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phosphorescent organic light emitting diodes†
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Jiangshan Chen,*b Dongge Ma,b Johannes Fröhlicha and Daniel Lumpia

In the presented work click chemistry is utilized to introduce 1,2,3-triazoles as a functional linker in organic

donor–acceptor materials. A systematic series of materials was prepared and characterized to investigate

the effect of the linkage mode on the molecular properties. The 1,2,3-triazole linker allowed control of

the degree of intramolecular charge transfer over a wide range depending on the substitution pattern of

the triazole moiety. The prepared materials were successfully employed as host materials for green and

red dopants in phosphorescent organic light emitting diodes. Thus, this work presents the first

application of this novel linkage mode in the design and synthesis of functional p-conjugated organic

donor–acceptor materials and their application in organic light emitting diodes.
Introduction

Controlling the conjugation in organic molecules is one of the
major challenges in the design of new materials for the rapidly
evolving eld of organic materials sciences,1–7 as the molecular
properties of such compounds are predominantly determined
by the p-conjugated system.1,2,7,8 One of these new technologies,
which is now entering our everyday life in small portable
displays and also large area TV screens,9 is organic light emit-
ting diodes (OLEDs).10 Tremendous efforts have been made to
advance OLEDs and in particular the introduction of phos-
phorescent heavy transition metal complexes as emitters
signicantly boosted the device efficiency of OLEDs.11,12

In contrast to purely uorescent materials, phosphorescent
emitters harvest singlet and triplet excitons for light emission
simultaneously, thus allowing for theoretically 100% internal
quantum efficiency.13,14 Those metal complexes are typically
dispersed in an organic host material to avoid concentration
quenching.15,16 The application of bipolar host materials proved
particularly successful to provide balanced charge transfer
properties and thus high device efficiency.1,3,17
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Unfortunately, the combination of electron rich donor and
electron poor acceptor subunits in one host molecule lowers the
triplet band gap (ET) via intramolecular charge transfer,
resulting in undesired energy transfer from the guest emitter to
the host.1,3 This effect particularly hampers the applicability of
bipolar host materials for large band gap blue emitters.18 An
improved efficiency of blue emitting components is, however,
a prerequisite for the application of OLEDs in energy efficient
solid-state lighting.9,19,20

Thus, the focus of current research is on the control of this
undesired interaction. In order to minimize these donor–
acceptor exchange via the conjugated p-system and to retain
high ETs various strategies have been proposed. Among those
are (i) the introduction of saturated sp3 hybridized bridges;21,22

(ii) induction of large twist angles by applying sterically
demanding groups23,24 or ortho linkage of molecular
subunits;25–27 (iii) decreased p-conjugation as result of meta
linkage.25,26,28 Nonetheless, the challenge to design and prepare
large band gap host materials remains.29

In particular, complex synthetic efforts are oen required to
join donor and acceptor units within one molecule, realizing
a specic linkage mode at the same time. In contrast, copper(I)-
catalyzed azide–alkyne cycloaddition (CuAAC) represents themost
successful example of click chemistry30 and provides a convenient
methodology to join two molecular building blocks by 1,2,3-tri-
azole formation.31 Whereas widely applied in many elds of
organic synthesis32,33 the application of this specic linkage mode
and 1,2,3-triazoles as integral p-conjugated moiety in functional
organic materials34–43 and in particular in host materials for
PhOLEDs44 are relatively scarce. In contrast, 1,2,4-triazoles have
been frequently employed as electron accepting units in the
design of bipolar host materials.25,45–48 Furthermore, triazoles have
been used as ligands for phosphorescent iridium complexes.49–51
This journal is © The Royal Society of Chemistry 2017
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In our previous work on small molecules we showed that the
application of 1,2,3-triazole linkers allows for the subtle control
of the photophysical properties of donor–acceptor materials.52

Thus, we envisioned to employ this strategy in the design of
wide band gap host materials.
Results and discussion
Molecular design

The aim of this work was to incorporate the 1,2,3-triazole as
functional linker in a large p-conjugated system in order to
decrease the overall conjugation and utilize the CuAAC as key
step for the assembly of the molecular subunits. This strategy
allows for a building block approach enabling the convenient
synthesis of a large set of molecules.

The CuAAC was applied to connect electron rich triphenyl-
amine (TPA) or phenylcarbazole (PCz) units to a central electron
poor core system (Scheme 1). To explore the effect of the triazole
linker on the overall conjugation and intramolecular charge
transfer phenomena an electron accepting pyridine as well as
benzene were chosen as core units. Furthermore, different
substitution patterns of the central core units as well as of the
triazole linker were investigated.

Beside themere function as linkage unit the intrinsically weak
electron accepting properties of the 1,2,3-triazole unit38,44 have to
be considered in the molecular design of the materials. Thus, the
triazole units will enhance the electron accepting properties of
the core unit in case of pyridine acceptors or establish an electron
accepting subunit itself in case of the benzene core.
Synthesis

TPA was chosen as primary electron rich subunit, owing to its
superior electron donation properties. The TPA-substituted
materials 3a, 3b, 3d and 3e were synthesized starting from
azide 1i and the corresponding dialkynes (Scheme 2). Standard
condition using CuSO4$5H2O and sodium ascorbate in
a mixture of H2O and t-BuOH (1 : 1) were employed and the
application of a microwave reactor allowed for high reaction
temperatures of 150 �C and convenient reaction times (30–60
min) yielding the target materials in reasonable to excellent
yields (52–91%). In case of 3d single crystals were obtained by
Scheme 1 Molecular design of 1,2,3-triazole linked host materials.

This journal is © The Royal Society of Chemistry 2017
crystallization from EtOH, permitting the unambiguous deter-
mination of the triazole substitution pattern (Fig. 1 le). The
ve central aromatic units deviate only slightly from coplanarity
with torsion angles of the least square planes of 10.03(10)� and
8.74(10)� for the pyridine–triazole and triazole–benzene frag-
ments, respectively. Only one angle is listed in each case
because the molecule is symmetric by twofold rotation with an
axis passing through the pyridine fragment.

Whereas the synthesis of the para- and meta-substituted
benzene derivatives 3a and 3b proceeded smoothly, the corre-
sponding ortho-substituted product could not be isolated.
Instead a signicant amount of a byproduct, that exhibited
twice the number of signals in the carbon NMR spectrum, was
obtained. Single crystals grown from acetonitrile enabled the
assignment of structure 3c (Scheme 2). Surprisingly, 3c featured
a mixed triazole substitution pattern (Fig. 1 right). Apparently,
the primary installed bulky TPA-substituted 1,4-triazole unit
inhibits the formation of the second 1,4-substituted triazole
moiety, but favours the 1,5-substituted cycloaddition product.
Nonetheless, the isolated product allows for an interesting
comparison of themolecular properties of 3c and the purely 1,4-
substituted derivatives.

Accordingly, a twofold 1,5-substituted material was prepared.
To maximize the donor–acceptor interaction electron poor

pyridine was chosen as core and TPA as electron donating unit.
A transition metal free methodology was utilized in the
conversion of 2d and 1i applying tetramethylammonium
hydroxide as alkaline promotor for cycloaddition.53 In such
a manner 4d could be isolated with a low yield (18%).

Finally, two phenylcarbazole (PCz)-substituted derivatives were
prepared to investigate the inuence of weaker electron donors.
Dialkynes 2b and 2dwere chosen as templates for the central core
(Scheme 3), since themeta relationship between the alkyne groups
allows for a better comparability between the benzene and pyri-
dine congeners. Identical reaction conditions were applied as for
the synthesis of the 1,4-substituted TPA derivatives and 5b and 5d
were isolated in 65% and 68% yield, respectively.
Photophysical properties

UV/Vis absorption and photoluminescence (PL) spectra of all
compounds as solutions in dichloromethane (5 mM) as well as
low temperature phosphorescence spectra were recorded to
investigate the impact of the conducted molecular variations on
the photophysical properties of the materials. All TPA-
substituted host materials exhibited two absorption maxima
(Fig. 2). The high energy band is located around 300 nm and can
be attributed to a p–p* transition centered at the TPA unit,
while the peaks at longer wavelengths between 330 nm and
340 nm are due to charge transfer (CT) transitions between the
electron rich TPA units and the electron withdrawing central
cores. Notably, the intensity of this CT transition decreases for
the 1,5-substituted derivatives. While for 1,4-substituted mate-
rials the CT transition is more intense compared to the p–p*

transition, intensities are equal for 3c and inverted for 4d. The
optical band gaps of all TPA materials are relatively similar and
located between 3.31 and 3.37 eV.
RSC Adv., 2017, 7, 12150–12160 | 12151
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Scheme 2 Synthesis of TPA-substituted host materials. (a) t-BuOH/H2O (1 : 1, 0.4 M), CuSO4$5H2O (0.20 eq.), sodium ascorbate (0.40 eq.),
150 �C microwave irradiation; (b) DMSO (0.25 M), tetramethylammonium hydroxide (0.1 eq., 25 wt% in H2O), 80 �C.
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Inspecting the PL spectra of benzene based 3a and 3b, nearly
identical emission spectra were observed (Fig. 2 le) with peak
maxima at 418 nm. In contrast, the emission of 3c, featuring
mixed 1,4 and 1,5 substitution pattern, is much broader.
Remarkably, the emission onset is the same compared to the
purely 1,4-substituted derivatives, however the emission
extends to longer wavelength regions.

In analogy to the materials with benzene core, nearly iden-
tical emission features of 3d and 3e were observed in case of the
12152 | RSC Adv., 2017, 7, 12150–12160
pyridine based host materials, albeit with peak maxima at
somewhat higher wavelengths of 424 nm and 425 nm, respec-
tively. In contrast, the emission of 4d is distinctly red shied
compared to the 1,4-substituted derivatives. However, in the
case of purely 1,5-substituted 4d also the onset of the emission
is shied compared to 3c with mixed substitution pattern.

Most strikingly, though, the absorption and emission prop-
erties of both meta-substituted derivative 3b and 3d are nearly
identical. Additionally, no inuence of the substitution pattern
This journal is © The Royal Society of Chemistry 2017
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Fig. 1 Molecular structures of 3d (left) and 3c (right). C and N atoms are represented by grey and blue ellipsoids drawn at 50% probability levels, H
atoms by white spheres of arbitrary radius. The atoms of one diphenylamine fragment of 3c feature enlarged displacement parameters owing to
disorder, which could not be resolved.

Scheme 3 Synthesis of PCz-substituted host materials. (a) t-BuOH/H2O (1 : 1, 0.4 M), CuSO4$5H2O (0.20 eq.), sodium ascorbate (0.40 eq.),
150 �C microwave irradiation.

Fig. 2 UV/Vis absorption (dashed and dotted lines), normalized fluorescence spectra at room temperature (solid lines) and normalized phos-
phorescence spectra at 77 K (dashed lines) of TPA-substituted materials 3a, 3b and 3c (left) and 3d, 3e and 4d (right).
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of the central aromatic ring on the photophysical properties was
observed for 3a and 3b as well as 3d and 3e. Thus, the consti-
tution and nature of the central aromatic core seems to be
electronically insignicant due to the decreased conjugation as
result of the triazole linkage.52 The negligible differences in the
emission of the benzene and pyridine derivatives indicate that
This journal is © The Royal Society of Chemistry 2017
CT takes place between the peripheral TPA donors and an
electron accepting core, which is established by the triazole
moiety. In contrast, the central aromatic unit only plays a minor
role, due to the restricted overall conjugation, which is unlike
the behavior of molecules with less extended p-systems.52

Notably, the decreased overall conjugation can be solely
RSC Adv., 2017, 7, 12150–12160 | 12153
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Fig. 3 UV/Vis absorption (dashed and dotted lines), normalized fluo-
rescence spectra at room temperature (solid lines) and normalized
phosphorescence spectra at 77 K (dashed lines) of PCz-substituted
materials 5b and 5d.

Fig. 4 CV curve of 3b.
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attributed to the triazole linkage effect and is independent of
any steric effect as conjugation is feasible in 3d due to the
favorable planar conguration of the central aromatic units
(Fig. 1).

PCz based host materials exhibited a sharp absorption peak at
293 nmdue to thep–p* transition centered at the PCz unit (Fig. 3).
The ne-structured absorption features at longer wavelengths
resemble the absorption spectra of plain phenylcarbazole.54 No
distinct CT band can be observed as result of the decreased donor
strength of PCz compared to TPA. In relation to the TPA based
derivatives 5b and 5d display distinctly blue shied emission with
maxima at 387 nm and 390 nm. Again an insignicant difference
between the benzene and pyridine was observed.

Low temperature phosphorescence spectra were recorded at
77 K, to determine the triplet energies (ETs) of the potential host
materials. Unlike the room temperature PL, low temperature
phosphorescence featured vibronically resolved emission spectra
(Fig. 2 and 3). Within the benzene series 3a and 3b exhibited
similar ETs of 2.68 eV and 2.70 eV. Surprisingly, 3c displayed
identical emission features indicating that the relevant triplet
states are of similar nature. Analogously, pyridine based mate-
rials 3d and 3e featured ETs of 2.69 eV and 2.70 eV, respectively.
However, 1,5-substituted 4d displayed diverse behavior with
a broad phosphorescence emission without vibronic resolution
and a lower ET of 2.59 eV. Notably, the red shi of the phos-
phorescence emission is distinctly lower compared to the room
temperature PL, which exhibits a large Stokes-shi in medium
polar dichloromethane. This particular effect indicates that the
red shied emission is only partly due to the intramolecular
charge transfer but also induced by a strong structural relaxation
that is inhibited in the solid phase and/or specic interaction
with the solvent. In analogy to room temperature PL also the
triplet emission of the PCz-substituted host materials are blue
shied compared to the TPA derivatives and are located at very
high values of 2.95 eV and 2.92 eV, respectively.
Thermal and electrochemical properties

The thermal properties of the materials were investigated by TGA
and DSC. DSC analysis (Fig. S17 and S18 le†) revealed the
12154 | RSC Adv., 2017, 7, 12150–12160
formation of stable lms with glass transition temperatures (Tgs;
determined from the second heating cycle of the DSC experi-
ments) between 112 �C and 130 �C for the TPA-substituted deriv-
atives. The introduction of PCz donors resulted in signicantly
increased Tgs of 182 �C and 171 �C for 5b and 5d, respectively.

Unlike the satisfying lm properties, the thermal durability of
the compounds was found to be average (Fig. S18 right and S19†).
In contrast to the Tgs the decomposition temperatures Tds (cor-
responding to the temperature of 5% mass loss) are not deter-
mined by the electron donor but the core ring system.Within the
benzene series the Tds span a narrow range between 332 �C and
338 �C, whereas the range of the Tds of pyridine based materials
is wider with 3d (293 �C) and 1,5-substituted 4d (355 �C) featuring
the lowest and highest thermal stability, respectively.

Cyclic voltammetry (CV) was used to investigate the electro-
chemical properties of the materials (Fig. S20†). All TPA con-
taining derivatives exhibited separated oxidation peaks, which
are attributed to the two TPA units as exemplarily shown for 3b in
Fig. 4. Whereas the rst oxidation is reversible, a further increase
of voltage led to the formation of reactive species. The HOMO
levels of all TPA based compounds are located in a narrow range
from�5.35 eV to�5.39 eV. The sole exception is 3awith a slightly
higher lying HOMO at �5.27 eV. In contrast to the TPA
compounds, PCz based host materials displayed irreversible
oxidation, as typically observed for carbazole derivatives due to
the instability of the formed cations.55 Owing to the less electron
rich PCz moieties, the HOMO levels of 5b and 5d are located at
lower energies of �5.66 eV and �5.71 eV, respectively. The suit-
able located HOMO energies indicate no signicant barrier for
charge injection from adjacent layers in PhOLED devices.

The LUMO levels were calculated from the location of the
HOMO and the optical bandgap and are located between
�1.95 eV and �2.15 eV. Surprisingly, the incorporation of
pyridine into the central core unit only negligibly inuenced the
energetic location of the LUMOs and the LUMO levels of pyri-
dine based derivatives are only slightly lower compared to the
corresponding benzene based congeners.

Computational investigations

Density functional theory (DFT) and time-dependent DFT
(TDDFT) calculations were applied to obtain further insight into
This journal is © The Royal Society of Chemistry 2017
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Table 1 Physical data of the synthesized materials

Tg/Tm/Td
a [�C] Opt. BGb,c [eV] lmax,PL

c [nm]

HOMO/LUMO [eV] ET [eV]

Exp.d Cal.e Exp.f Cal.g

3a 130/312/336 3.32 418 �5.27/�1.95 �5.46/�1.58 2.68 2.74
3b 121/n.o.h/338 3.34 418 �5.38/�2.04 �5.46/�1.53 2.70 2.79
3c 112/n.o.h/338 3.37 446 �5.37/�2.00 �5.42/�1.58 2.71 2.80
3d 122/220/293 3.31 424 �5.36/�2.06 �5.53/�1.64 2.69 2.79
3e 125/n.o.h/335 3.31 425 �5.35/�2.04 �5.52/�1.63 2.70 2.78
4d 112/n.o.h/355 3.33 505 �5.39/�2.06 �5.66/�1.91 2.59 2.87
5b 182/317/332 3.56 387 �5.66/�2.10 �5.83/�1.85 2.95 2.94
5d 171/323/340 3.56 390 �5.71/�2.15 �5.89/�2.01 2.92 3.01

a Determined from TGA and DSC analysis; Tm – melting point, determined from the rst cycle of the DSC experiments. b Estimated from the
absorption onset. c Measured in DCM (5 mM) at room temperature. d Calculated from the onset of the oxidation peak and the optical bandgap.
e Calculated applying the density functional theory level (B3LYP/6-311+G*). f Estimated from the highest energy vibronic transition in solid
solutions (1 mg ml�1; toluene : EtOH ¼ 9 : 1) at 77 K. g Calculated applying the time-dependent density functional theory level (B3LYP/6-
311+G*). h Not observed.
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the electronic layout of the developed materials. In general, the
calculated HOMO and LUMO energy levels as well as ETs are in
good agreement with the experimental values (Table 1).

As expected the HOMO levels of the materials are mainly
located at the electron rich triarylamine groups with the
exception of 3a (Fig. S21–S25†), as exemplarily depicted for 3b,
5b and 5d (Fig. 5). This localization can be explained by the
prevention of full conjugation resulting from the triazole linker,
as already observed for smaller asymmetric chromophores.52

The spatial extension of the HOMO levels of 5b and 5d is
even smaller compared to the TPA derivatives, due to the
decreased electron donating character of the PCz moiety. In
case of 3a the increased expansion of the HOMO onto the
benzene core is due to the para substitution of the central
aromatic moiety, which allows for better overall conjugation.
Notably, this extension of theMO leads to a higher experimental
determined HOMO energy compared to the correspondingmeta
and ortho derivatives. Furthermore, there are no signicant
differences between the extension of the HOMO levels between
the benzene and pyridine based materials, which is again in
agreement with the experimental results.

In analogy to the HOMOs, the LUMOs are mainly located on
the three central aromatic rings and extend to the rst phenyl
Fig. 5 Spatial distribution of HOMOs and LUMOs of 3b, 5b and 5d.

This journal is © The Royal Society of Chemistry 2017
rings of the triarylamine moieties. In case of the materials with
benzene cores the strong localization of the LUMO levels indi-
cates the establishment of an electron accepting subunit caused
by the triazole linkers without the presence of an additional
electron withdrawing group.

For the 1,5-linked compound 4d, a stronger localization of the
MOs is found as result of the strongly twisted conformation and
thus decreased conjugation, leading to slightly decreased energy
levels. Furthermore, in 3c with mixed substitution pattern the
HOMO is exclusively located on the TPA unit connected to the
1,5-substituted triazole and the corresponding triazole itself, due
to the asymmetric architecture of the molecule.
Electroluminescent properties

Prototype PhOLED devices were fabricated to explore the prac-
tical applicability of the developed materials. Compounds 3b
and 3d were chosen as representative examples for device
fabrication. Their common substitution pattern allows for
a direct comparability. Furthermore, the good solubility of the
two materials permits device fabrication from solution. As the
ETs of 3b and 3d are higher than those of green and red dopants,
green emitting Ir(ppy)2(acac) and red emitting Ir(MDQ)2(acac)
were chosen as emitters. Accordingly, prototype PhOLEDs were
RSC Adv., 2017, 7, 12150–12160 | 12155
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Fig. 6 Luminance–voltage–current density curves of devices GI, RI,
GII and RII.

Table 2 Electroluminescent properties of devices GI, RI, GII and RII

Von [V] CEa [cd A�1] PEa [lm W�1]

GI 4.4 35.0/28.0 24.1/14.0
GII 5.0 18.7/17.7 12.2/9.4
RI 6.4 14.7/13.8 5.9/5.1
RII 5.4 14.1/14.0 7.4/7.0

a Maximum value at 100 cd m�2.

Fig. 8 Top-view AFM images of the EMLs of GI, GII, RI and RII.
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fabricated with the device architecture of ITO/PEDOT:PSS (45
nm)/EML (35 nm)/TPBi (GI–II: 50 nm; RI–II: 60 nm)/LiF/Al.
PEDOT:PSS was employed as a hole injection and hole trans-
porting layer, while TPBi was utilized as electron transporting
and hole blocking layer. The emissive layers were made up of
host materials 3b (GI and RI) and 3d (GII and RII) with emitters
Ir(ppy)2(acac) (G) and Ir(MDQ)2(acac) (R) at a doping concen-
tration of 8%.

Luminance–voltage–current density curves are depicted in
Fig. 6 and current efficiency–luminance and power efficiency–
luminance curves are depicted in Fig. 7. The key electrolumi-
nescent properties of the devices are summarized in Table 2.

All devices exclusively exhibited emission from the phos-
phorescent emitters (Fig. S26†), indicating that energy transfer
from the host to the dopant was effective and that excitons were
successfully conned on the emitters. Green devices GI and GII
exhibited turn-on voltages (Von) of 4.4 and 4.0 V, respectively,
while the Vons of RI and RII were slightly higher at 6.4 and 5.4 V.
Notably, the current density in GII and RII, utilizing host
material 3d with a pyridine core, were signicantly higher at
lower voltage than in devices based on 3b (Fig. 6). Among the
green devices GI displayed the better performance with
a maximum current efficiency (CEmax) of 35.0 cd A�1 and
a maximum power efficiency (PEmax) of 24.1 lm W�1, while the
Fig. 7 Current efficiency–luminance (left) and power efficiency–lumina

12156 | RSC Adv., 2017, 7, 12150–12160
values were lower for GII. In contrast RI and RII featured basi-
cally the same CE characteristics with CEmax of 14.7 and 14.1 cd
A�1, respectively. However, the PE of RII was slightly higher
compared to RI, due to the lower driving voltage of RII.

Thin lms of the four EMLs were investigated using AFM to
explore their morphology (Fig. 8). In the case of all four EMLs
lms with a comparable low roughness (root mean square ¼
0.38, 0.35, 0.46 and 0.36 nm for GI, GII, RI and RII) were ob-
tained. However, lms based on 3b and in particular GI are
distributed more uniformly compared to lms based on 3d.
This behaviour probably reduces the leak current, thus result-
ing in the superior device efficiency of GI compared to GII.
nce (right) curves devices GI, RI, GII and RII.

This journal is © The Royal Society of Chemistry 2017
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Conclusions

We have successfully demonstrated the application of a novel
click linkage mode for the preparation of large band gap
conjugated donor–acceptor materials. Beside the convenient
synthetic approach this strategy allowed the modulation of the
molecular properties, which solely depend on the substitution
pattern of the employed 1,2,3-triazole linker but are indepen-
dent of the nature and substitution pattern of the core units.
The prepared materials were successfully employed as host
materials in red and green prototype PhOLED devices to
demonstrate a rst practical application of this class of mate-
rials. The intriguingly simple preparation in combination with
the signicant impact on the molecular properties predestines
the presented approach as a novel tool to tune the molecular
properties of p-conjugated materials. Therefore, we present
a useful methodology for the eld of organic materials chem-
istry, also beyond optoelectronics.
Experimental section
General information

All reagents and solvents were purchased from commercial
suppliers and used without further purication. Anhydrous
solvents were prepared by ltration through drying columns.
Experiments under microwave irradiation were performed in
a Biotage Initiator Sixty microwave reactor. Column chroma-
tography was performed on silica 60 (Merck, 40–63 mm). NMR
spectra were recorded on a Bruker Avance DRX-400 Spectrom-
eter. A Thermo Scientic LTQ Orbitrap XL hybrid FTMS (Fourier
Transform Mass Spectrometer) equipped with an APCI source
was used for high resolution mass spectrometry. Thermogravi-
metric (TG) and differential scanning calorimetry (DSC)
measurements were carried out with a heating rate of 10 K
min�1 in a owing argon atmosphere (25 ml min�1). For the TG
measurements, a Netzsch TG 209 F9 Tarsus system with open
aluminium oxide crucibles was used. For the DSC measure-
ments, a Netzsch DSC 200 F3 Maia, working with aluminium
pans with pierced lids was employed. UV/Vis absorption and
uorescence emission spectra were recorded in DCM solutions
(5 mM) with a Perkin Elmer Lambda 750 spectrometer and an
Edinburgh FLS920, respectively. Time resolved low temperature
phosphorescence spectra were recorded in solid solutions (1 mg
ml�1; toluene : EtOH ¼ 9 : 1) at 77 K with a Perkin Elmer
Instruments LS 50B luminance spectrometer. Cyclic voltam-
metry was performed using a three electrode conguration
consisting of a Pt working electrode, a Pt counter electrode and
an Ag/AgCl reference electrode and a PGSTAT128N, ADC164,
DAC164, External, DI048 potentiostat provided by Metrohm
Autolab B.V. Measurements were carried out in a 0.5 mM
solution in anhydrous DCMwith Bu4NBF4 (0.1 M) as supporting
electrolyte. The solutions were purged with nitrogen for 15
minutes prior to measurement. HOMO energy levels were
calculated from the onset of the oxidation peaks. The onset
potential was determined by the intersection of two tangents
drawn at the background and the rising of the oxidation peaks.
This journal is © The Royal Society of Chemistry 2017
Synthetic details

4-Azido-N,N-diphenylbenzenamine 1i56 and 9-(4-azidophenyl)-
9H-carbazole 1ii57 have been prepared from the corresponding
boronic acid esters58 and physical data acquired for the synthe-
sized materials were identical with literature values. 1,4-Dieth-
ynylbenzene 2a, 1,2-diethynylbenzene 2c, 2,6-diethynlypyridine
2d and 3,5-diethynylpyridine 2e have been prepared by Sonoga-
shira coupling starting from the corresponding dibromoaryls
and trimethylsilyacetylene followed by desilylation.

General procedure for the CuAAC (“click”) reaction

A microwave reaction vessel was charged with dialkyne (1.00
eq.) and azide (2.50 eq.) in t-BuOH/H2O (1 : 1, 0.4 M). Imme-
diately before the start of the reaction CuSO4$5H2O (0.20 eq.)
and sodium ascorbate (0.40 eq.) were added, the vial was sealed
with a septum and heated to 150 �C under microwave irradia-
tion. Aer complete conversion (TLC; 30–60 min) the reaction
mixture was poured on water and extracted with dichloro-
methane. The combined organic layers were dried over Na2SO4

and concentrated under reduced pressure. Purication of the
crude products was accomplished by column chromatography.

4,40-(1,4-Phenylendi-1H-1,2,3-triazol-4,1-diyl)bis[N,N0-
diphenylbenzenamine] (3a)

Starting from 1i (573 mg, 2.00 mmol), 2a (101 mg, 0.80 mmol),
CuSO4$5H2O (40 mg, 0.16 mmol) and sodium ascorbate (63 mg,
0.32 mmol) 3a (346 mg, 0.50 mmol, 62%) was isolated aer
column chromatography (dichloromethane/Et2O ¼ 99 : 1 /

94 : 6). 1H-NMR (400MHz, CD2Cl2): d¼ 8.23 (s, 2H), 8.01 (s, 4H),
7.63 (d, J ¼ 8.8 Hz, 4H), 7.32 (t, J ¼ 7.9 Hz, 8H), 7.20–7.09 (m,
16H) ppm. 13C-NMR (100 MHz, CD2Cl2): d ¼ 149.1 (s), 148.1 (s),
147.7 (s), 131.5 (s), 131.0 (s), 130.1 (d), 126.7 (d), 125.6 (d), 124.4
(d), 123.7 (d), 122.1 (d), 118.5 (d) ppm. HRMS (APCI): m/z
calculated for C46H34N8: 698.29009 [M]+, 699.29792 [M + H]+;
found: 698.28987 [M]+, 699.29685 [M + H]+.

4,40-(1,3-Phenylendi-1H-1,2,3-triazol-4,1-diyl)bis[N,N0-
diphenylbenzenamine] (3b)

Starting from 1i (143 mg, 0.50 mmol), 2b (25 mg, 0.20 mmol),
CuSO4$5H2O (10 mg, 0.04 mmol) and sodium ascorbate (16 mg,
0.08 mmol) 3b (128 mg, 0.18 mmol, 91%) was isolated aer
column chromatography (dichloromethane/Et2O ¼ 97 : 3 /

93 : 7). 1H-NMR (400MHz, CD2Cl2): d¼ 8.45 (s, 1H), 8.30 (s, 2H),
7.92 (dd, J1 ¼ 7.7 Hz, J2 ¼ 1.8 Hz, 2H), 7.63 (d, J ¼ 8.8 Hz, 4H),
7.56 (t, J ¼ 7.7 Hz, 1H), 7.32 (t, J ¼ 7.9 Hz, 8H), 7.19–7.09 (m,
16H) ppm. 13C-NMR (100 MHz, CD2Cl2): d ¼ 149.1 (s), 148.1 (s),
147.7 (s), 131.8 (s), 131.5 (s), 130.1 (d), 130.1 (d), 126.0 (d), 125.6
(d), 124.3 (d), 123.6 (d), 123.4 (d), 122.0 (d), 118.7 (d) ppm.
HRMS (APCI): m/z calculated for C46H34N8: 698.29009 [M]+,
699.29792 [M + H]+, found: 698.28976 [M]+, 699.29685 [M + H]+.

4-[4-[2-[1-[4-(Diphenylamino)phenyl]-1H-1,2,3-triazol-5-yl]
phenyl]-1H-1,2,3-triazol-1-yl]-N,N-diphenylbenzenamine (3c)

Starting from 1i (573 mg, 2.00 mmol), 2c (101 mg, 0.80 mmol),
CuSO4$5H2O (40 mg, 0.16 mmol) and sodium ascorbate (63 mg,
RSC Adv., 2017, 7, 12150–12160 | 12157
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0.32 mmol) 3c (158 mg, 0.23 mmol, 28%) was isolated aer
column chromatography (dichloromethane/Et2O ¼ 97 : 3 /

91 : 9). 1H-NMR (400 MHz, CD2Cl2): d ¼ 7.92 (d, J ¼ 7.9 Hz, 1H),
7.85 (s, 1H), 7.66–7.56 (m, 1H), 7.52–7.47 (m, 2H), 7.37 (d, J ¼
8.9 Hz, 2H), 7.33–7.23 (m, 8H), 7.13–7.03 (m, 15H), 6.80–6.78
(m, 4H) ppm. 13C-NMR (100 MHz, CD2Cl2): d ¼ 149.2 (s), 148.8
(s), 147.7 (s), 147.6 (s), 146.3 (s), 137.3 (s), 134.8 (d), 131.9 (d),
131.2 (s), 131.1 (s), 130.8 (d), 130.4 (s), 130.1 (d), 130.0 (d), 129.8
(d), 129.2 (d), 125.8 (s), 125.6 (d), 125.5 (d), 124.7 (d), 124.4 (d),
124.2 (d), 123.5 (d), 122.8 (d), 122.2 (d), 120.0 (d). HRMS (APCI):
m/z calculated for C46H34N8: 698.29009 [M]+, 698.28980 [M +
H]+, found: 698.28987 [M]+, 699.29675 [M + H]+.

4,40-(2,6-Pyridindi-1H-1,2,3-triazol-4,1-diyl)bis[N,N0-
diphenylbenzenamine] (3d)

Starting from 1i (143 mg, 0.50 mmol), 2d (25 mg, 0.20 mmol),
CuSO4$5H2O (10 mg, 0.04 mmol) and sodium ascorbate (16 mg,
0.08 mmol) 3d (116 mg, 0.17 mmol, 83%) was isolated aer
column chromatography (dichloromethane/Et2O ¼ 96 : 4). 1H-
NMR (400 MHz, CD2Cl2): d ¼ 8.62 (s, 2H), 8.16 (d, J ¼ 8.0 Hz,
2H), 7.94 (t, J ¼ 7.9 Hz, 1H) 7.67 (d, J ¼ 8.8 Hz, 4H), 7.32 (t, J ¼
7.9 Hz, 8H), 7.20–7.09 (m, 16H) ppm. 13C-NMR (100 MHz,
CD2Cl2): d ¼ 150.6 (s), 149.2 (s), 149.2 (s), 147.7 (s), 138.4 (d),
131.5 (s), 130.1 (d), 125.6 (d), 124.4 (d), 123.6 (d), 122.1 (d), 120.7
(d), 119.9 (d) ppm. HRMS (APCI): m/z calculated for C45H33N9:
700.29317 [M + H]+, found: 700.29304 [M + H]+.

4,40-(3,5-Pyridindi-1H-1,2,3-triazol-4,1-diyl)bis[N,N0-
diphenylbenzenamine] (3e)

Starting from 1i (129 mg, 0.45 mmol), 2e (23 mg, 0.18 mmol),
CuSO4$5H2O (9 mg, 0.04 mmol) and sodium ascorbate (14 mg,
0.07 mmol) 3e (65 mg, 0.09 mmol, 52%) was isolated aer column
chromatography (dichloromethane/Et2O ¼ 95 : 5 / 82 : 18). 1H-
NMR (400 MHz, CD2Cl2): d ¼ 9.09 (s, 2H), 8.74 (t, J ¼ 1.9 Hz,
1H), 8.36 (s, 2H), 7.63 (d, J ¼ 8.8 Hz, 4H), 7.32 (t, J ¼ 7.9 Hz, 8H),
7.20–7.09 (m, 16H) ppm. 13C-NMR (100 MHz, CD2Cl2): d ¼ 149.3
(s), 147.7 (s), 147.0 (d), 145.3 (s), 131.2 (s), 130.1 (d), 130.0 (d), 127.2
(s), 125.6 (d), 124.4 (d), 123.5 (d), 122.1 (d), 119.2 (d) ppm. HRMS
(APCI): m/z calculated for C45H33N9: 699.28534 [M]+, 700.29317 [M
+ H]+. Found: 699.28400 [M]+, 700.29201 [M + H]+.

4,40-(2,6-Pyridindi-1H-1,2,3-triazol-5,1-diyl)bis[N,N0-
diphenylbenzenamine] (4d)

The synthesis of 4d was accomplished following a previously
published procedure.53 1i (515 mg, 1.80 mmol, 2.40 eq.) and 2d
(95 mg, 0.75 mmol, 1 eq.) were dissolved in 3 ml degassed DMSO
in a reaction vial. Subsequently, tetramethylammonium hydroxide
(27 mg, 0.075 mmol, 0.1 eq., 25 wt% in H2O) was added an the
reaction mixture was heated to 80 �C in a heating block for 27 h.
The reaction mixture was poured on H2O and repeatedly extracted
with dichloromethane. The combined organic layers were dried
over Na2SO4 and concentrated under reduced pressure. 4d (95mg,
0.14 mmol, 18%) was isolated aer column chromatography
(dichloromethane/Et2O ¼ 98 : 1 / 91 : 9). 1H-NMR (400 MHz,
CD2Cl2): d ¼ 7.88 (s, 2H), 7.74 (t, J ¼ 8.1 Hz, 1H), 7.34–7.29 (m,
10H), 7.17–7.05 (m, 20H) ppm. 13C-NMR (100 MHz, CD2Cl2): d ¼
12158 | RSC Adv., 2017, 7, 12150–12160
149.6 (s), 147.6 (s), 147.2 (s), 138.3 (d), 137.0 (s), 134.7 (d), 130.9 (s),
130.1 (d), 127.0 (d), 125.8 (d), 124.5 (d), 122.8 (d), 122.6 (d) ppm.
HRMS (APCI): m/z calculated for C45H33N9: 699.28534 [M]+,
700.29317 [M + H]+, found: 699.28455 [M]+, 700.29232 [M + H]+.

9,90-[1,3-Phenylendiylbis(1H-1,2,3-triazol-4,1-diyl-4,1-
phenylen)]bis[9H-carbazole] (5b)

Starting from 1ii (745 mg, 2.62 mmol), 2b (134 mg, 1.06 mmol),
CuSO4$5H2O (53 mg, 0.21 mmol) and sodium ascorbate (83 mg,
0.42 mmol) 5b (533 mg, 0.77 mmol, 72%) was isolated aer
column chromatography (dichloromethane/Et2O ¼ 99 : 1 /

97 : 3). 1H-NMR (400 MHz, CD2Cl2): d ¼ 8.59 (t, J ¼ 1.6 Hz, 1H),
8.52 (s, 2H), 8.18 (d, J¼ 7.8 Hz, 4H), 8.11 (d, J¼ 8.9 Hz, 4H), 8.02
(dd, J1¼ 7.7, J2 ¼ 1.9 Hz, 2H), 7.83 (d, J¼ 8.8 Hz, 4H), 7.65 (t, J¼
7.8 Hz, 1H), 7.52–7.45 (m, 8H), 7.34 (td, J1 ¼ 7.3, J2 ¼ 1.4 Hz,
4H) ppm. 13C-NMR (100 MHz, CD2Cl2): d ¼ 148.6 (s), 141.2 (s),
138.7 (s), 136.3 (s), 131.6 (s), 130.3 (d), 128.9 (d), 126.8 (d), 126.3
(d), 124.1 (s), 123.6 (d), 122.5 (d), 120.9 (d), 120.9 (d), 118.8 (d),
110.2 (d) ppm. HRMS (APCI): m/z calculated for C46H30N8:
695.26662 [M + H]+, found: 695.26575 [M + H]+.

9,90-[2,6-Pyridindiylbis(1H-1,2,3-triazol-4,1-diyl-4,1-phenylen)]
bis-[9H-carbazole] (5d)

Starting from 1ii (142 mg, 0.50 mmol), 2d (25 mg, 0.20 mmol),
CuSO4$5H2O (10 mg, 0.04 mmol) and sodium ascorbate (16 mg,
0.08 mmol) 5d (94 mg, 0.13 mmol, 68%) was isolated aer
column chromatography (dichloromethane/Et2O ¼ 99 : 1 /

95 : 5). 1H-NMR (400 MHz, CD2Cl2): d ¼ 8.86 (s, 2H), 8.26 (d, J ¼
8.1 Hz, 2H), 8.19–8.13 (m, 8H), 8.02 (t, J ¼ 7.9 Hz, 1H), 7.84 (d, J
¼ 8.4 Hz, 4H), 7.52–7.44 (m, 8H), 7.33 (t, J ¼ 7.3 Hz, 4H) ppm.
13C-NMR (100 MHz, CD2Cl2): d ¼ 150.5 (s), 149.7 (s), 141.2 (s),
138.8 (s), 138.6 (d), 136.3 (s), 128.9 (d), 126.8 (d), 124.1 (s), 122.6
(d), 121.0 (d), 120.9 (d), 120.9 (d), 120.3 (d), 110.2 (d) ppm.
HRMS (APCI): m/z calculated for C45H29N9: 695.25404 [M]+,
696.26187 [M + H]+, found: 695.25171 [M]+, 696.26094 [M + H]+.

Computational details

All (TD)DFT computations were performed using the Gaussian 09
package, revision D.01.59 Density functional theory (DFT) and
time-dependent (TD)DFT calculations were performed using the
Becke three parameters hybrid functional with Lee–Yang–Perdew
correlation (B3LYP),60,61 in combination with Pople basis sets (6-
31G*, 6-311+G*).62 Geometry optimizations were performed in
gas phase and without symmetry constraints. For the calculation
of HOMO/LUMO levels, ground state (S0) geometries were opti-
mized applying the 6-311+G* basis set. The determination of
triplet energy (ET) was achieved by the calculation of the T1
excitation energy applying TDDFT level and the 6-311+G* basis to
a S0 geometry optimized at DFT level using the 6-31G* basis set.
Orbital plots were generated using GaussView.63

Single crystal diffraction

Crystals suitable for single crystal diffraction were selected under
a polarizing microscope, embedded in peruorinated oil and
attached to Kapton® micromounts. Intensity data were collected
This journal is © The Royal Society of Chemistry 2017
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in a dry stream of nitrogen at 100 K on a Bruker KAPPA APEX II
diffractometer system. Data were reduced using SAINT-Plus64 and
an empirical absorption correction using the multi-scan
approach implemented in SADABS64 was applied. The crystal
structures were solved by charge-ipping implemented in
SUPERFLIP65 and rened against F with the JANA2006 (ref. 66)
soware package. The non-H atoms were rened with aniso-
tropic displacement parameters. The H atoms were placed at
calculated positions and rened as riding on the parent C atoms.
Device fabrication and measurement

All devices were fabricated on glass substrates pre-coated with
a 180 nm thick layer of indium tin oxide (ITO) having a sheet
resistance of 10 U per square. The ITO substrates were ultrasoni-
cally cleaned with detergent, deionized water, acetone and iso-
propanol, and then dried by blowing nitrogen over them. A layer of
45 nm thick PEDOT:PSS was spin-coated onto the pre-cleaned ITO
substrates, and then baked at 120 �C in a vacuum oven for 30 min
to extract residual water. Aerwards, the samples were moved into
a glove box under a nitrogen-protected environment (oxygen and
water contents less than 1 ppm), and the emissive layers (EMLs)
were spin-coated on top of PEDOT:PSS from chlorobenzene and
then annealed at 100 �C in a vacuum oven for 10 min to remove
the residual solvent; the resulting thickness of EMLs is about
35 nm. Following that, the samples were transferred to a thermal
evaporator chamber (pressure less than 5� 10�4 Pa) connected to
the glove box without exposure to the atmosphere. TBPi, LiF and
Al were deposited sequentially by thermal evaporation. The over-
lap between ITO and Al electrodes was 16 mm2 as the active
emissive area of the devices. The luminance–voltage–current
density characteristics were measured by a Keithley source
measurement unit (Keithley 2400 and Keithley 2000) with a cali-
brated silicon photodiode. The EL spectra were measured by
SpectraScan PR650 spectrophotometer. The lm thickness was
determined by Dektak 6M Proler (Veeco Metrology Inc.). All the
measurements were carried out in ambient atmosphere.
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F. Rönicke, M. Nieger, U. Schepers and S. Bräse, RSC Adv.,
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