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Troéger's Base (TB) scaffold has been exploited to create two novel
amorphous hole-transporting materials (HTMs), i.e., TB1 and TB2, with
high Tgs (152-156 °C) as alternatives to the popular NPB (T4 ~ 95 °C).
The hole-transporting properties of both TB1-2 are shown to be
comparable to or better than that of NPB by contrasting the results of
device fabrications with two different emissive materials that are TB-
based and non-TB-based. This in conjunction with the ease of
synthesis of TB1-2 should render them appealing choices as HTMs.

The advantages that the organic light-emitting diodes (OLEDs)
offer for display and lighting applications in terms of bright-
ness, production cost, power consumption, etc. are not rivaled
by any other technologies today. Consequently, an innumerable
number of organic materials have been created in the last two
decades for application in OLEDs.! Despite this abundance,
certain drawbacks such as color drift with time, low lifetimes,
gradual diminution of light intensity, etc. yet remain with
organic materials. There is thus an incessant effort to design
and develop new materials that display superior performance
when applied in devices. In general, the organic compounds
employed for application in OLEDs as hole-transporting mate-
rials (HTMs), electron-transporting materials (ETMs) and
emissive materials (EMs) should ideally be amorphous, exhibit
high glass transition temperatures (T,s) and thermal decom-
position temperatures (Ty4s) and display good charge carrier
mobilities.? It turns out that high T is one of the important
criteria for organic materials to be employed in multilayer
OLED devices. There are a large number of ETMs and EMs for
which the Tgs are significantly high." In contrast, the number of
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HTMs that are synthetically readily prepared are only a few.?
N,N'-di(1-naphthyl)-N,N'-diphenyl-(1,1’-biphenyl)-4,4’-diamine
(NPB) and N,N'-bis(3-methylphenyl)-N,N'-diphenylbenzidine
(TPD) are two most popular commercially-available HTMs. A
serious drawback of both of these materials is low T,. The Tgs
for NPB and TPD are 95 * and 60 °C,*” respectively, which
seemingly owe their origin to the flexible biphenyl core.

We have shown in our recent investigations that Troger's
Base (TB) scaffold can be diligently exploited to create new
bifunctional®® and host materials® for application in OLEDs.
Our premise for development of these materials for OLEDs
rested on the following rationale: first, the unique V-shape of
TBs is known to promote lattice inclusion of volatile guests,*
whereby exclusion of the guests from the lattice leads to
amorphous behavior. Second, rigidity of the scaffold and high
molecular mass via its 2-fold functionalization impart high
thermal stabilities (T,s and Tgs).® Third, the electron richness of
the TB scaffold allows maneuvering of the HOMO levels to aid
facile hole transport. Last, the synthetic chemistry of TB func-
tionalization is well known,” and permits ready development, in
a cost-effective manner, of a family of compounds with subtle
structural variations, which permit fine-tuning of properties.
We thus surmised that rigidification of the flexible biphenyl
core in NPB by TB scaffold should lead to very important HTMs
that are structurally analogous to NPB, but endowed with
improved thermal properties. Herein, we report the develop-
ment of two NPB analogs (TB1-2) based on the rigid TB scaffold,
and contrast their utility as HTMs with NPB by fabricating
multilayer OLED devices with two types of emissive materials;
while one of the latter is structurally related to TB, the other is
widely distinct, ¢f. Fig. 1. It is shown that the readily-synthesized
TBs functionalized with N-naphthyl-N-phenylamines serve as
very good HTMs with high Tgs.

The target amines TB1-2 were prepared starting from 2,8-
dibromo-substituted TBs by Buchwald-Hartwig amination
protocol, Scheme S1.f The literature-reported procedures®
involving condensation reaction between 4-bromoaniline or 2-
methyl-4-bromoaniline and paraformaldehyde at —78 °C in TFA

This journal is © The Royal Society of Chemistry 2015
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Fig. 1 The structures of a-/B-NPB and TB-functionalized HTMs,
namely, TB1 and TB2. Also shown are the structures of TB-based EMs
and a non TB-based EM with which the functioning of TB1-2 and NPB
as HTMs are contrasted.

afforded the core scaffolds, ie., 2,8-dibromo-substituted TB
and 2,8-dibromo-4,10-dimethyl-substituted TB. Amination of
2,8-dibromo-TB with N-phenyl-1-naphthylamine and N-phenyl-
2-naphthylamine, c¢f Scheme S1,f yielded TB-amines, ie.,
TB1-2, in 67-73% yields. The anthracene-functionalized TBs,
i.e., TB3 and TB4, were accessed from 2,8-dibromo-substituted
TB and 2,8-dibromo-4,10-dimethyl-substituted TB by Pd(0)-
catalyzed Suzuki coupling with 9-anthraceneboronic acid in
70-75% yields, Scheme S1.7 The non-TB-based amine, i.e., TPA,
was procured from a commercial source.

The UV-vis absorption and photoluminescence spectra of
TB1-4 in DCM are shown in Fig. S1.1 A careful examination of
the normalized absorption and fluorescence spectra of both
TB1 and TB2 reveals that the linkage isomers exhibit

Table 1 Photophysical, electrochemical and thermal properties of TBs
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considerable differences in their optical properties. Insofar as
their UV-vis absorption spectra are concerned, a structured
absorption is clearly apparent for TB2, while one observes a
broad feature in the case of TB1. Similarly, the fluorescence
spectra for excitation at 340 nm show slightly different features
for the two TBs with a red-shifted emission maximum in the
case of TB1 (465 nm) relative to that of TB2 (446 nm). UV-vis
absorption spectra of the anthryl-substituted TBs, ie., TB3
and TB4, is dominated by the absorption pattern of anthracene
moiety in the 325-400 nm region. The emission quantum yields
for TB3 and TB4 were determined in DCM relative to anthracene
as the standard, and were found to be 11 and 12%, respectively,
cf. Table 1.

The HOMO energies of TB1-4, obtained from the onset
oxidation potentials, were found to be similar (ca. 5.0 eV) for all
the TBs. The LUMO energies were estimated by subtracting the
band gap energies from those of the corresponding HOMOs,
cf. Table 1. The band gap energies were, in turn, calculated from
the red edge absorption onset values. Thermogravimetric and
differential scanning calorimetry (TGA and DSC) analyses were
performed for TBs at a heating rate of 10 °C min ' under
nitrogen gas atmosphere. The data in Table 1 show that all TBs
indeed exhibit high thermal decomposition temperatures with
T,s in the range of 152-196 °C, ¢f. ESL¥

As mentioned earlier, high thermal stabilities are very
important for application of organic materials in OLEDs. While
high decomposition temperature generally ensures thermal
stabilities of organic materials employed as thin films, high T,s
allow creation of pin-hole free, stable and glassy layers in the
devices. The T,s observed for TB1-2 are remarkably higher than
those of NPB (95 °C) and TPD (60 °C). Evidently, replacement of
the single bond of biphenyl core in NPB with a rigid diazocine
framework extant to TB brings about a remarkable improve-
ment of the Tgs for the TB-based NPB-analogs, i.e., TB1 and TB2.
The amorphous nature of TB1-2 is evident from the featureless
PXRD patterns, cf. Fig. S6.1

Our efforts to contrast the hole-transporting properties of
TB1-2 and NPB by fabrication of double layer devices with Alq;
as an ETM as well as EM were to no avail; the device perfor-
mance results were found to be too poor. We believe that the
mismatching in the HOMO energy levels of Alq; (5.9 eV) and
TB1-2 (5.0 eV), which manifests in a barrier of 0.9 eV, is the
cause of the observed poor device performances. The efficien-
cies of TB1 and TB2 as HTMs were thus examined by fabrication

Compound Amax (UV)? (nm) Band gap” (eV) Amax (PL) sol* (nm) ®q soln® (%) HOMO%/LUMO? (eV) T4 T
TB1 294 3.07 457 — 5.03/1.96 395 156
TB2 315 3.09 446 — 5.02/1.93 403 152
TB3 262 3.08 427 11 5.03/1.95 408 196
TB4 258 3.07 426 12 5.01/1.94 410 187

“ Absorption and fluorescence spectra were recorded in dilute DCM solutions (ca. 10~° M). ” Band gap energies were calculated from red edge
absorption onset values using the formula E = hc¢/A. ¢ Quantum yields were determined for excitation at 341 nm relative to anthracene as the
standard. ¢ HOMO energies were calculated from onset oxidation potentials in the CV spectra recorded in DCM using 0.1 M 7n-Bu,NPF; as a
supporting electrolyte. © LUMO energies were calculated by subtracting the band gap energies from HOMO energies. From TGA. ¢ From DSC.
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of multilayer devices for electroluminescence by employing TPA
(9,10-bis(N-phenyl-N-(m-tolyl))anthracene) as an EM, and TPBi
(2,2,2"-(1,3,5-benzenetriyl)-tris(1-phenyl-1-H-benzimidazole))
as an ETM; for TPA, the HOMO lies at 5.5 eV. At the same time,
devices were also fabricated wherein TBs were replaced with
a-NPB. Thus, the device configuration that was followed to
contrast the functional behavior of TBs and NPB was the
following: ITO/NPB or TB1-2 (40 nm)/TPA (20 nm)/TPBi
(30 nm)/LiF (1 nm)/Al (150 nm). Green emission with Apay
(EL) of 516 nm and CIE co-ordinates of (0.30, 0.60) typical of TPA
was captured from all the three devices; indeed the EL spectra of
all the devices are nicely superimposable, cf. Fig. 2. The results
of EL for the three devices are collected in Table 2.

A perusal of the results in Table 2 shows compellingly that
external efficiency, power efficiency and luminous efficiency for
TB1-2 as HTMs are comparatively better at low current densi-
ties, although the maximum luminance is better for NPB. The
energy-level diagram for the devices constructed with TPA as an
EM and TB1-2/NPB as HTMs is shown in Fig. 3(a). As can be
seen, the HOMO level of TPA?® is closer to that of NPB leading to
facile migration of holes from the latter into the former. On the
other hand, the HOMO is relatively raised by ca. 0.5 eV for hole
injection from TB1-2 into TPA layer. Despite this barrier for
hole injection into the emissive layer, the device performance
results observed for TBs as HTMs are respectable. We wondered
if replacement of TPA with an EM of higher HOMO energy
results in a better performance of the devices with TB1-2 as
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0.8
0.6 4

0.4
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T T
500 600
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Fig. 2 EL spectra captured from the devices constructed with TB1-2
and NPB as HTMs and TPA as an EM.

Table 2 Comparison of OLED device performance (electrolumines-
cence) results for NPB and TB1-2 with TPA as an emissive material®

HTMs Vonb nextc npd 77[E 7\ElLaxf Lmaxg
NPB 3.0 1.28 3.28 4.34 516 13 240
TB1 3.5 1.6 3.70 5.59 516 8094
TB2 3.5 1.58 4.73 5.39 516 8093

“ The device configuration was: ITO/NPB or TB1-2 (40 nm)/TPA (20 nm)/
TPBi (30 nm)/LiF (1 nm)/Al (150 nm). ° Turn-on voltage (V). ¢ Maximum
external quantum efficiency (%). ¢ Maximum power efficiency (Im W)
¢ Maximum luminance efficiency (cd A™Y). ' 2EL, (nm). & Maximum
luminance achieved (cd m™?).
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HTMs. We thus designed two EMs, namely TB3 and TB4 (Fig. 1),
with high HOMOs based on the TB core itself; of course, we were
guided by the fact that functionalization of e-rich TB scaffold
with anthracene should lead to materials characterized by high
HOMOs. To evaluate efficiencies of TB1-2 vis-a-vis NPB as
HTMs, two devices of configurations A and B were fabricated,
where (A): ITO/NPB or TB1-2 (40 nm)/TB3 (20 nm)/PBD (40 nm)/
LiF (1 nm)/Al (150 nm), and (B): ITO/NPB or TB1-2 (40 nm)/TB4
(20 nm)/PBD (40 nm)/LiF (1 nm)/Al (150 nm). In these devices,
PBD, ie., 2-(4-biphenylyl)-5-phenyl-1,3,4-oxadiazole, serves as
an ETM instead of TPBi. This change was necessitated by the
need to ensure better matching of the LUMO levels of TB3-4
with those of the employed ETMs. The energy level diagram for
these devices is shown in Fig. 3(b). The results of EL for all
devices are collated in Table 3; the EL spectra and I-V-L profiles
for both configurations A and B are given ESL{

It should be mentioned that the EL spectra captured for all
the devices of configurations A and B are structured, although
one observes only a hint of structuring in the solution state
emission and none at all in the solid-state vacuum-sublimed
thin films, ¢f ESLf{ Further, the EL emission is found to be
red-shifted by ca. 35 nm with a slight broadening in the longer
wavelength region relative to that in the solution state; in other
words, the EL spectra are not comparable to those of the PL
spectra of thin films as well as the solution-state emission
spectra. What is otherwise noteworthy is the fact that for both
NPB and TB1-2 as HTMs, similar EL spectral features were
observed, which eliminates the role of HTMs for the observed
structured EL. The latter cannot also be attributed to a combi-
nation of emissions arising from two different materials, for
PBD is indeed a phosphorescent material and emits too weakly
with a maximum at 375 nm.'* At the moment, the origin of
structured EL emission is not immediately apparent to us. Be
this as it may, a cursory glance at the results in Table 3 suffi-
ciently brings out the fact that TB1-2 serve as better HTMs than
NPB, even with fabrication of a limited number of devices with
TB3-4 as emitters under similar conditions; of course, struc-
tural compatibility between TB1/2 and TB3/4 vis-a-vis NPB and
TB3/4 contributing to better device results to some degree in the
former scenario cannot be ruled out.'* Further, it should be
noted that the device performance results for TB3-4 as EMs are
quite different for a given TB-based HTM, i.e., TB1 or TB2, c¢f.
Table 3, although they exhibit similar photophysical properties.

(a) (b)
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Fig. 3 Relative energy level diagrams for the devices with TPA as an
EM (a) and TB3/4 as an EM (b).

This journal is © The Royal Society of Chemistry 2015
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Table 3 Comparison of OLED device performance (electrolumines-
cence) results for NPB and TB1-2 with TB3-4 as EMs

HTMs configuration® Ven” nex” mp° M hmad Lmad® CIE" (x, )
NPB A 3.5 1.80 1.90 2.78 448 886 0.18,0.21
B 3.5 1.38 1.05 2.17 448 1070 0.19,0.21
TB1 A 4.5 2.60 1.95 4.65 452 2254 0.21,0.25
B 6.5 0.95 0.59 1.30 448 1205 0.20, 0.25
TB2 A 3.5 1.87 2.11 2.88 448 3422 0.18,0.20
B 3.5 1.96 1.59 2.88 448 1430 0.19,0.19

“ A and B refer to the device configurations, see text. ” Turn-on voltage
(V). © Maximum external quantum efficiency (%). ¢ Maximum power
efficiency (Im W?). © Maximum luminance efficiency (cd A™"). S AEL
(nm). € Maximum luminance achieved (cd m~2). * 1931 chromaticity
coordinates.

Clearly, subtle structural changes evidently manifest in
palpable differences in device results, presumably due to
differences in the morphologies of the two materials. Other-
wise, it is evident that for configuration A, the device perfor-
mance results are better for both TB1 and TB2 when compared
to those for NPB for a wide range of current densities, cf.
Fig. S12.f One may thus safely conclude that TB1 and TB2
should constitute better alternatives to NPB as HTMs with high
Tgs, which are ~150 °C; a limitation, however, is that they are
applicable to emissive materials with high HOMO energies only.
The operational stability of devices is an important aspect that
determines longevity of the fabricated devices after repeated
use,"”” which has not been investigated by us. It is noteworthy
that operational stability of devices is known to benefit, to a
large extent, from high Tgs of the employed materials.™

Conclusions

We have designed and synthesized novel amorphous hole-
transporting materials (HTMs) based on Troger's Base, ie.,
TB1-2, as alternatives to the routinely employed NPB. It is
shown that the structural rigidity inherent to the TB scaffold
manifests in significantly improved Tgs. The hole-transport
properties of both TB1-2 are shown to be comparable to or
better than that exhibited by NPB by contrasting the results of
device fabrications with two different emissive materials that
are TB-based and non-TB-based. The only limitation of both
TB1-2 as HTMs is that they are not applicable to emissive
materials with low-lying HOMOs, e.g., Alg;. Otherwise, their
ease of synthesis in conjunction with improved thermal prop-
erties should render them much needed alternatives of NPB,
which continues to be the best choice of HTMs despite its noted
disadvantage of low T,. We believe that TB1-2 should constitute
invaluable addition to the library of HTMs, which can be readily
synthesized.
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