid generator. [b] Solvent resistivity (SR) determined by profilometry
analysis of film thickness before and after rinsing of the photopolymerized
film. [c] Indicating the conditions used for OLED device fabrication.

The average RMS roughness is typically below 1 nm. Non-
crosslinked films cannot be investigated, because they are very
soft. It is assumed that the topography is similar to the one
after crosslinking.

Owing to their rather elevated T, (Table 1), the derivatives
0L-2G4 9b and 0L-2G5 9c¢ have not been investigated here. In
the case of 0L-2G6 9d and 2L6-0G 9e, crosslinking of films of
the two derivatives using 2 mol% of the PAG at 130°C does not
lead to the formation of solvent-resistant, macromolecular
networks (entries #1 and #5). While increasing the curing
temperature to 150°C does not enhance the resulting solvent-
resistivity significantly (entry #2), the additional increase of the
amount of the PAG results in fully insoluble films of the
derivative 0L-2G6 9d (entry #3). In contrast to this, the
crosslinking of the laterally functionalized material 2 L6-0G 9e
under these conditions does not lead to solvent-resistant films
despite the lower T (entry #6). The reason for this unexpected
behavior is unknown at this point.

In the case of the fourfold functionalized materials 2L6-2G6
9f and 4L6-0G 9g it can be seen that under identical
crosslinking conditions, the lower-T, material 9g can be used to
obtain films of higher solvent resistivity due to better network
formation (entries #7 and #10, as well as #8 and #11).

Another structural parameter of high importance is the
number of crosslinkable moieties per molecule. Along the series
of experiments, less of the initiating PAG was necessary for the
derivatives of higher numbers of oxetane groups per molecule.
This can be explained by the higher density of reactive sites
within the film resulting in a higher probability for crosslinking
in the course of the living chain-growth polymerization
reaction. Thus, less points of initiation are necessary for the
formation of the extended macromolecular network, already
leading to insoluble films of the sixfold functionalized material
4L6-2G6 9h when using only 2 mol % of the PAG (entry #12).
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2.6. OLED Performance

To evaluate the potential of the synthesized DPA-MIF deriva-
tives in organic electronic devices, two materials, 0L-2G6 9d
and 4L6-2G6 9h, were applied as hole-transport materials
(HTM) in solution-processed, multilayer OLEDs. The selection of
these two materials was based on their good thermal stability
and crosslinking behavior. Additionally, the application of these
two materials should demonstrate the impact of the number of
oxetane functions on the OLED performance, going from two
(OL-2G6 9d) to six (4L6-2G6 9h) crosslinkable moieties per
molecule, and thus enhancing the possible number of nodal
points within the layer.

Within the series of OLED devices, a standardized stack
architecture ITO/PEDOT (44 nm)/xHTM (30 nm)/F8BT (80 nm)/
CsF (3.5 nm)/Al (100 nm) was used to compare the OLED
performance of the DPA-MIF derivatives versus the performance
of established, benzidine-based materials (Figure 4, Table 4).
Here, the twofold functionalized, crosslinkable hole-transport
materials QUPD and OTPD were used (molecular structures are
given in the Supporting Information).® For crosslinking of the
oxetane-functionalized materials, the lowest amount of the PAG
was used, which still led to the formation of completely
insoluble films. To prevent doping by radical cations generated
during the crosslinking process,”” the hole-transport layers
were treated thermally in a post-processing step at elevated
temperatures (110°C for 2 minutes) prior to the deposition of
the emitting material F8BT from solution (for details on cross-
linking conditions and solution-processing see Supporting
Information). The morphology of the EML does not show any
features just like the HTL, the surface roughness is below 1 nm
RMS, i.e., similar to the underlying HTL, thus, there is - as
expected - no impact of the HTL on the EML.

A
eV] various
0,00 HTL configurations
-1,00 —
2,00 — -2.05 .2
00 2.17 235 26
-3,00 — -3.33
- ~ ©
-4,00 -1 o™ oa,' o S
500 | i | [-5.17] | 534 S o
- -5.90
= DPA-
QUPD OTPD MIF
ITO
PEDOT: F8BT CZIF’
PSS
(44 nm) (30 nm) (80 nm) (130(5):2;

Figure 4. Energy level diagram of the OLED device configurations inves-
tigated within the series.
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Table 4. Summary of the device performances of solution-processed, standardized OLED stacks using various xHTL configurations (ITO/PEDOT:PSS/xHTL/
F8BT/CsF/Al). The devices are ordered regarding the HOMO level of the xHTM, respectively.

xHTL # oxetanes® OPPI [mol %] Evomo [eV] ELumo [eV] Uy, [VI®! L [cd/m? LE [cd/A] LE [cd/A]

@ 100 cd/m? @1000 cd/m?
QUPD (30 nm) 2 1 —5.17 —2.05 23 2,000 0.30 (4.41V) 0.38 (7.59 V)
4L6-2G6 9h (30 nm) 6 2 —5.28 —2.35 29 300 035(7.31V) -
0L-2G6 9d (30 nm) 2 4 —5.33 —235 29 5,000 1.49 (4.89 V) 1.81 (6.84 V)
OTPD (30 nm) 2 0.5 —5.34 —2.17 25 1,250 1.12 (5.42 V) 1.11 (8.60 V)

[a] Number of oxetane units per molecules. [b] U [V] @1 cd/cm?. [c] @9 V.

All devices showed bright green-yellow electrolumines-
cence, featuring a peak at ca. 575 nm (see Figure S4 in the
Supporting Information). The turn-on voltage increases in the
sequence QUPD<OTPD<9d=9h. The fact that both MIF-
compounds feature a higher turn-on voltage despite their more
favorable E(HOMO) might be attributed to a reduced hole
mobility as compared to the TPD-derivatives. Among the
devices, the one based on 9d features the lowest operating
voltage for an EL of 1000 cd/m? (6.8 V) as well the highest
current efficiency (1.8 cd/A) obtained at a brightness of
1000 cd/m?, both indicative of a more favorable hole/electron
balance, resulting in improved recombination and, thus,
emission.

3. Conclusion

In summary, a highly modular synthetic route to a series of
oxetane-functionalized, bis(diphenylamine)-substituted mixed
dihydroindenofluorenes (DPA-MIFs) is presented. The reaction
sequence involves a novel functionalization strategy based on
C(sp*)—C(sp?) Suzuki-Miyaura cross-coupling reactions of an
oxetane-substituted primary alkyl-trifluoroborate 3 and halo-
genated diphenylamine intermediates (DPA). By the permuta-
tion of oxetane-substituted and unsubstituted DPA compounds
and central MIF components in the last stage of the synthesis, a
set of eight materials was obtained. The set allows for a
systematic investigation of the influence of structural parame-
ters on process-relevant parameters for the fabrication of
multilayer OLEDs from solution.

Two of the new materials (0L-2G6 9d and 4L6-2G6 9 h) have
been used as HTM in standardized OLED architectures. The
sixfold-functionalized compound 4L6-2G6 9h yielded only
moderate device efficiencies, probably due to unreacted
oxetane units within the layer. On the other hand, the perform-
ance of an OLED containing the twofold-functionalized 0L-2G6
9d surpassed the previously used reference materials QUPD
and OTPD, underlining the potential of dihydroindenofluorene
compounds for hole transport.

Experimental Section

Details of experimental conditions, instrumental methods, mole-
cular structures of reference compounds, OLED fabrication and
characterization, NMR spectra and structures for signal assignment,
thermogravimetric analyses, and crystallographic data of com-
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pounds 6 (CCDC 1913627) and 9a (CCDC 1913636) can be found in
the Supporting Information.
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