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Abstract

Solution-processable molecular hole transporting material (HTM) is extremely crucial in
order to realize the low cost, high throughput, and roll-to-roll fabrication of large area organic
light emitting diodes for display and lighting applications. In this report, a series of
naphthalene and phenyl substituted carbazole core based HTMs, 3-(1-naphthyl)-9-(2-
phenylvinyl)carbazole (NPVCz), 3,6-di-(1-naphthyl)-9-phenylvinylcarbazole (DNPVC2z),
and 3,6-diphenyl-9-(2-phenylvinyl)carbazole (DPPVCz) are successfully synthesized and
characterized. The synthesized HTMs possess excellent solubility in common organic

solvents. By wusing a fluorescent tris(8-hydroxyquinolinato)aluminium emitter, we
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demonstrate an enhancement of 135%, from 1.7 to 4.5 cd A%, in current efficiency of organic
light emitting diode (OLED) by replacing the conventional HTM, N,N’-di(1-naphthyl)-N,N’-
diphenyl-(1,1’-biphenyl)-4,4’-diamine (NPB), with the NPVCz counterpart. Moreover, the
current efficiency of a conventional tris[2-phenylpyridinato-C2,N]iridium(l1l) based
phosphorescent green OLED device increases from 46.4 to 66.2 cd m by substituting the
NPB from the NPVCz. These findings suggest that such type of solution-processable
molecular HTMs will be promising contender for high efficiency OLED devices.

1. Introduction

Organic light emitting diodes (OLEDs) have attracted the great attention because of their
extensive applications in high quality displays and lightings.>? At the present time numerous

type of portable display devices and a few large size OLED televisions have already been in
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the market.>® At present, almost every single commercial OLED product is fabricated << onine
vacuum deposition because of its superlative features, such as precise layer thickness control,
high efficiency, and easy multilayer deposition in the intricate devices, which are highly
expensive because of low throughput and huge materials wastage.* To make the resultant

products commercially profitable and large-area roll-to-roll fabrication, solution-processable

OLEDs with higher efficiencies are extremely demanded.>”

Nowadays, it is well established that carrier transporting materials are crucial to enable
a balance carrier, electron and hole, transport from the counter electrodes (cathode and
anode). Moreover, these layers should facilitate a confinement of injected carriers within the
emissive layer to realize a high efficiency OLED devices.!®'! Numerous type of high triplet
energy electron transporting materials have been reported, while only a few hole transporting
materials (HTMs) have been realized for OLED devices.!? A high triplet energy HTM with
high mobility and can effectively increase the carrier injection balance and exciton
confinement, respectively. Typically, arylamines,*'* carbazoles,*>8 carbazole-arylamine
hybrids,*® and tolylamino cyclohexane? derivatives have been extensively studied as HTM in
OLEDs because of their high hole mobility, electron confining ability, and amorphous film
forming property. Amongst, arylamine derivatives, such as N,N’-diphenyl-N,N’-bis(1-
naphthyl)-(1,1’-biphenyl)-4,4’-diamine (NPB), N,N’-bis(3-methylphenyl)-N,N’-bis(phenyl)
benzidine (TPD), and 1,1-bis((di-4-tolylamino)phenyl)cyclohexane (TAPC), have been
widely used as HTMs because of their high hole mobility and ease of thermal evaporation.t*-
152122 Though, their poor film forming ability, low morphological stability, and ease of
crystallization at room temperature caused the poor device efficiency or device failure in

solution-process.*423

On the other hand, carbazole derivatives, such as tris(4-carbazoyl-9-ylphenyl)amine

(TCTA),% 3,6-bis(4-vinylphenyl)-9-ethylcarbazole (VPEC),?® and tris(4-carbazole)triphenyl
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amine,”® have been also studied as the HTM due to their rational hole mobility, hjgh, teiplétss 2o

energy, amorphous film forming ability, and high thermal stability. Numerous solution-
processable long chain polymeric, and oligomeric type HTMs have been reported, while they
exhibited a poor device efficiency.?’*2 However, only a few dendritic HTMs have been
investigated in OLED devices, and they have exhibited relatively higher efficiency than that
of polymer counterparts. For example, Moonsin et al.*® reported a maximum current
efficiency (57ce) of 4.45 cd A as a dendritic carbazole derivative, 3°,6’-bis[3,6-bis(carbazole-
9-yl)carbazole-9-yl]-bis[9-(2-ethylhexyl) carbazole-3,6-diyl, was spin-coated between the
hole injection layer of poly(3,4-ethylenedioxythiopene):poly(styrenesulfonate) (PEDOT:PSS)
and an emissive/electron transporting layer of tris(8-hydroxyquinolinato)aluminium (Algg).
Usluer et al.>* reported a maximum nce of 7.7 cd A? by employing a newly synthesized
fluorene-carbazole dendrimer based HTM between the PEDOT:PSS and Algs layers.
Prachumrak et al.®® designed and synthesized a series of carbazole dendrimers based HTMs
for OLEDs. The resultant device exhibited a maximum nce of 5.11 cd A by using a five
carbazole units based HTM, 3,6-bis[3’,6°-bis(3”,6”-di-tert-butylcarbazol-N"-yl)carbazol-N’-
yl]-N-dodecylcarbazole (G3C). Recently, solution-process feasible molecular HTMs attracted
a considerable attention in OLEDs over long-chain polymer or complex dendrimer
counterparts because of their easy synthesis, high degree of purity, defect free structure, and
higher hole mobility.**3” Most importantly, molecular HTMs based OLEDs have shown
excellent reproducibility because of smaller chain entanglement than that of the long chain
polymer counterparts.®” The design of wet-process feasible molecular HTM is highly
challenging because they must have to offer a high solubility in common organic solvents
with excellent film forming property, film integrity, and amorphous film morphology. In the
past years, a few solution-processable molecular HTMs have been reported, for example, Wu

et al.>® synthesized a tri-carbazole functionalized fluorenyl core based compound 2,4,7-tri[2-
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(9-hexylcarbazole)-ethynyl]-9,9-dihexyl fluorene. The resultant multilayer OLED, devices5..o:
exhibited a maximum nce of 3.2 cd A, Thaengthong et al.® synthesized a carbazole-type
amorphous HTM of 3',6'-bis(carbazol-9-yl)-bis[9-(2-ethylhexyl)carbazol-3,6-diyl], and
employed in a double layer OLED device. Hence, it is worthy to devise a solution-

processable small molecular type HTM for OLED devices.

In this study, we demonstrate a series of naphthyl and phenyl substituted 9-(2-
phenylvinyl) carbazole type HTMs, 3,6-diphenyl-9-(2-phenylvinyl)carbazole (DPPVCz), 3-
(1-naphthyl)-9-(2-phenylvinyl)carbazole (NPVCz), and 3,6-di-(1-naphthyl)-9-phenylvinyl
carbazole (DNPVCz). These HTMs exhibit excellent solubility in common organic solvents
and robust thermal stability. Taking double layer fluorescent green device for example, at
1000 cd m2, the nce is enhanced from 1.7 to 4.5 cd A and a power efficiency (nee) from 1.7
to 26 Im W% as NPB is replaced by NPVCz. Moreover, conventional tris[2-
phenylpyridinato-C2,NJiridium(lll), Ir(ppy)s, emitter based green phosphorescent device
shows a maximum nce of 66.2 cd A (nee =70.0 Im W and external quantum efficiency, nex
= 18.3%) with solution-processable NPVCz, and improves by almost 40% compared to the
OLED based on the NPB. The high device efficiency is attributed to rational hole mobility
and effective electron confinement. Moreover, the phosphorescent device architecture
enabling therein an electron trap to facilitate the injection of the minor carriers against that of

a hole, leading to a more balance carrier injection.

2. Result and discussion
2.1 Synthesis
The synthesis of naphthyl and phenyl substituted 9-(2-phenylvinyl) carbazole derivatives,

NPVCz, DNPVCz, and DPPVCz, was carried out by multi-step synthetic routes shown in
Scheme 1. The key starting materials 3-iodo-9H-carbazole (2) and 3,6-di-iodo-9H-carbazole

(3) were synthesized from commercially available 9H-carbazole (1) by Tucker iodination
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with KI/K103 in acetic acid.®® The 3-iodo-9-(2-phenylvinyl) carbazole (4) and 3,6-di-iQdps9cc onine
(2-phenylvinyl)carbazole (5) were synthesized, respectively, by condensation reaction of the
iododerivatives 2 and 3 with an excess of 2-phenylacetaldehyde under acidic conditions in
the presence of (x£)-camphor-10-sulfonic acid. The naphthyl substituted carbazole derivatives
NPVCz and DNPVCz were obtained by Suzuki coupling reaction of the compounds 4 and 5,
correspondingly, with an excess of 1-naphtalene boronic acid. On the other hand, the

compound DPPVCz was synthesized by Suzuki coupling reaction of the compound 5 with an

excess of phenyl boronic acid. Molecular structures of all compounds were characterized by

1H NMR, IR, and HRMS techniques (see spectra in Fig. S1 to S5).

i i H
N

NPVCz DNPVC(Cz DPPVCz

(a) phenylacetaldehyde, (+)-camphor-10-sulfonic acid
(b) Pd(PPh3),, Cl,, KOH, THF

Scheme 1. Schematic illustration of the synthesis of the naphthyl and phenyl substituted 9-(2-
phenylvinyl) carbazole based hole transporting materials (HTMs), NPVCz, DNPVCz, and
DPPVCz.
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2.2 Photophysical properties DOk 101030 e EasomaE
As shown in Fig. 1, the ultraviolet-visible (UV-vis) and photoluminescence (PL) spectra of
the compounds NPVCz, DNPVCz, and DPPVCz were measured in tetrahydrofuran (THF) at
room temperature. The optical band gaps (Eg) were estimated from intersections of the
absorption spectra. The compounds NPVVCz, DNPVCz, and DPPVCz show the Eg of 3.28 eV,
3.32 eV, and 3.29 eV, respectively. The triplet-energies (Er) were calculated from the first
triplet emission peak of the low temperature PL spectrum measured in cryogenic medium

(liquid N) at 77K (Fig. S6), which exhibit the Er of 3.09 eV, 2.84 eV and 2.69 eV,

respectively, for NPVCz, DNPVCz and DPPVCz.
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Figure 1. The ultraviolet-visible (UV-vis) and photoluminescence (PL) spectra of the
naphthalene and phenyl substituted carbazole core based HTMs, (a) NPVCz, (b) DNPVCz,
(c) DPPVCz, and (d) NPB. All the data were measured by dissolving the HTMs in THF.
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Table 1. Photophysical, electrochemical, and thermal characteristics of the jpoyel .hiple<s. s
transporting materials.

CO03049E

HTM Jabs Jem  HOMO?® LUMO? Eg Er T Tm® T  m®

(nm) (nm)  (eV) (eV) (V) (V) (©) (©) (°C)  (em2Vlsh)
NPVCz 326,298,247 381  5.27 2.12 315 309 379 120 57 2.4x10%
DNPVCz 308, 245 384 531 2.21 310 282 461 265 107 1.5x10*
DPPVCz 299, 255 384 493 1.82 311 269 360 184 55 3.5x10°5
NPB 345, 215 450  5.50% 2.40° 3.10° 230" 350 28015 Qs[saAl  4.1x10-4[150]

IHOMO and LUMO values were measured by cyclic voltammetry method
could be calculated from (Ep1+E;2)/(2-0.48). Where 0.48 is correction value obtained by the oxidation system
was added Fc*/Fc as the internal standard, and Eromo = -(E12™ + 4.8). ELumo = (Eromo -Eg). P’decomposition
temperature. “melting temperature. 9glass-transition temperature. ®hole mobility. Ref. 15.

. Semi-oxidation potential (E12%)

2.3 Electrochemical properties

The electrochemical properties of all three HTMs were characterized by cyclic voltammetry.

The highest occupied molecular orbital (HOMO) energy levels were calculated by using the

oxidation potentials, which were estimated from the cyclic voltammograms (Fig. 2). The

resultant HOMO levels are -5.27, -5.31 and -4.93 eV for the NPVCz, DNPVCz, and

DPPVCz, respectively. The lowest unoccupied molecular orbital (LUMO) energy levels of

the HTMs were calculated from HOMO energy level and optical energy band gap (Eg), which

are -1.99, -1.99 and -1.64 eV, respectively. The determined oxidation potentials (E1/2%%),

energy bandgaps, HOMO and LUMO values are listed in Table 1.
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Figure 2. Cyclic voltammograms of the compounds (a) NPVCz, (b) DNPVCz, and (c)
DPPVCz.

2.4 Thermal and morphological properties

The thermal behavior of the compounds DPPVCz, NPVCz, and DNPVCz was characterized
by using differential scanning calorimetry (DSC) and thermogravimetric analysis (TGA)
techniques. As shown in Fig. S7, the melting temperatures (Tm) of the compounds are ranged
from 120 °C to 265 °C, and the glass transition temperatures (Ty) from 55 °C to 107 °C,
respectively. The thermal behavior of the HTMs is strongly depended on the type of

substituents (phenyl and naphthalene) and the number of substituent units.
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Figure 3. Surface morphologies of the spin-coated films and molecular structures of the
novel HTMs (a) NPVCz, (b) DNPVCz, and (c) DPPVCz, and a typical HTM (d) NPB. All
the films were spin-coated from THF solutions onto the PEDOT:PSS layer as employed in
devices.
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As shown in Table 1, two phenyl groups substituted carbazole core based compaund<s. o

DPPVCz compound shows the lowest T4 value of 55 °C, while the Tg increases to 57 °C for
the asymmetric NPVCz compound with one naphthalene unit. The Ty4 of compound
extensively increases from 57 °C to 107 °C for the DNPVCz as an additional naphthalene unit
was introduced on to the carbazole core of the NPVVCz compound. As shown in Fig. S8, the
compounds DPPVCz and NPVCz, DNPVCz exhibit a thermal decomposition temperatures
(Tq) of 360 °C, 379 °C, and 461 °C, respectively, corresponding to a 5% weight loss.
Amongst, the highest Tq of the DNPVCz may arise because of the fused molecular structure
and two naphthalene substituents. The robust thermal characteristic of compounds may
facilitate the excellent film integrity under electrical excitation.** Because an organic material
is less vulnerable to heat and forms stable amorphous film with increasing Tg. In contrast, the
low Ty organic compounds easily crystallize that affects film homogeneity, and crystal
boundaries raise the electrical resistance to the carriers. Therefore, high Ty materials result
into better film integrity and leads to better device performance.*

As shown in Fig. 3, the surface morphologies of the spin-coated films of the HTMs
were characterized by the atomic-force microscopy (AFM). The resultant root-mean-square
(rms) surface roughness values are 0.41, 0.38, 0.62, and 0.76 nm for the NPVCz, DNPVCz,
DPPVCz, and NPB, respectively. All the spin-coated films exhibit smooth surface topologies
without any crystallization. The bi-naphthyl units substituted carbazole core based
compound, DNPVCz, shows relatively low film roughness. It has been found that the newly
synthesized carbazole core based HTMs, NPVCz, DNPVCz, DPPVCz, exhibit relatively

much smoother film morphologies than that of typical NPB counterpart.

2.5 Hole mobility
The hole mobility (un) of the compounds DPPVCz NPVCz, and DNPVCz was measured by

the time-of-flight (TOF) technique.*>*® The un was calculated by the formula of un =

03049E


http://dx.doi.org/10.1039/c7tc03049e

Page 11 of 27 Journal of Materials Chemistry C

d?/(V.tr), where d is the layer thickness of the compounds, V applied bias, and, ty carrierc e
transit time.**“* The un determined for the carbazole core based HTMs is shown as a function
of the square root of electric field (E¥?) in Fig. 4 (see transient photocurrent curves in Fig.
S9). The un of the compounds DPPVCz, NPVCz and DNPVCz are ranged from 3.5x107 to

2.4x10* cm?/V-s, as shown in Table 1.
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Figure 4. The hole mobility of the HTMs, NPVCz, DNPVCz and DPPVCz, as a function of
the square root of electric field.
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Figure 5. Schematic diagram of the energy levels of the (a) fluorescent and (b)
phosphorescent OLED devices containing the spin-coated films of four different HTMs,
NPVCz, DNPVCz, DPPVCz, and NPB.

2.6 Electroluminescent characteristics

Fig. 5a shows the schematic energy-level diagrams of the OLED devices studied herein.
Taking the fluorescent green OLED device for example, the fabrication process included
firstly spin-coating an aqueous solution of PEDOT:PSS at 4000 rpm for 20 s to form a hole-
injection layer (HIL) on a pre-cleaned ITO anode. Before spin-coating the following hole
transporting layer (HTL), the solution was prepared by dissolving three different
concentrations 2, 4 and 6 mg ml?! of the HTMs (NPVCz, DNPVCz, and DPPVCz) in
tetrahydrofuran at room-temperature with stirring for 0.5 h. The resulting solution was then
spin-coated at 2500 rpm for 20 s under nitrogen. Followed were the depositions of the
emission layer/electron-transporting layer Algs, the electron injection layer LiF, and the
cathode Al, by thermal evaporation in a vacuum chamber at a vacuum level of less than 5 x
107° Torr. A standard device was also fabricated for comparison by using NPB as HTL. As
shown in Fig. 5b, the phosphorescent green device contain a 32 nm HIL of PEDOT:PSS,

which was spin-coated on a pre-cleaned ITO coated glass substrate. Subsequently, a 25 nm
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HTM and 20 nm EML were spin-coated on the PEDOT:PSS coated substrate. Finally,.& 35 :.:

C03049E

nm ETL of TPBi, a 1 nm EIL of LiF, and a 100 nm Al cathode, were deposited by the

thermal evaporation.

Table 2. Electroluminescence (EL) characteristics of double layer fluorescent OLED devices
by using newly synthesized carbazole derivatives, NPVCz, DPPVCz, and DNPVCz, and a
typical NPB as hole transporting layer.

Vriv MpE McE 1931 CIEyy

- Maximum
HTL V) (Im/w) (cd/A) Coordinates luminance
@ 100 /1,000 ca/m? (cd/m?)
NPB 3.6/5.4 2.4/1.7 2.7/1.7  (0.32,0.52)/(0.32, 052) 4218
NPVCz 3.9/54 3.3/26 4.1/45 (0.33,0.54)/ (0.33, 0.54) 10360
DNPVCz 3.8/53 3.0/24 3.7/4.0 (0.34,0.54)/(0.34, 0.54) 4748
DPPVCz  4.1/5.9 2.0/1.7 2.6/3.1  (0.34,0.55)/ (0.34, 0.55) 5829

2.6.1. Fluorescent OLED devices

The current density (J), luminance (L), nre, and nce of two layer green fluorescent OLEDs
are presented in Fig. 6a. All the three HTMs based devices also show higher efficiencies and
luminance than that of typical NPB based device. At 1000 cd m, for example, fluorescent
green OLED with NPVCz or DPPVCz layer demonstrate a nce of 4.5 or 4.0 cd A, which are

almost 165 or 135% higher than that of typical HTM, NPB, based device. In addition,

Published on 25 July 2017. Downloaded by Griffith University on 25/07/2017 15:23:29.

naphthalene substituted carbazole core type HTMs, NPVVCz and DNPVCz, based devices also
show a maximum luminance of 10360 cd m and 4748 cd m, respectively, which are 146%
and 13% higher than NPB based device. The reason why NPVCz and DNPVCz based
devices show higher performance may be attributed to effective electrons and excitons
confinement within the Algs layer (EML/ETL), especially at high luminance, due to their
low-lying LUMO energy levels.® Moreover, the high efficiency may attributed to smooth film
morphology of NPVCz that can effectively prevent any undesirable current leakage
throughout the device measurement. The resultant naphthyl substituted HTM, NPVCz, also

exhibited relatively higher device performance than that of the phenyl substituted DPPVCz
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counterpart (Table 2). In naphthalene substituted HTMs, we attribute the high, device<;5. s
performance to the following factors, (i) relatively higher hole mobility than that of the
phenyl substituted HTM, and (ii) matching HOMO energy levels that fascilitate injection of
holes into the Algs layer. All the four devices show an EL emission peak at 516 nm, which is

directly correspond to the Algs emission (Fig. S10).
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Figure 6. Effects of HTMs on the (a) current density, (b) luminance, (c) power efficiency vs
luminance, and (d) current efficiency vs current density results of the fluorescent OLED
devices.

2.6.2. Phosphorescent OLED devices
Table 3 shows the electroluminescent characteristics of conventional Ir(ppy)s based green

phosphorescent devices with various HTMs, NPVCz, DNPVCz and DPPVCz, and NPB. The
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NPB based control device shows a npe of 30.6 Im W™ and a 5ce of 41.4 cd A, at 100 cdlqmni2ee onine
(Fig. S11), which are almost 82% and 45% lower compared to the OLED devices based on
the NPVCz. Moreover, the maximum #5ce is markedly improved from 46.4 to 66.2 cd A*
(max. nee from 48.5 to 70.0 Im W, and a max. #ex from 14.2% to 18.3%). As shown in Fig.
7, the NPVCz containing device demonstrated a 5ce of 60.1 cd A (pe = 55.6 Im W™ and nex
= 17.1%), at 100 cd m2. On the contrary, DNPVCz containing device showed a nce of 58.4
cd A (npe = 54.8 Im W and next = 16.1%), while a 45.1 cd A (nee = 40.8 Im W and next =
12.5%) for the DPPVCz containing device. The reason why the NPVVCz based device showed
the highest efficiencies among all the three studied HTMs may be attributed to three reasons,

namely high hole mobility, appropriate HOMO and LUMO energy levels, and sufficiently

high triplet energy.

Table 3. Effect of the carbazole based novel HTMs on the EL characteristics of
phosphorescent OLED devices.

Published on 25 July 2017. Downloaded by Griffith University on 25/07/2017 15:23:29.

HTL Variv. (V) nee (IM/W)  nce(cd/A)  CIExy coordinates Maximum luminance
@ 100 /1,000 cd/m? (cd/m?)

NPB 4.2/5.9 30.6/17.8  41.4/32.7  (0.31,0.63)/(0.31, 63) 11560

NPVCz 3.5/4.6 55.6/34.3  60.1/50.2  (0.31, 0.63)/(0.31, 63) 15140

DNPVCz 3.4/4.7 54.8/26.6 58.4/39.8 (0.30, 0.63)/(0.30, 63) 9020

DPPVCz  3.5/4.7 40.8/245  451/36.1  (0.31, 0.63)/(0.31, 63) 12280
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Figure 7. Effects of HTMs on the (a) current density and luminance, (b) power efficiency vs
luminance, (c) current efficiency vs luminance, and (d) EL spectra of the phosphorescent

OLED devices.

The NPVCz shows a highest hole mobility of 2.4 x 10* cm2.Vv°%°.s%° which is much

higher than that of the DPPVCz and DNPVCz counterparts. The NPVCz favors an efficient

hole injection in the device, and result a highest brightness among all four devices. Moreover,

the resultant device architecture shows an energy barrier of 0.07 eV for hole to enter from

HIL (PEDOT:PSS) and 0.33 or 0.73 eV to the Ir(ppy)s guest or CBP host. Whilst, the barrier

is 0.11 eV for hole to enter from the HIL to the HTL DNPVCz and 0.29 or 0.69 eV further to

the guest or host. The higher hole mobility and low energy barrier between the HIL and HTL

may explain why device with NPVVCz shows higher efficiencies.
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based devices exhibit relatively higher efficiency than that of phenyl substituted carbazole
compound DPPVCz because of their higher Er values (Table 1). Moreover, all the three
HTMs demonstrated a higher Er than that of the CBP host (2.6 eV). The resultant HTMs can
effectively confine the electrons and excitons within the EML and result a bright emission
with high efficiencies.*®
As to DPPVCz, its resultant device structure shows an extremely high barrier
for hole to enter into the guest or host, which in 0.67 or 1.07 eV. Although there is barely any
barrier for the hole to enter from the HIL, the tremendously high barrier to further inject into
the emissive layer is in a totally unfavorable position. This explains why the DPPVCz
containing device shows lowest performance among all four devices studied. The NPVCz
based device also show 54% and 92% higher in nce and npe, respectively, compared to the
conventional NPB based OLED (Table 2 and Fig. S11a and 11b). Fig. 7d and Fig. 11c show
the EL spectra of devices that were collected at 100 and 1000 cd m™2. The EL spectra of
devices remained identical when naphthyl and phenyl substituted carbazole derivatives were
utilized as the HTMs (Fig. 7d). Over the past years, numerous vinyl type compounds, such as
PVK and VPEC, exhibit better hole transporting characteristics in the solution-processed
devices than conventional aryl compounds, namely NPB and TPD.'®?1.254% The excellent
performance of typical HTMs, PVK and VPEC, in solution-processed OLEDs motivated us
to design molecular HTMs based on vinyl linkage.*’
The operational lifetime (t12), which is defined as a time when the luminance drops to
50% of initial luminance (Lo), of phosphorescent OLEDs was carried-out by operating the
devices under a constant current with a varying initial brightness values at room temperature.
Fig. S12 shows the effect of HTMs, namely NPB, NPVVCz, DNPVCz, and DPPVCz, on the

device lifetime. The DNPVCz based device shows a lifetime of 1.63 h at the Lo of 1914 cd m"
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2, while conventional NPB based device exhibits a lifetime of 1.0 h at the Lo of 2329, cgl'm2:
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The t12 of DNPVCz device, at an initial brightness of 100 cd m, can be extrapolated to 246
h. The devices with the NPVCz and DPPVVCz HTMs also demonstrate the extrapolated ty» of
160 h and 174 h, respectively, which are slightly lower than that of conventional NPB (208 h)
counterpart. The DNPVCz shows a highest thermal degradation temperature among all the
studied HTMs, NPVCz, DPPVCz, and NPB, that may also lead higher t1> under the electrical
excitation. Hence, it is worthy to investigate the degradation mechanism of vinyl linkage
based molecular HTMs. The ti»> of solution-process OLEDs can be enhanced further by
rationalizing the molecular design of naphthalene-substituted carbazole core based HTMs.
These materials will open an avenue towards realization of high efficiency, long-lasting

OLED:s for displays and lighting applications.

3. Conclusion

In conclusion we have designed and synthesized a series of naphthyl and phenyl substituted
carbazole core based HTMs, NPVCz, DNPVCz, and DPPVCz, for high efficiency
fluorescent and phosphorescent OLED devices. All the three molecular HTMs showed
excellent solution-processability with much smooth film morphologies due to appropriate
thermal stabilities and high solubility in common organic solvents. These HTMs, especially
naphthyl derivatives NPVCz and DNPVCz, showed higher device efficiencies than that of
typical NPB counterpart. Fluorescent device shows an improvement of 165% and 52%, in #ce
and npg, respectively, as typical NPB is replaced with the NPVCz. The NPVCz based
phosphorescent device showed a maximum npe and nce of 70.0 and 66.2 cd A™, respectively,
and improves by over 40% compared to the OLED based on the NPB. The higher device
performances are resulted because of rational hole transporting ability, smooth surface
morphology, effective electron and exciton confinement function, and adequately high triplet

energies. The naphthyl substituted carbazole derivatives can serve as potential molecular
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HTMs in solution-processed OLED devices. These materials will open an avenue. towards<s.

C03049E

realization of high efficiency and long-lasting OLEDs for displays and lighting applications.

4. Experimental

4.1 Synthetic detail and spectral data

All the precursor compounds required for the synthesis were purchased from commercial
sources and used as such without further purification. The 9H-carbazole (1),
phenylacetaldehyde, (x)-camphor-10-sulfonic acid, 1-naphtalene boronic acid, phenyl
boronic acid, bis(triphenylphosphine)palladium(l1) dichloride (Pd(PPhs)2Cl.), and potassium
hydroxide were purchased from Aldrich and used as received without further purification. 3-
lodo-9H-carbazole (2) and 3,6-diiodo-9H-carbazole (3) were obtained by a procedure of

Tucker.*

3-10do-9-(2-phenylvinyl)carbazole (4): Firstly, 3-iodo-9H-carbazole (Compound 2) (1.5 g, 5
mmol) was dissolved in toluene (15 ml) at 80 °C. Subsequently, phenylacetaldehyde (1.32
ml, 11.3 mmol) was added dropwise into the stirred solution of Compound 2. Then a (£)-

camphor-10-sulfonic acid was added as a catalyst. The resultant mixture was stirred for 24 h

Published on 25 July 2017. Downloaded by Griffith University on 25/07/2017 15:23:29.

at 110 °C. Finally, the solvent was evaporated under vacuum and the resultant crude product
was purified by silica gel column chromatography using hexane/diethyl ether (vol. ratio 30:1)

as an eluent. The yield of Compound 4 was 0.56 g (50%).

H! NMR spectrum (300 MHz, CDCls, &, ppm): 8.31 (d, 1H, J = 1.2 Hz, Ar); 7.95 (d, 1H, J =
7.2 Hz, Ar); 7.67 (dd, 1H, J1 = 1.5 Hz, J2 = 9.0 Hz, Ar); 7.63 (d, 1H, J = 8.7 Hz, Ar); 7.53 (d,
1H, J = 14.4 Hz, NCH=CHPh); 7.50 — 7.38 (m, 8H, Ar); 6.96 (d, 1H, J = 14.4 Hz,
NCH=CHPHh). IR (KBr, cm—1): 3057, 3022 (C-H in Ar); 1652 (C=C); 1616, 1599, 1574,
1468, 1442 (C=C in Ar); 1374, 1359, 1267, 1235, 1218 (C-N in Ar); 946 (=C-H trans); 871,

793, 743, 688 (C-H in Ar); 543, 506 (C-J). MS (APCI+, 20 V/): 397.3 ([M+H], 100 %).
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3,6-Diiodo-9-(2-phenylvinyl)carbazole (5): Firstly, a 3,6-di-iodo-9H-carbazole (Gompaurid<;. s
3) (8.7 g, 20.86 mmol) was dissolved in toluene (70 ml) at 80 °C. Afterward, a
phenylacetaldehyde (4.88 ml, 41.7 mmol) was added dropwise into the stirred solution of
Compound 3. Later, a (x£)-camphor-10-sulfonic acid was added as catalyst. The solution was
stirred for 24 h at 110 °C. Finally, the solvent was evaporated under vacuum and the resultant
crude product was purified by silica gel column chromatography using hexane/diethyl ether

(vol. ratio 30:1) as an eluent. The yield of compound 7 was 8.1 g (75%).

H! NMR spectrum (400 MHz, CDCls, &, ppm): 8.26 (d, 2H, J = 1.6 Hz, Ar); 7.71 (dd, 2H, J1
= 1.4 Hz, J2 =8.7 Hz, Ar); 7.51 — 7.38 (m, 7H, Ar and NCH=CHPh); 7.32 (t, 1H, J = 6.9 Hz,
Ar); 6.94 (d, 1H, J = 14.1 Hz, NCH=CHPh). IR (KBr, cm™): 3053, 3022 (C-H in Ar); 1650
(C=C trans); 1599, 1468, 1427 (C=C in Ar); 1367, 1357, 1284, 1234, 1216 (C-N in Ar); 923
(=C-H trans); 803, 793, 743,689 (C-H in Ar); 564, 558, 507 (C-J). MS (APCI+, 20 V): 522.2

([M+H], 100 %).

3-(1-Naphthyl)-9-(2-phenylvinyl)carbazole (NPVCz): In order to synthesize the target
compound NPVCz, a 0.3 g (0.75 mmol) of 3-iodo-9-(2-phenylvinyl)carbazole (Compound
4), a 0.26 g (1.51 mmol) of 1-naphtalene boronic acid, a 0.023 g (0.033 mmol) of
PdClI2(PPhs)., and a 0.21 g (3.7 mmol) of powdered potassium hydroxide were dissolved in 5
ml of THF solvent. Then the resultant mixture was stirred for 24 h at 80 °C under nitrogen
atmosphere. Subsequently, the reaction mixture was cooled and then quenched in an ice bath.
The resultant compound was extracted by using a chloroform solvent. The extract was dried
by using an anhydrous Na>SOs. Finally, the resultant extract was purified by silica gel
column chromatography using a mixture of ethyl acetate and hexane (vol. ratio 1:50) as an

eluent. Yield: 0.25 g (83%) of white crystals.
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H! NMR spectrum (400 MHz, CDCls, §, ppm): 8.19 (d, 1H, J = 1.2 Hz, Ar); 8.07,(d, 1 Hic) /e onine
7.2 Hz, Ar); 8.00 (d, 1H, J = 8.4 Hz, Ar); 7.92 (d, 1H, J = 8.0 Hz, Ar); 7.88 (dd, 1H, J1 = 1.8
Hz, J2 = 7.6 Hz, Ar); 7.82 (d, 1H, J = 8.0 Hz, Ar); 7.75 (d, 1H, J = 14.4 Hz, NCH=CHPh);
7.70 (d, 1H, J = 8.0 Hz, Ar); 7.62 (dd, 1H, J1 = 2.0 Hz, J2 = 8.4 Hz, Ar); 7.58 -7.39 (m, 9H,
Ar); 7.34 - 7.28 (m, 2H, Ar); 7.12 (d, 1H, J = 14.4 Hz, NCH=CHPh). IR (KBr, cm—1): 3053
(C-H in Ar); 1648 (C=C); 1622, 1600, 1565, 1486, 1455 (C=C in Ar); 1395 (naphthyl group);
1375, 1331, 1236 (C-N in Ar); 939 (=C-H trans); 889, 819, 776, 746 (C-H in Ar). MS

(APCI+, 20 V/): 396.4 ([M+H], 100 %).

3,6-Di-(1-Naphthyl)-9-phenylvinylcarbazole (DNPVCz): In order to synthesize the target
compound DNPVCz, a 1.0 g (1.92 mmol) of 3,6-diiodo-9-(2-phenylvinyl)carbazole (5), a
0.68 g (5.76 mmol) of 1-naphtalene boronic acid, a 0.081 g (0.12 mmol) of PdCI>(PPhs). and
a 1.08 g (19.25 mmol) of powdered potassium hydroxide were dissolved in 15 ml of a THF
solvent. The resultant mixture was stirred for 24 h at 80 °C under nitrogen atmosphere.
Subsequently, the reaction mixture was cooled and quenched in an ice bath. Then the product
was extracted by a chloroform solvent. The resultant extract was dried by using an anhydrous

Na SOs. Finally, the extract was purified by silica gel column chromatography using a
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mixture of ethyl acetate and hexane (vol. ratio 1:20) as an eluent. Yield: 0.5 g (50%) of white

crystals.

H! NMR spectrum (400 MHz, CDCls, 8, ppm): 8.13 (dd, 2H, J1 = 1.6 Hz, J2 = 7.2 Hz, Ar);
8.04 (d, 2H, J = 0.8 Hz, Ar); 7.73 (dd, 2H, J1 = 2.4 Hz, J2 = 7.2 Hz, Ar); 7.69 (d, 2H, J = 8.4
Hz, Ar); 7.54 (dd, 2H, J1 = 1.6 Hz, J2 = 8.4 Hz, Ar); 7.51 — 7.45 (m, 5H, Ar and
NCH=CHPh)); 7.38 (tr, 2H, J = 7.6 Hz, Ar); 7.32 -7.26 (m, 6H, Ar); 7.23 (tr, 2H, J = 7.6 Hz,
Ar); 7.13 (tr, 1H, J = 7.2 Hz, Ar); 7.12 (d, 1H, J = 14.4 Hz, NCH=CHPh). IR (KBr, cm):

3036 (C-H in Ar); 1650 (C=C); 1626, 1488, 1470, 1453 (C=C in Ar); 1392 (naphthyl group);
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1357 (C-N in Ar); 939 (=C-H trans); 882, 811, 800, 778, 690 (C-H in Ar). MS (ARG 420k onine

9/ C03049E

V): 522.7 ([M+H], 100 %).

3,6-Diphenyl-9-(2-phenylvinyl)carbazole (DPPVCz): In order to synthesize the target
compound DPPVCz, a 1.5 g (2.9 mmol) of 3,6-diiodo-9-(2-phenylvinyl)carbazole (5), a 1.05
g (8.6 mmol) of phenyl boronic acid, a 0.12 g (0.17 mmol) of PdCI>(PPhs),, and a 1.6 g (28.5
mmol) of powdered potassium hydroxide were dissolved in 20 ml of a THF solvent. The
resultant mixture was stirred for 24 h at 80 °C under nitrogen atmosphere. Then the reaction
mixture was cooled and quenched by the addition of ice water. Finally, the quenched reaction
mixture was extracted by chloroform after that the resultant extract was dried by using the
anhydrous Na>SOa4. The dry extract was purified by silica gel column chromatography using
the mixture of ethyl acetate and hexane (vol. ratio 1:40) as an eluent. Yield: 0.22 g (18%) g of

white crystals.

H! NMR spectrum (300 MHz, CDCls, &, ppm): 8.18 (d, 2H, J = 1.8 Hz, Ha); 7.74 — 7.26 (m,
20H, Ar); 7.10 (d, 1H, J = 14.8 Hz, NCH=CHPh). IR (KBr, cm™?): 3057, 3028 (C-H in Ar);
1649 (C=C); 1625, 1598, 1475, 1456 (C=C in Ar); 1373, 1363, 1227 (C-N in Ar); 934, 925,

875, 868, 761, 696 (C-H in Ar). MS (APCI+, 20 V): 422.6 ([M+H], 100 %).

4.2 Materials and characterization

The indium tin oxide (ITO) coated glass substrates with a sheet resistance of 15 Q4 and a
light transmittance greater than 84% were purchased from Luminescence Technology
Corporation.  The  hole injection  material  poly(3,4-ethylene-dioxythiophene)-
poly(styrenesulfonate) (PEDOT:PSS) with a purity of 99.9% was purchased from Bayer
Taiwan. The electron transporting material TPBi was purchased from e-Ray Optoelectronic.
Typical fluorescent and phosphorescent green emitters, respectively, Algs and tris(2-phenyl-

pyridine) iridium (Ir(ppy)s were purchased from Luminescence Technology Corporation.


http://dx.doi.org/10.1039/c7tc03049e

Page 23 of 27 Journal of Materials Chemistry C

Lithium fluoride (LiF) (purity 99.95%) was purchased from Strem Chemicals Corporation. s

Aluminum (Al) ingots (99.999%) were purchased from Showa Chemical Co. Ltd. All the

materials were used without further purification.

Column chromatography purifications were performed with silica gel (70-230 mesh) as
a stationary phase in a column with 50 cm long and 5 cm diameter. *H NMR spectra were
recorded using a Varian Unity Inova (300 MHz) apparatus. Mass spectra of the compounds
were obtained on a Waters ZQ 2000 spectrometer in the positive ion mode. The PL spectra of
the compounds were recorded in THF at room temperature in quartz cuvettes using a
Fluorolog 111 photoluminescence spectrometer. The UV-vis spectra of the compounds were
recorded in THF at room temperature using a UV-Vis spectrophotometer.

Cyclic voltammetry (CV) experiments were performed in an electrochemical
workstation using a three electrode assembly comprising glassy carbon working electrode, a
non-aqueous Ag/AQCI reference electrode, and an auxiliary platinum electrode. The
experiments were performed at room temperature under nitrogen atmosphere in
dichloromethane using a 0.1 M tetrabutylammonium perchlorate (BusNCIO4) as supporting

electrolyte on a CH-instruments CH1604A potentiostat. The E12®™ values were determined
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using (Ep* + Ep°)/2, where E,? and Ep° are the anodic and cathodic peak potentials,

respectively.

Differential scanning calorimetry (DSC) measurements were carried out using a Bruker
Reflex Il thermosystem. Thermogravimetric analysis (TGA) was performed using a Netzsch
STA 409 apparatus. The DSC and TGA curves were recorded in a nitrogen atmosphere at a

ramp rate of 10 °C min.™,

4.3 Device fabrication and characterization
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Fig. 5 shows the schematic energy-level diagrams of the OLED devices studied, hetgif. .o
Taking the fluorescent green OLED device for example, the fabrication process included
firstly spin-coating an aqueous solution of PEDOT:PSS at 4,000 rpm for 20 s to form a hole-
injection layer (HIL) on a pre-cleaned ITO anode. Before spin-coating the following hole
transporting layer (HTL), the solution was prepared by dissolving 4 mg ml* of the HTMs
(NPVCz, DNPVCz, DPPVCz, and NPB) in tetrahydrofuran at room-temperature with stirring
for 0.5 h. The resulting solution was then spin-coated at 2,500 rpm for 20 s under nitrogen.
Followed were the depositions of the emission layer/electron-transporting layer Algs, the

electron injection layer LiF, and the cathode Al, by thermal evaporation in a vacuum chamber

at a vacuum level of less than 5 x 10°® Torr.

For phosphorescent green device, a 32 nm HIL of PEDOT:PSS was spin-coated on a
pre-cleaned ITO coated glass substrates. Subsequently, molecular HTMs (NPVCz, DNPVCz,
DPPVCz and NPB) were spin-coated on the PEDOT:PSS coated substrates and a 20 nm
EML (10 wt% Ir(ppy)s doped in the CBP host) was deposited on the annealed HTL via spin-
coating method (2000 rpm for 30 s). Later on, a 35 nm ETL of TPBi and a 1 nm EIL of LiF
were thermally-evaporated with 0.5 A s and 0.1 A s™*. Finally, a 100 nm Al cathode layer

was deposited by the thermal-evaporation.

The luminance, CIE chromatic coordinates, and electroluminescent spectrum of the
resultant green OLEDs were measured by using a Photo Research PR-655 spectrascan and
CS100A luminance meter. A Keithley 2400 source meter was used to measure the current-
voltage (I-V) characteristics. The emission area of the devices was 25 mm?, which is defined
by the overlapping area between anode and cathode layers, and only the luminance in the

forward direction was measured.
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