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Abstract

Two star-shaped carbazolyl truxene derivatives (1 and 2) are synthesized via iodination of
truxene and Cu-catalyzed C-N coupling with carbazole or 3,6-di(9-carbazolyl) carbazole.
In solution phase, these compounds show maximum absorption bands around 330 nm and
the emission maxima at 367 and 391 nm. The emission bands shift bathochromically in
solid phase as a result of the more restricted molecular vibration and rotation. Both
compounds show good thermal stabilities with glass transition temperatures at 249 and 293
°C and 5% weight loss temperatures at 392 and 371 °C, respectively. Both compounds
exhibit good hole-transporting properties as the devices of structure ITO/PEDOT:PSS/1 or
2 /Alq3/LiF:Al could provide maximum brightness of 12,000 cd/m? with turn-on voltages

of 3.1-4.1 V, and maximum external quantum efficiency of 0.89-1.13%.
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1. Introduction

Organic light-emitting diodes (OLEDs) have become an attractive display technology
since the end of twentieth century due to their energy-saving nature and abilities to be
fabricated as flat or flexible screens [1]. In a typical OLED device, there is a thin layer of
emitting material (EM) sandwiched between cathode and anode. Upon electrical
excitation, a recombination of electron from the LUMO and hole (positive charge) from
the HOMO of the EM will result in the emission of visible light. As a result, much of the
research in this field has been related to the development of emissive materials [2].
However, layers of hole-or electron-transporting material (HTM or ETM) can be
fabricated between EM and electrodes in order to improve the device efficiency [3-4]. The
most commonly used HTMs are N, N -diphenyl-N, N -bis(1-naphthyl)-(1,1’-biphenyl)-4,4’-
diamine (NPB) and N,N’-bis(3-methylphenyl)-N, N -bis(phenyl)benzidine (TPD), which
have high hole mobility. However, low glass transition temperature (T,) of NPB and TPD
(100 and 65 °C, respectively) and poor morphological properties may lead to degradation
of devices upon long-term uses. Most of the newly developed HTMs usually contain
carbazole moieties due to their relatively small exchange energies associated with small
orbital overlap in the n-n* transition [5]. During our research program on design and
synthesis of new optoelectronic materials, we became interested in truxene due to its
unique emission property, high thermal stability, and ease of synthesis. It was regarded as
a promising scaffold for future materials [6], which had been used in hole-transporting
materials [7], blue fluorescent emitters [8], and many interesting Cs;-symmetric materials
[9].

There have been several examples of molecular designs which incorporate emissive and
hole-transporting moieties into the same molecules [10]. These new optoelectronic
materials not only offer superior properties, their applications would also reduce the
fabrication steps on the electrodes. In this paper, we report an incorporation of this highly
emissive polyaromatic truxene unit with carbazole fragments with an aim to achieve new
OLED materials with hole-transporting properties. The structures of target compounds are

shown in Figure 1.
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Figure 1. Structure of target 1 and 2.

2. Experimental

2.1 Materials and instruments

All reagents were purchased from Aldrich, Fluka and used without further purification. All
'H-NMR spectra were recorded on Varian Mercury 400 MHz NMR spectrometer (Varian,
USA) using CDCl; and DMSO-d6. >C-NMR spectra were recorded at 100 MHz on
Bruker NMR spectrometer using the same solvent. Mass spectra were recorded on a
Microflex MALDI-TOF mass spectrometer (Bruker Daltonics) using doubly recrystallized
a-cyano-4-hydroxy cinnamic acid (CCA) as a matrix. Elemental (CHN) analyses were
performed on Perkin-Elmer 2400 series II (Perkin-Elmer, USA). Absorption spectra were
measured by a Varian Cary 50 UV-Vis spectrophotometer. Fluorescence spectra were
obtained from a Varian Cary Eclipse spectrofluorometer. Thermal experiments with
Differential Scanning Calorimeter (DSC) were performed on Mettler Toledo DSC 822¢
and Thermogravimetric Analysis (TGA) was studied using Simultaneous Thermal
Analyzer Netzsch 409. Cyclic voltammetry was performed using an AUTOLAB
spectrometer with a glassy carbon working electrode, a platinum wire counter electrode,
and a Ag/AgNOs reference electrode. All measurements were made at room temperature,
scan rate 50 mV/s, on sample solutions in freshly distilled dichloromethane with 0.1 M

tetrabutylammonium hexafluorophosphate as electrolyte and ferrocene/ferrocenium couple
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as an internal standard. Dichloromethane was distilled from calcium hydride and the

electrolyte solutions were degassed by nitrogen bubbling.

2.2 Synthesis procedures.

Truxene

This compound was synthesized according to the literature reports [11]. A mixture of 3-
phenylpropionic acid (10.0 g, 66.7 mmol) and polyphosphoric acid (50 g) was heated at 60
°C for 60 min under nitrogen atmosphere. Water (5 mL) was then added to the reaction
and temperature was raised to 160 °C for 3 h. After the reaction was cooled to room
temperature, the mixture was poured into ice water and grey powder was filtered and
washed with water. The crude product was purified by recrystallization from toluene to
yield truxene as light-yellow solid (11.1 g, 49%). "H NMR (CDCls): & 7.92 (d, J = 7.5 Hz,
1H), 7.68 (d, J = 7.3 Hz, 1H), 7.50 (t, ] = 7.2 Hz, 1H), 7.39 (t, J = 7.2 Hz, 1H), 4.22 (s,
2H).

5,5,10,10,15,15-Hexabutyl-truxene (3)

A solution of truxene (1.0 g, 2.92 mmol) in DMF (50 mL) at 0 °C under nitrogen, NaH
60% (1.2 g, 29.8 mmol) was added and the solution was allowed to warm to room
temperature and stirred for 30 min, then n-butyl bromide (3.2 mL) was added for 24 h. The
mixture was poured into water and extracted with EtOAc. The combined organic layer was
dried over MgSQ,, filtered, and concentrated under reduce pressure. The crude product
was purified by silica gel column chromatography using hexane as the eluent to yield 3 as
white solid (1.48 g, 75%). "H NMR (CDCl;): & 8.38 (d, J = 7.4 Hz, 1H), 7.47 (d, ] = 5.9
Hz, 1H), 7.43 — 7.31 (m, 2H), 3.09 — 2.88 (m, 2H), 2.20 — 2.00 (m, 2H), 1.02 — 0.79 (m,
4H), 0.61 — 0.35 (m, 10H). This '"H-NMR data agrees with the reference report. [12]

5,5,10,10,15,15-Hexabutyl-2,7,12-triiodo-truxene (4)

To a solution of 3 (0.50 g, 0.74 mmol) in 5 ml of solvent mixture (CH;COOH : H,SOy :
H,O0 =100 : 40 : 3) was added 1 mL of CCly. After adding KIO; (0.16 g, 0.75 mmol) and
I, (0.94 g, 3.72 mmol), the mixture was heated to 80 °C and stirred for 3 h. The reaction
was cooled to room temperature and poured into water. The crude product was obtained by
filtration and purified by recrystallization from ethanol to afford white powder (0.65 g,
84%). mp 312-314 °C. IR (KBr) vy cm™: 2953, 2915, 2849, 1453, 1353, 1180, 873, 823,
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788. 'TH NMR (CDCl;): 6 8.07 (d, J = 8.4 Hz, 1H), 7.76 (s, 1H), 7.71 (d, J = 8.4 Hz, 1H),
2.88 — 2.81 (m, 2H), 2.05 — 2.00 (m, 2H), 0.92 — 0.84 (m, 5H), 0.52 — 0.41 (m, 10H). This
"H-NMR data agrees with the reference report. [12]

Compound 1

A mixture of 4 (0.11 g, 0.10 mmol), carbazole (0.12 g, 0.73 mmol), Cu bronze powder
(0.17 g, 2.69 mmol) and K,COs3 (0.21 g, 1.53 mmol) in degassed nitrobenzene (1 mL) was
refluxed for 48 h under N, atmosphere. The resulting brown solution was allowed to cool
to room temperature, diluted with water (20 mL), and extracted with CH,Cl, (3 x 50 mL).
The combined organic layer was dried over MgSQ,, filtered, and concentrated under
reduce pressure. The crude product was purified by silica gel column chromatography
using 4:1 hexane/CH,Cl, as the eluent to yield 1 (48.6 mg, 41%). 'H NMR (CDCls): & 8.60
(d, J=8.5 Hz, 1H), 8.22 (d, J = 7.8 Hz, 2H), 7.73 (s, 1H), 7.66 (d, J = 8.3 Hz, 1H), 7.59 (d,
J=8.3 Hz, 2H), 7.49 (t, J = 7.2 Hz, 2H), 7.35 (t, ] = 7.2 Hz, 2H), 3.15 — 3.02 (m, 2H), 2.27
—2.15 (m, 2H), 1.13 — 1.01 (m, 4H), 0.79 — 0.75 (m, 4H), 0.62 (t, J = 7.3 Hz, 6H). °C
NMR (100 MHz, CDCl;): & 155.5, 145.6, 140.9, 139.1, 138.1, 136.2, 125.95, 125.77,
124.7, 123.5, 120.8, 120.4, 120.0, 109.9, 56.0, 36.6, 26.7, 22.9, 13.9. MALDI-TOF-MS:
found 1173.768 ([M]+ calcd: 1173.690). Anal. Calcd for Cg7HgsN3: C, 88.96; H, 7.47; N,
3.58%; Found: C, 88.89; H, 7.56; N, 3.55%.

Compound 2

A mixture of 4 (0.11 g, 0.10 mmol), 5 (0.18 g, 0.37 mmol), Cu bronze powder (0.13 g,
2.05 mmol) and K,COs3 (0.22 g, 1.56 mmol) in degassed nitrobenzene (1 mL) was refluxed
for 48 h under N, atmosphere. The resulting brown solution was allowed to cool to room
temperature, diluted with water (20 mL), and extracted with CH,Cl, (3 x 50 mL). The
combined organic layer was dried over MgSO,, filtered, and concentrated under reduce
pressure. The crude product was purified by silica gel column chromatography using 4:1
hexane/CH,Cl, as the eluent to yield 2 (0.11 g, 50%). '"H NMR (CDCls):  8.80 (d, J = 8.5
Hz, 1H), 8.40 (s, 2H), 8.22 (d, ] = 7.5 Hz, 4H), 7.99 (s, 1H), 7.96 — 7.85 (m, 3H), 7.75 (d, J
= 8.7 Hz, 2H), 7.55 — 7.40 (m, 8H), 7.34 (t, ] = 7.1 Hz, 4H), 3.33 — 3.20 (m, 2H), 2.48 —
2.36 (m, 2H), 1.27 — 1.10 (m, 4H), 1.03 — 0.80 (m, 4H), 0.72 (t, ] = 7.3 Hz, 6H). °C NMR
(100 MHz, CDCls): 8 156.2, 146.2, 142.0, 140.9, 139.9, 138.4, 136.0, 130.8, 126.6, 126.3,
126.1, 125.2, 124.4, 123.4, 121.2, 120.5, 120.1, 119.9, 111.5, 109.9, 56.5, 37.0, 27.0, 23.1,
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14.2. MALDI-TOF-MS: found 2165.802 ([M]" calcd: 2164.037). Anal. Calcd for
Cis9H29No: C, 88.18; H, 6.00; N, 5.82%; Found: C, 88.25; H, 6.06; N, 5.69%.

2.3. OLED fabrication and measurement

Three double layer devices (I-1II) were fabricated with 1 and 2 as HTL and Alqs as the
electron-transporting layer (ETL) and emitting layer. The patterned indium tin oxide (ITO)
glass substrate with a sheet resistance 14 Q/sq (purchased from Kintec Company) was
thoroughly cleaned by successive ultrasonic treatment in detergent, deionised water, and
acetone, and then dried at 100 °C in a vacuum oven. A 50 nm thick PEDOT:PSS hole
injection layer was spin-coated on top of ITO from a 0.75 wt.% dispersion in water at a
spin speed of 2500 rpm for 30 s and dried at 100 °C for 15 min under vacuum. Thin films
of HTL were deposited on top of PEDOT:PSS layer by spin-coating THF : toluene
solution of compound 1 and 2 (2% w/v) on an ITO glass substrate at a spin speed of 2500
rpm for 30 second. Then Alqs was deposited onto the surface of the HTL film as light-
emitting (EML) and electron-transporting layer (ETL) with a thickness of 50 nm by
evaporation from resistively heated alumina crucibles at evaporation rate of 0.5-1.0 nm/s
in vacuum evaporator deposition (ES280, ANS Technology) under a base pressure of ~107
mbar. The film thickness was monitored and recorded by quartz oscillator thickness meter
(TM-350, MAXTEK). The chamber was vented with dry air to load the cathode materials
and pumped back; a 0.5 nm thick LiF and a 150 nm thick aluminium layers were the
subsequently deposited through a shadow mask on the top of EML film without braking
vacuum to from an active diode areas of 4 mm”. The measurement of device efficiency
was performed according to M.E. Thomson’s protocol and the device external quantum
efficiencies were calculated using procedure reported previously. Current density-voltage-
luminescence (J-V-L) characteristics were measured simultaneous by the use of a Keithley
2400 source meter and a Newport 1835C power meter equipped with a Newport 818-
UV/CM calibrated silicon photodiode. The EL spectra were acquired by an Ocean Optics
USB4000 multichannel spectrometer. All the measurements were performed under

ambient atmosphere at room temperature.

3. Results and discussion
3.1 Synthesis of 1 and 2
The synthesis procedures are outlined in Scheme 1. Upon the preparation of truxene from

3-phenylpropionic acid according to the reported procedure [11], the methylene units were
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alkylated by excess amount of n-butylbromide to afford 3 in 75%. This hexaalkylated
compound exhibit greater solubility in organic solvents, which facilitate not only the
purification process of the target and intermediate molecules, but also prevention of the
aggregation by pi-stacking which could lead to low quantum efficiencies. Treatment of 3
with KIOs; and I, produced triiodo 4 which reacted with carbazole in the presence of
catalytic amount of Cu bronze to afford 1 in moderate yield of 34% for 2 steps. The target
compound 2 was also synthesized in 50% yield by the Cu-catalyzed C-N coupling of 4
with 3,6-di(9-carbazolyl) carbazole (5) which was prepared according to a literature

procedure [13].

O’ . NaH, n-C4HqBr,
DMF

12, KIO3, ACOH,
H,80,, H,0, CCl,

_—
.O 75% 84%
Truxene
Carbazole, Cu powder,
K,CO;, PhNO,,
f- 1:41%
5, Cu powder,
K,COs, PhNO,,
» 2:50%

Scheme 1 Synthesis of 1 and 2

3.2 Photophysical properties of 1 and 2
Table 1 summarizes the photophysical properties of 1 and 2 in diluted chloroform solution

and in thin film. In solution phase, both compounds showed two strong absorption bands at
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294 and 330 nm corresponding to the n-n* electron transition for the carbazole and truxene
pendants, respectively (Figure 2). The similarity in their absorption spectra suggested that
the m-conjugation systems in 1 and 2 were quite similar, and the steric hindrance caused by
the outer carbazole groups in 2 may prevent full conjugation throughout the entire
molecule. The absorption bands of 1 and 2 in solid state appeared at 315 and 333 nm,
respectively (Figure 3). The bathochromic shifting of the absorption band in 2 may cause
by a more effective conjugation induced by the solid-state packing. With a higher number
of photoactive carbazole units, the molar absorptivity of 2 was slightly higher than that of
1. The onset absorptions for 1 and 2 appeared at 420 nm and 402 nm, corresponding to
energy band gaps of 2.95 eV and 3.08 eV, respectively.

In solution phase, the emission spectra of these compounds displayed a typical vibrational
progression pattern of truxene core with maximum emission wavelengths at 367 and 391
nm for 1 and 2, respectively (Figure 2). The longer emission maxima for 2 indicated a
higher degree of geometrical relaxation upon excitation cause by the more carbazole units.
This might also cause a lower quantum efficiency of 2 (0.10) as compared to that of 1
(0.22). In the solid state, the emission maxima of 1 and 2 bathochromically shifted to 379

and 418 nm, respectively (Figure 3).

Table 1 Photophysical and electrochemical properties of 1 and 2

Aabs [nm] )
e ASmit ) E. HOMO® LUMO!
-1 -1 a g
Cpd. (log e [M"cm™]) O,
[eV] [eV] [eV]
Solution Solid  Solution  Solid

1 331 (4.95) 315 367 379 0.22 295 -5.19 -2.24
2 330(5.05) 333 391 418 0.10 3.08 -5.07 -1.99

® 2-aminopyridine in 0.1 M H,SO, (®f = 0.60) was the reference. ® The optical energy gap
estimated from the onset of the absorption spectra (E; = 1240/Aonser).© Measured using a
glassy carbon as a working electrode, a platinum wire as a counter electrode, and
Ag/AgNO:s as a reference electrode in CH,Cl, containing 0.1M TBAPFg as a supporting
electrolyte at a scan rate of 50 mV/s under a nitrogen atmosphere. Calculated by the

empirical equation: HOMO = -(Eonset'EFc/Fc++4.8).d Calculated from LUMO = HOMO - E,.
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Figure 2 Absorption and emission spectra of 1 and 2 in CHClj; solution.
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Figure 3 Absorption and emission spectra of 1 and 2 in thin film state.

3.3 Thermal properties

The thermal properties of 1 and 2 were investigated by differential scanning calorimetry
(DSC) and thermogravimetric analysis (TGA). The TGA data suggested that all
compounds were thermally stable with 5% weight loss temperature (7,7’) at 392 and 371
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°C, respectively. From the second heating cycle on DSC (Figure 4), compound 1 showed
only an endothermic peak at 249 °C due to glass transition temperature (7,) and no signal
for melting and crystallization temperature was observed. For compound 2, the higher
glass transition temperature (7) at 293 °C was observed, which indicate that the higher
numbers of carbazole units may lead to a lower degree of molecular rotation and vibration.
These results suggested these new compounds could form molecular glass with 7, higher

than those of the commercially available and commonly used HTMs.

1 1st heating scan

S—— 12nd heating scan

2 1st heating scan

2 2nd heating scan

50 100 150 200 250 300 350

Figure 4 DSC curves of 1 and 2 at a heating rate of 10 °C/min under N, atmosphere

3.4 Electrochemical properties

The electrochemical properties of 1 and 2 were investigated by cyclic and differential
pulse voltammetric techniques. The results were summarized in Table 1 and Figure 5. The
HOMO energy level of compound 1 and 2 were estimated as -5.19 and -5.07 eV,
respectively, from an empirical formula, HOMO = -(Eouset-Epc/pe+t4.8) (V) [14]. The
lower oxidation of 2 referred to the longer m-conjugation. The LUMO energy level were

calculated by HOMO energy level subtracted with energy gap from absorption spectra, to
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be -2.24 and -1.99 eV. These suggested that 2 could be oxidized easier and may have
better hole-transporting property than 1.

450

400 —1
350 - —2
300

250

200

150 -

Current (pA)

100 -

50

-50

-100 :
Potential vs Ag/Ag* (V)

Figure S Cyclic voltamograms of 1 and 2.

3.5 Quantum chemical calculation

To further understand the electronic properties and geometries of these two compounds,
their structures were optimized by B3LYP/6-31G(d,p) method. All computations were
performed by GAUSSIAN 09 [15]. The results revealed that the substituted carbazole
moieties were twisted to the core of the compounds. The average dihedral angle of the first
shell carbozole moieties of 1 is about 54 degrees, while that of 2 is relative larger for about
2 degrees (Figure 6). It is noted that the dihedral angle of the second shell carbozole
moieties is about 60 degrees. These twisting should affect the electronic communication
among these fragments and the overall photophysical properties of the compounds. In
compound 1, HOMO shows that electron density is delocalized over the whole molecule,
while the electron density of the LUMO is in the core (Figure 7). This indicates that
electron can delocalized over the entire molecule if it is irradiated by light. The HOMO of
2 is quite different from that of 1 in which only one of the three braches is occupied by
electron density. These may be affected by large dihedral angle of the second shell of
substituted carbazoles. The calculated energy difference between HOMO and LUMO (Ay.
L) of the two compounds are 3.93 and 3.48 eV for 1 and 2, respectively. The lower Ay of
2 is due to its low LUMO energy which is stabilized by high degree substituted carbazoles.
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3.6 Hole transporting properties

ITO ITO
PEDOT:PSS PEDOT:PSS ITO
1 2 PEDOT:PSS
Alq3 Alq3 Alq3
LiF/Al LiF/Al LiF/Al
Device 1 Device 11 Device 111

Figure 8. Configuration of Device I-111.

From the electronic properties of 1 and 2, it was found that the HOMO-LUMO levels of
1 and 2 are suitable for the work functions of the ITO and LiF/Al electrodes and Alqs;
green emissive material. To investigate the hole transporting properties of these
compounds, two multi-layer OLED devices were fabricated using 1 and 2 as hole-
transporting layer (Device I-1I, Figure 8). The reference device (III) fabricated without a
HTL was made. The comparison of device efficiencies to those of Device Il would then
suggest the performances of 1 and 2. The detailed EL and J-V-L data are shown in Figure
9 and summarized in Table 2. Comparison with Device III reveals that the incorporation of
1 and 2 as HTL in the Device I, II not only increases the maximum luminance (L.x) and
luminance efficiency (n), but also decreases the V,, of the diodes, signifying the hole-
transporting ability of both compounds. The 1-based green OLED (Device I) displays the
best device performance with a high maximum brightness of 12,453 cd/m” at 11.2 V, a
Nmax Of 4.60 cd/A at current density of 13.5 mA/cm” and a maximum external quantum
efficiency (EQE) of 1.13%. Under applied voltages, the devices (I, II) emit a bright green
emission with peak centred at 522-521 nm and CIE coordinates of (0.29, 0.53), which
suggested that 1 and 2 only functioned as the hole transporting materials. The EL spectra
(Figure 9a) are matched with the PL spectrum of Alqg3, the EL of the reference device (I1I)
and also other reported EL spectra of Alg3-based devices [16]. No emission at the longer
wavelength owing to exciplex species formed at the interface of HTL and EML materials,
which often occurs in the devices fabricated from HTL with planar molecular structure, is
observed [17]. From these results and in view of the fact that a barrier for electron
migration at the Alq3/HTL interface (0.76-1.01 eV) is larger than those for hole migration
at the HTL/Alq3 interface (0.61-0.73 eV). Hence, under the present device structure, 1 and
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2 act only as HTL, and Alq3 acts preferably as an electron blocker more than as a hole

blocker and charge recombination thus limited to Alq3 layer.

Table 2 Electroluminescent performances of Device I-II1.

Device HTL* AP W/ FWHM Vo/Vioo L at voltage Tinax Nmax/M at Lioo/M at Lo EQE CIE
(nm) vy (dm®V)"  (mA em?)’ (cd ATy () (x.y)
I 1 522 (95) 4.1/5.7 12453 (11.2) 610 4.60 (13.5)/4.50/4.47 1.13 0.29,0.53
I 2 521 (84) 3.1/44 12406 (10.2) 648 3.61(51.5)/3.11/3.54 0.89 0.30, 0.54
I none 518 (90) 4.2/5.4 4961 (10.0) 693 0.91 (366.8)/0.73/0.82 0.15 0.30,0.54

“ ITO/PEDOT:PSS/HTL/Alq3/LiF:Al. ” Turn-on voltages at 1 and 100 cd m™. ¢ Maximum
luminance at applied voltage. ¢ Current density. ¢ Luminance efficiencies at maximum, at

luminance of 100 and 1000 cd m™./ Maximum external quantum efficiency.
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Figure 9 a) Electroluminescence spectra of Device I-III and photographic images of
working Device I-1I; b) J-V-L plots for Device I-III; ¢) Luminance efficiency-Current

density plots.
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4. Conclusions

Two derivatives of carbazole and truxene were successful synthesized by iodination of
truxene core and Cu-catalysed C-N coupling with carbazole or 3,6-di-(9-carbazolyl)
carbazole. With six n-butyl groups substituted on the truxene core preventing aggregation
by m-stacking, the compounds were well soluble in organic solvents and can be casted into
this solid film by spin-casting technique. In addition, both compounds were thermally
stable and could form molecular glass with high 7. Both compounds served as good hole-
transporting materials for OLED devices with Alq3 emissive layer to afford maximum
brightness of 12,000 cd/m® with turn-on voltages of 3.1-4.1 volt, and maximum external

quantum efficiency of 0.89-1.13%.
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