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Abstract Four novel polymers, poly(3,6-9-decyl-carbazole-alt-1,3-benzene) (PB13CZ), poly(3,6-9-decyl-carbazole-alt-
bis(4-phenyl) (phenyl) phosphine oxide) (PTPPO38CZ), poly(3,6-9-decyl-carbazole-alt-2,4-phenyl(diphenyl) phosphine
oxide) (PTPPO13CZ) and poly(3,6-9-decyl-carbazole-alt-bis(3-phenyl) (phenyl) phosphine oxide) (PTTPO27CZ) were
synthesized, and their thermal, photophysical properties and device applications were further investigated to correlate the
chemical structures with the photoelectric performance of bipolar host materials for phosphorescent organic light emitting
diodes. All of them show high thermal stability as revealed by their high glass transition temperatures and thermal
decomposition temperatures at 5% weight loss. These polymers have wide band gaps and relatively high triplet energy levels.
As a result, the spin coating method was used to prepare the green phosphorescent organic light emitting diodes with
polymers PTPPO38CZ, PTPPO13CZ and PTTPO27CZ as the typical host materials. The green device of polymer
PTPPO38CZ as host material shows electroluminescent performance with maximum current efficiency of 2.16 cd-A~,
maximum external quantum efficiency of 0.7%, maximum brightness of 1475 cd'm and reduced efficiency roll-off of
7.14% at 600 cd'm™2, which are much better than those of the same devices hosted by polymers PTTPO27CZ and
PTPPO13CZ.
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INTRODUCTION

In recent thirty years, organic light-emitting diodes (OLEDs) have been intensively studied for their wide
applications in the next generation full color flat panel displays and low-cost solid-state lighting. However, the
research progress of OLEDs has come up with the bottle neck. It is generally acknowledged that the ratio of
singlet and triplet excitons formed under electrical excitation is approximately 1:31'-7), and phosphorescent
organic light-emitting diodes (PHOLEDs) based on heavy metal complexes can elevate the internal quantum
efficiency up to 100% through making full use of both singlet and triplet excitons, which surmounts the confine

* This work was financially supported by the Major Research Program from the State Ministry of Science and Technology
(No. 2012CB933301), the National Natural Science Foundation of China (No. 21574068), the Priority Academic Program
Development of Jiangsu Higher Education Institutions (No. YX03001), Natural Science Foundation of Jiangsu Province
(No. BM2012010), Natural Science Foundation of the Jiangsu Higher Education Institutions of China (No. 15KJB150022)
and Jiangsu Government Scholarship for Overseas Studies.

** Corresponding author: Hong-ji Jiang (Z£93), E-mail: iamhjjiang@njupt.edu.cn

Received September 22, 2016; Revised November 24, 2016; Accepted November 24, 2016

doi: 10.1007/s10118-017-1926-5



612 H.J. Jiang et al.

of 25% efficiency of fluorescent OLEDs with emission solely from singlet excitons®'%. Generally, in order to
suppress the concentration quenching, a phosphorescent emitter is dispersed in a suitable host material to obtain
a high photoluminescent quantum yield. After a thriving development in electro-phosphorescence over recent
years, the challenges to synthesize ideal host material with excellent carrier injecting/transporting ability, long
excited-state life time and reduced triplet-triplet annihilation under high current of phosphorescent dyes are still
underway!!'"181. An ideal host material used in PHOLEDs should possess high thermal, good morphological and
film-forming ability, high triplet energy (71) levels, suitable molecular orbital of highest occupied molecular
orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) and balanced charge carrier transporting
properties!!®* 231, To meet these requirements, much work has been done to develop rational host material with
balancing charge carrier and transport ability in the past years!?¥. Based on these considerations, the bipolar host
materials with noncoplanar, excellent electron and hole transporting abilities are helpful to simplify the device
structure and reduce the cost of PHOLEDs, which has pushed the academicians to find new electron-donor or
acceptor groups to develop novel bipolar host material for high performance PHOLEDs. On the other hand,
considerable progress has been achieved in small molecular host materials for PHOLEDs in terms of brightness,
power efficiency, and durability. However, small-molecule based devices require complex co-evaporation
techniques, high vacuum, and tedious and precise control process during device fabrication, thus greatly
hindering the success of product development and commercialization. In contrast, solution process methods,
such as spin-coating, inkjet printing, or screen printing, show more advantages of easier fabrication process and
lower cost with PHOLEDs. In this context, the key issue is to develop excellent polymer host materials for
PHOLEDs*,

Carbazole-based chromophores are widely used in the synthesis of highly efficient host materials for
PHOLEDs due to their high 7} levels and hole-transporting functionality. One typical and successful z-stacked
polymer host material for triplet emitters is poly(N-vinylcarbazole) with the relative high 7 levels along with
excellent hole-transporting ability!??l. Synthesis of carbazole analogues has produced a lot of high performance
host materials for PHOLEDs, and there is still room to improve!?”). With an aim at facilitating the device
elaboration, solution-processable host materials are actively investigated, but their design is not an easy task due
to the numerous requirements as mentioned. The triphenyl phosphine oxide group with triangular pyramidal
configuration has also attracted broad attentions. In addition, this group with electron-deficient feature can
polarize the molecular framework and promote electron-transporting ability of the obtained materials. In this
regard, many phosphine oxide-related host materials have been synthesized, which have shown good thermal
stability, high 7} levels and relatively good device performancel®® ?°1. To the best of our knowledge, there is rare
report on the photoelectric properties with the chemical structures of polymer host material with different
topology structures. In this regard, we have introduced carbazole to the different positions of benzene of
triphenyl phosphine oxide to develop poly(3,6-9-decyl-carbazole-alt-1,3-benzene) (PB13CZ), poly(3,6-9-decyl-
carbazole-alt-bis(4-phenyl) (phenyl) phosphine oxide) (PTPPO38CZ), poly(3,6-9-decyl-carbazole-alt-2,4-
phenyl(diphenyl) phosphine oxide) (PTPPO13CZ) and poly(3,6-9-decyl-carbazole-alt-bis(3-phenyl) (phenyl)
phosphine oxide) (PTTPO27CZ). All the polymers exhibit good thermal stability with thermal decomposition
temperatures at 5% weight loss in a range of 411-428 °C. The introduction of triphenyl phosphine oxide
derivatives into carbazole matrix could lower the 7; levels to some extent, and the highest 7 level of polymer
PB13CZ is 2.70 eV. As a result, the spin coating method was used to prepare the green PHOLEDs with
polymers PTPPO38CZ, PTPPO13CZ and PTTPO27CZ as the typical host materials. The green device of
polymer PTPPO38CZ as host material shows electroluminescent performance with maximum current efficiency
of 2.16 cd-A~!, maximum external quantum efficiency of 0.7%, maximum brightness of 1475 cd-m™ and
reduced efficiency roll-off of 7.14% at 600 cd-m~2, which are much better than those of the same devices hosted
by polymers PTTPO27CZ and PTPPOI13CZ. The results illustrated that the introduction of triphenyl
phosphine oxide into the polycarbazole main chain through different linking models was an effective way to
adjust the thermal stability, photoelectric properties and device performance of polymer host materials.
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EXPERIMENTAL

Materials and Measurements

Materials purchased from commercial suppliers were used without further purification. Tetrahydrofuran and
toluene were distilled over sodium/benzophenone under nitrogen atmosphere. The other common solvents were
purified according to their standard methods. Both '"H-NMR and '3C-NMR spectra were recorded by a Varian
Mercury Plus 400 spectrometer with CDCl; and DMSO-ds as solvents and tetramethylsilane as internal
reference. Chemical shifts are reported in Jrelative to CDCl; and DMSO-ds as internal standard, and CHCl; was
set to be 0= 7.26 and DMSO was set to be 0 = 2.5, 3.4, and coupling constant was expressed in hertz. The
signals have been designed as follows: s (singlet), d (doublet), t (triplet) and m (multiplet). Matrix assisted laser
desorption/ionization time-of-flight mass (MALDI-TOF-MS) spectrometry was performed with a Buker
Daltonics flex analysis. Gel permeation chromatography (GPC) results were obtained with Shimadzu LC-VP
system with polystyrenes as the standard and tetrahydrofuran as the eluent. Elemental analysis of carbon,
hydrogen and nitrogen was obtained by Elementar Vario MICRO elemental analyzer. UV-Vis absorption spectra
were recorded on an UV-3600 SHIMADZU UV-Vis-NIR spectrophotometer. The photoluminescent emission
spectra were recorded on a RF-5301PC spectrofluorophotometer with a xenon lamp as a light source. The
concentration of these polymers in tetrahydrofuran solution was adjusted to be about 0.01 mg-mL™" or less. The
thin solid films were prepared by spin-coating on quartz substrates from solution in CDCI; at a spin rate of
3500 r'min!. Differential scanning calorimetry (DSC) measurements were carried out using a Perkin-Elmer
Diamond DSC at a heating rate of 10 K-min™' from room temperature to 500 °C under nitrogen atmosphere.
Thermogravimetric analysis (TGA) was carried out using by a SEIKO EXSTAR 6000 TG/DTA 6200 unit under
nitrogen atmosphere at a heating rate of 10 K-min™'. Cyclic voltammetric (CV) measurements were carried out
on the Chi660e system in a conventional typical three-electrode cell with a Pt work electrode (glass carbon), a
platinum-wire counter electrode and a Ag/Ag" reference electrode referenced against ferrocene/ferrocenium
(FOC) in anhydrous dichloromethane solution of BusNPFg (0.10 mol-L™") at a sweeping rate of 100 mV-s™! at
room temperature. The HOMO energy level was measured by CV and calculated according to the formula:
Enomo = —Eoxi + 0.0042 — 4.8, where the 0.0042 is the oxidation potential of FOC, respectively. Eoi is the
oxidation potentials of polymers.

Device Fabrication
The phosphorescent dopant of tris(2-phenylpyridine) iridium(III) [Ir(ppy)s] is commercially available. Indium tin
oxide (ITO) substrates with a sheet resistance of 10 Q per square were ultrasonically cleaned with detergent,
deionized water, acetone and isopropyl alcohol. Prior to deposition, the cleaned and dried ITO glass substrates
were treated with UV-ozone for 5 min. All layers were deposited by thermal evaporation in a high vacuum
system under a pressure of 5 x 10~ Pa. The emission area of the device is 4 mm x 4 mm as defined by the
overlapping area of the anode and cathode. The current-voltage-brightness characteristics were measured on a
computer-controlled Keithley source measurement unit (Keithley 2400 and Keithley 2000) and a calibrated
silicon photodiode. The electroluminescent spectra were obtained using a spectra-scan PR655
spectrophotometer. All the measurements were carried out at room temperature under ambient conditions.

3,6-Dibromo-9-decyl-carbazole: Under nitrogen atmosphere, a mixture of 3,6-dibromo-9H-carbazole (13 g,
40 mmol), 1-bromodecane (5.68 g, 40 mmol), KOH (6.72 g, 120 mmol) and 120 mL dimethyl sulphoxide were
stirred at 50 °C for 24 h. After cooling, the reaction mixture was quenched by the addition of water and extracted
with dichloromethane. The combined organic layer was washed with dilute hydrochloric acid and brine for
several times, dried over anhydrous MgSQO., filtered and evaporated under vacuum. The crude product was
purified by recrystallization from ethanol, and a white solid was obtained (16.03 g, Yield: 89%). 'H-NMR
(400 MHz, CDCl3, 9): 8.25-8.00 (s, 2H), 7.60-7.45 (m, 2H), 7.30-7.26 (s, 1H), 7.26—7.24 (s, 1H), 4.35-4.25 (m,
2H), 1.90-1.75 (t, 2H), 1.50—-1.30 (m, 14H), 1.0-0.75 (t, 3H). GC-MS m/z Calcd. for this compound: 465.05;
Found: 465.00.

9-Decyl-3,6-di(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-9H-carbazole: To a solution of 3,6-dibromo-9-
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decyl-9H-carbazole (4.10 g, 7.33 mmol) in tetrahydrofuran (40 mL) was added n-butyllithium (9.16 mL,
1.6 mol-L™! in hexane, 14.66 mmol) dropwise at —78 °C under nitrogen atmosphere. After stirring at —78 °C for
1 h, 2-isopropoxy-4,4,5,5-tetramethyl-[1,3,2] dioxaborolane (2.84 mL, 14.66 mmol) was added in one portion.
The resulting mixture was gradually warmed to room temperature and stirred for another 12 h. The reaction was
quenched with water and extracted with dichloromethane. The crude product was purified by column
chromatography on silica gel by using ethyl acetate/petroleum (1:2 by volume) as eluent to afford product as a
white solid (1.53 g, yield: 65%). 'H-NMR (400 MHz, CDCl3, 6): 8.65 (s, 2H), 7.95-7.85 (d, 2H), 7.45-7.35 (d,
2H), 4.3 (t, 2H), 1.90-1.85 (m, 2H), 1.35-1.25 (m, 38H), 0.95-0.8 (m, 3H). GC-MS m/z Calcd. for this
compound: 599.19; Found: 599.00.

Bis(4-bromophenyl)(phenyl)phosphine oxide: To a solution of 1,4-dibromobenzene (4.72 g, 20 mmol) in
anhydrous tetrahydrofuran (140 mL), n-butyllithium (1.6 mol-L™! in hexane, 11.86 mL, 19 mmol) was added
dropwise at —78 °C under nitrogen atmosphere. The reaction was kept at this temperature for 2 h, and then
1.26 mL (9.3 mmol) of dichloro(phenyl)phosphine was added. After the mixture was stirred at —78 °C for 1 h, it
was allowed to warm to room temperature, stirred overnight followed by quenching with 5 mL of ethanol. Water
was added, and the mixture was extracted with CH,Cl,, washed with water, and dried over anhydrous Na;SOs.
After the solvent had been completely removed, 30% hydrogen peroxide (30 mL) and CH,Cl, (60 mL) were
added to the residue and they were stirred overnight at room temperature. The organic layer was separated and
washed with water and then brine. The extract was evaporated to dryness, and the residue was purified through
column chromatography on silica gel by using petroleum/ethyl acetate (2:1 by volume) as the eluent to give a
white solid (3.30 g, Yield: 81%). 'H-NMR (400 MHz, CDCls, 6): 7.68—7.58 (m, 6H), 7.58-7.45 (m, 7H). GC-
MS m/z Calcd. for this compound: 435.91; Found: 435.00. Elementary analysis of Ci;sHi3Br,OP (435.91): Calcd.
C 49.58, H 3.00; Found C 49.61, H 3.01.

2,4-Dibromophenyl(diphenyl)phosphine oxide: To a solution of 1,3,5-tribromobenzene (6.28 g, 20 mmol)
in anhydrous tetrahydrofuran (140 mL), n-butyllithium (1.6 mol-L™! in hexane, 11.86 mL, 19 mmol) was added
dropwise at —78 °C under nitrogen atmosphere. The reaction was kept at this temperature for 2 h, and then
2.05 mL (9.3 mmol) of diphenyl phosphinechlorine was added. After the mixture was stirred at —78 °C for 1 h, it
was allowed to warm to room temperature, stirred overnight followed by quenching with 5 mL of ethanol. Water
was added, and the mixture was extracted with CH,Cl,, washed with water and dried over anhydrous Na;SOs.
After the solvent had been completely removed, 30% hydrogen peroxide (30 mL) and CH>Cl, (60 mL) were
added to the residue and they were stirred overnight at room temperature. The organic layer was separated and
washed with water and then brine. The extract was evaporated to dryness, and the residue was purified through
column chromatography on silica gel by using petroleum/ethyl acetate (2:1 by volume) as eluent to give a white
solid (3.60 g, Yield: 81%). '"H-NMR (400 MHz, CDCls, 9): 7.81-7.78 (d, 2H), 7.44-7.32 (m, 11H). GC-MS m/z
Calcd. for this compound: 435.91; Found: 435.00.

Bis(3-bromophenyl)(phenyl)phosphine oxide: To a solution of 1,3-dibromobenzene (4.72 g, 20 mmol) in
anhydrous tetrahydrofuran (140 mL), n-butyllithium (1.6 mol-L™! in hexane, 11.86 mL, 19 mmol) was added
dropwise at —78 °C under nitrogen atmosphere. The reaction was kept at this temperature for 2 h, and then
1.26 mL (9.3 mmol) of dichloro(phenyl)phosphine was added. After the mixture was stirred at =78 °C for 1 h, it
was allowed to warm to room temperature, stirred overnight followed by quenching with 5 mL of ethanol. Water
was added, and the mixture was extracted with CH,Cl,, washed with water, and dried over anhydrous Na;SOs.
After the solvent had been completely removed, 30% hydrogen peroxide (30 mL) and CH>Cl, (60 mL) were
added to the residue and they were stirred overnight at room temperature. The organic layer was separated and
washed with water and then brine. The extract was evaporated to dryness, and the residue was purified through
column chromatography on silica gel by using petroleum/ethyl acetate (2:1 by volume) as the eluent to give a
white solid (3.00 g, Yield: 78%). 'H-NMR (400 MHz, CDCls, 9): 7.54-7.46 (m, 2H), 7.44-7.36 (m, 5H),
7.34-7.28 (m, 2H), 7.24-7.18 (m, 4H). GC-MS m/z Calcd. for this compound: 435.91; Found: 435.00.

Polymer PB13CZ: A mixture of monomer 1,3-dibromobenzene (0.308 g, 1.31 mmol), 9-decyl-3,6-
di(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-9H-carbazole (0.732 g, 1.31 mmol), methyl trioctyl ammonium
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chloride and catalytic amount of Pd(PPhs)s (0.033 g, 0.06 mmol) was added to a degassed mixture of toluene
(10 mL) and K,CO; aqueous solution (2.0 mol-L™!, 3.0 mL). The mixture was vigorously stirred at 90 °C for
72 h under nitrogen atmosphere. After the routine Suzuki end-capping reaction of 1-bromobenzene and phenyl
boronic acid in turn, 20 mL of toluene was added, and the organic layer was separated and washed with brine for
drying over anhydrous MgSOs. The residue was filtered with a short column chromatography on silica gel with
toluene as eluent to yield a light yellow solution. Upon part of solvent being evaporated off, the concentrated
solution was dropped slowly into a solution of methanol while being well stirred. The obtained organic
precipitate was collected on a filter, washed by methanol followed by Soxhlet extraction with acetone for 48 h to
remove the oligomers and catalyst residue. The recovered yield of the yellow solid was 0.22 g (yield: 19 %).
"H-NMR (400 MHz, CDCls, ¢): 8.55-8.45 (m, 1H), 8.15-7.70 (m, 6H), 7.65—7.30 (m, 3H), 4.55-4.15 (m, 2H),
1.65-1.15 (m, 19H), 3C-NMR (100 MHz, CDCl;, 6): 142.60, 140.48, 132.59, 129.20, 128.75, 126.38, 125.48,
123.57, 119.10, 109.09, 67.99, 67.99, 43.37, 31.86, 29.55, 25.62, 14.12. Number-average molar mass: 4000,
weight-average molar mass: 6200, polydispersity distribution index: 1.54. Elementary analysis of polymer
PB13CZ: Calcd. C 87.68, H 8.67, N 3.65; Found C 87.52, H 8.83, N 3.41.

Polymer PTPPO38CZ: Bis(4-bromophenyl)(phenyl)phosphine oxide (0.568 g, 1.31 mmol), 9-decyl-3,6-
di(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-9H-carbazole (0.732 g, 1.31 mmol), methyl trioctyl ammonium
chloride, catalytic amount of Pd(PPhs)s (0.033 g, 0.06 mmol), toluene (10 mL) and K>COs aqueous solution
(2.0 mol-L7%, 3.0 mL), yield: 0.25 g, 18%. 'H-NMR (400 MHz, CDCl;, ¢): 8.55-8.35 (s, 2H), 8.00-7.75 (m,
11H), 7.65-7.40 (m, 6H), 4.55-4.25 (s, 2H), 2.10-1.75 (s, 4H), 1.52-1.10 (m, 15H), *C-NMR (100 MHz,
CDCls, ¢): 145.51, 140.92, 132.76, 132.66, 131.95, 131.20, 128.96, 128.62, 127.26, 125.52, 123.53, 119.25,
109.45, 43.46, 31.83, 29.50, 27.30, 22.64, 14.09. Number-average molar mass: 5300, weight-average molar
mass: 8500, polydispersity distribution index: 1.59. Elementary analysis of polymer PTPPO38CZ: Calcd. C
82.30, H 7.25, N 2.40; Found C 81.85, H 7.12, N 2.43.

Polymer PTPPO13CZ: 2,4-Dibromophenyl(diphenyl)phosphine oxide (0.568 g, 1.31 mmol), 9-decyl-3,6-
di(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-9H-carbazole (0.732 g, 1.31 mmol), methyl trioctyl ammonium
chloride, catalytic amount of Pd(PPhs)s (0.033 g, 0.06 mmol), toluene (10 mL) and K,COs; aqueous solution
(2.0 mol-L!, 3.0 mL), yield: 0.3 g, 20%. 'H-NMR (400 MHz, CDCls, 6): 8.75-7.30 (m, 19H), 4.45-4.15 (s, 2H),
1.50-1.10 (m, 19H), *C-NMR (100MHz, CDCl;, 8): 133.42, 132.14, 130.98, 129.87, 129.42, 128.78, 121.13,
31.84,29.22, 22.65, 13.86. Number-average molar mass: 4700, weight-average molar mass: 5800, polydispersity
distribution index: 1.23. Elementary analysis of polymer PTPPO13CZ: Calcd. C 82.30, H 7.25, N 2.40; Found
C82.21,H7.36,N 2.27.

Polymer PTTPO27CZ: Bis(3-bromophenyl)(phenyl)phosphine oxide (0.568 g, 1.31 mmol), 9-decyl-3,6-
di(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-9H-carbazole (0.732 g, 1.31 mmol), methyl trioctyl ammonium
chloride, catalytic amount of Pd(PPhs)s (0.033 g, 0.06 mmol), toluene (10 mL) and K,CO; aqueous solution
(2.0 mol-L7%, 3.0 mL), yield: 0.3 g, 20%. 'H-NMR (400 MHz, CDCl;, 6): 8.50-8.30 (m, 3H), 8.25-7.30 (m,
16H), 4.40-4.20 (s, 2H), 1.55-1.10 (m, 19H), 3C-NMR (100 MHz, CDCl;, 6): 142.32, 140.62, 132.26, 130.71,
128.98, 128.61, 123.46, 119.17, 109.27, 31.81, 29.21, 22.62, 13.85. Number-average molar mass: 7000, weight-
average molar mass: 8800, polydispersity distribution index: 1.25. Elementary analysis of polymer
PTTPO27CZ: Calcd. C 82.30, H 7.25, N 2.40; Found C 82.19, H 7.36, N 2.21.

RESULTS AND DISCUSSION

As sketched in Scheme 1, the synthetic route to the new monomers is depicted according to a previously reported
method with a relatively high yield®*®!. Polymers PB13CZ, PTPPO38CZ, PTPPO13CZ and PTTPO27CZ
were prepared via the Suzuki coupling reaction (Scheme 2). All polymers were finally end-capped with benzene
to improve their thermal and photophysical stabilities. The chemical structures of resulting monomers and
polymers have been well identified via 'H-NMR, '3C-NMR, GPC against standard polystyrene, elemental
analysis and MALDI-TOF mass spectra, respectively. These polymers were completely soluble in common
organic solvents, such as chloroform, toluene, ethyl acetate and so forth at room temperature. The number-
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average molar mass of polymers PB13CZ, PTPPO38CZ, PTPPO13CZ and PTTPO27CZ were 4000, 5300,
4700 and 7000 with a polydispersity index of 1.54 (monomodal), 1.59 (monomodal), 1.23 (monomodal) and
1.25 (monomodal), respectively. The number-average molar mass of polymers PTPPO38CZ and PTTPO27CZ
are relatively higher than those of polymers PB13CZ and PTPPO13CZ. In order to determine the thermal
stability of the polymer materials, we investigated the thermal stability of these polymers by using TGA and
DSC under nitrogen atmosphere, and the details are summarized in Fig. 1. The glass transition temperature (7})
value amounts to 129 °C for polymer PB13CZ and 154 °C for polymer PTTPO27CZ, and the 7, values are not
obviously observed in the DCS curves for polymers PTPPO38CZ and PTPPO13CZ. As can be seen from these
values, the T, values increase regularly in the turn of polymers PB13CZ and PTTPO27CZ. This can be
presumably attributed to the rigidity of the polymer backbone when different triphenyl phosphine oxide-based
derivatives are inserted into the main chain of polymers. On account of the device temperature being not
expected to exceed 50 °C during operation, no morphological change upon heating during device operation is
anticipated. Thermal decomposition temperatures (74q) were estimated by TGA, which was defined as the
temperature at which 5% weight loss of polymers, and observed under nitrogen atmosphere. The TGA results
revealed that polymers PB13CZ, PTPPO38CZ, PTPPO13CZ and PTTPO27CZ possessed a relatively
excellent thermal stability with T4 values of 421, 411, 428 and 428 °C, respectively. The T4 of polymers all
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exceed 400 °C, and the reasonably high thermal stability of the resulting polymers is expected to prevent the
deformation of the polymer morphology and degradation of the PHOLEDs by applied electric field.
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Fig. 1 The TGA (a) and DSC (b) curves for polymers PB13CZ, PTPPO38CZ, PTPPO13CZ and PTTPO27CZ
at a heating rate of 10 K-min™' under a nitrogen atmosphere
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The UV-Vis absorption and photoluminescent emission spectra of these polymers are presented in Fig. 2
and Table 1. The UV-Vis absorption spectra showed a maximum absorption at 300 nm in tetrahydrofuran, which
was the typical absorbency of z-z* transition of the carbazole-based backbone. The maximum emission of these
polymers showed a maximum deep blue emission of 395 nm in tetrahydrofuran solution, and the optical band
gaps of them in tetrahydrofuran solution were 3.67, 3.4, 3.48 and 3.3 eV, respectively, and the meta-substituting
model made the optical band gap of polymer PTTPO27CZ to be the smallest, which may be caused by the
inducing effect of meta-orienting group of electron-deficient triphenyl phosphine oxide. The maximum
absorption and emission of these polymers in films were red-shifted relative to those in solution due to the
intermolecular aggregation. With triangular pyramidal configuration, electron-deficient and conjugation-
interrupted features, the introduction of triphenyl phosphine oxide into the polymeric skeleton of polymer
PB13CZ can result in three noncoplanar polymers PTPPO38CZ, PTPPO13CZ and PTTPO27CZ. Among the
four polymers, the meta-substituted model in the benzene ring and the intrinsic triangular pyramidal feature of
triphenyl phosphine oxide make the main chain of polymer PTTPO27CZ to be the most distorted one. On going
from solution to film, the red shift of polymer PTTPO27CZ appears to be the smallest among these four
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Fig. 2 Normalized UV-Vis absorption and photoluminescent emission spectra of polymers PB13CZ (a), PTPPO38CZ
(b), PTPPO13CZ (c) and PTTPO27CZ (d) in tetrahydrofuran solution and thin solid film states

Table 1 The thermal, optical and electrochemical properties of polymers PB13CZ, PTPPO38CZ, PTPPO13CZ and
PTTPO27CZ

Polymers AbSmax? Absmax ? PLmax?®  PLmax? E,© Ta T4 Enomo Erumo

PB13CZ 261,297 320 394 416 3.67 421 2.70 -5.51 -1.84
PTPPO38CZ 308, 333 316, 348 395 417 3.4 411 2.65 -5.6 -2.2
PTPPO13CZ 297 309 395 408 3.48 428 2.68 -5.56 -2.08
PTTPO27CZ 308 309 436 438.5 33 428 2.59 -5.56 -2.26

2 In tetrahydrofuran solution (nm); ® In thin solid film states (nm); © The optical band gaps obtained from UV-Vis absorption
spectra in solution; ¢ In methyl tetrahydrofuran solution
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polymers, which can then be attributed to the less intermolecular interaction of polymer PTTPO27CZ caused by
its unique molecular configuration in the thin solid film states. As shown in Fig. 3, the phosphorescent spectra of
these polymers were detected at 77 K with 5 ms delay. The 7; levels were determined by taking the highest
energy peak of phosphorescent spectra. The 7 levels of PB13CZ, PTPPO38CZ, PTPPO13CZ and
PTTPO27CZ were determined to be 2.70, 2.64, 2.68 and 2.57 eV, respectively and the polymer PB13CZ
exhibited the highest value of all, which showed that the introduction of triphenyl phosphine oxide derivatives
into carbazole matrix could lower the 7; levels in some degree, and the 1,3-bridged model in the phenyl units can
be more effective to interupt the conjugation length.

In order to obtain further information about the conjugated structures of these polymers, we employed CV
to probe the HOMO energy levels of polymers PB13CZ, PTPPO38CZ, PTPPO13CZ and PTTPO27CZ in the
solution of dichloromethane. The oxidation potentials derived from the onset of electrochemical potential are
summarized in Table 1, and Fig. 4 illustrates the CV curves in detail. The HOMO energy levels of polymers
PB13CZ, PTPPO38CZ, PTPPO13CZ and PTTPO27CZ were —5.51, 5.6, —5.56 and —5.56 eV, respectively,
and the corresponding LUMO energy levels of these polymers were determined to be —1.84, —2.2, —2.08 and
—2.26 eV, respectively, which were calculated by adding the optical band gap of polymers to the HOMO energy
levels in solution. This result illustrated that the introduction of electron-deficient triphenyl phosphine oxide
derivative to the main chain of polymer could decrease the LUMO energy levels to some extent, while keeping
the HOMO value practically unchanged relative to those of polymer PB13CZ, and the role of triphenyl
phosphine oxide in the main chain of polymers PTPPO38CZ and PTTPO27CZ to reduce the LUMO energy
levels was more effective than the 1,3-substituted pendant triphenyl phosphine oxide in the polymer
PTPPO13CZ.

1.0
—+PB13CZ
0.8 —O0—PTPPO13CZ
~ —A—PTPPO38CZ
i:“./ 0.6 ——PTTPO27CZ
2
&
g 04 o~ PBI3CZ
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0.2 ——PTPPO13CZ
: —O—PTTPO27CZ
0.0 Frxxay L L L - 1 I I 1 1 |
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Wavelength (nm) Potential applied (V)
Fig. 3 Normalized phosphorescent spectra of Fig. 4 The oxidation curves of polymers PB13CZ,
polymers PB13CZ, PTPPO38CZ, PTPPO13CZ and PTPPO38CZ, PTPPO13CZ and PTTPO27CZ in

PTTPO27CZ in methyl tetrahydrofuran at 77 K CH:Cl solution

In order to further illustrate the effects of the topology-varied triphenyl phosphine oxide units on the light-
emitting ability of the obtained host materials, polymers PTPPO38CZ, PTPPO13CZ and PTTPO27CZ were
subjected to be host materials for green phosphorescent dopants of PHOLEDs studies. Due to the 7; levels of
polymers PTTPO27CZ, PTPPO13CZ and PTPPO38CZ are higher than that of green phosphor Ir(ppy)s, the
PHOLEDs with the configuration of ITO/PEDOT:PSS (40 nm)/host: 5% Ir(mppy)s (40 nm)/1,3,5-tris(1-phenyl-
1 H-benzimidazol-2-yl)benzene (35 nm)/LiF (0.8 nm)/Al (100 nm) were fabricated, and the current density-
voltage curves, luminance-voltage curves, current efficiency-voltage curves, electroluminescent spectra at 10 V
and external quantum efficiency-luminance curves of the devices examined were illustrated in Fig. 5. All the
devices showed the same green emission spectra peaking at 510 nm, which was originated from the emission of
Ir(ppy)s by full energy transfer from hosts to guests. The devices exhibited turn-on voltages of 6.2, 6.7 and
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Fig. 5 Current density-voltage curves (a); Luminance-voltage curves (b); Current efficiency-voltage curves (c);
Electroluminescent spectra (d) at 10 V and external quantum efficiency-luminance curves (e) for green devices when
using polymers PTTPO27CZ (G-1), PTPPO13CZ (G-2) and PTPPO38CZ (G-3) as host materials

8.1 V, maximum brightness of 1736, 432 and 1475 cd'-m™, maximum current efficiencies of 1.96, 0.44 and
2.16 cd-A7!, external quantum efficiencies of 0.55%, 0.14% and 0.7% for polymers PTTPO27CZ,
PTPPO13CZ and PTPPO38CZ, and the electroluminescent performance of green PHOLEDs hosted by
polymer PTTPO27CZ and PTPPO38CZ is much better than that of the same devices hosted by polymer
PTPPO13CZ. Considering that the three polymers in this study exhibit similar HOMO energy levels as well as
similar T levels, the better electroluminescent performance of green PHOLEDs hosted by polymer
PTTPO27CZ and PTPPO38CZ can only be attributed to the fact that LUMO energy levels of polymers
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PTTPO27CZ and PTPPO38CZ are much lower than that of polymer PTPPO13CZ in terms of improved
electron injecting and transporting properties®!l. As for polymers PTTPO27CZ and PTPPO38CZ, the external
quantum efficiency of PHOLEDs hosted by polymer PTPPO38CZ can still be 0.65% at 600 cd-m~2, and the
efficiency roll-off is only 7.14%, which illustrates that the device stability of PHOLEDs hosted by polymer
PTPPO38CZ is improved quite a bit when compared with those of polymer PTTPO27CZ, and the considerably
short lifetimes of Ir(ppy); emitters in polymer PTPPO38CZ may contribute to the improvement of external
quantum efficiency and efficiency roll-off characteristics of the device at high luminance!*?. Carbazole in this
work is used to extend the molecular structure to improve the hole transporting abilities, and the linkage unit of
triphenyl phosphine oxide with different linking model shows different electronic transporting performance.

CONCLUSIONS

We have introduced carbazole to the different positions of benzene of triphenyl phosphine oxide through Suzuki
cross-coupling reaction, which produced four polymers PB13CZ, PTPPO38CZ, PTPPO13CZ and
PTTPO27CZ. All the polymers exhibit good thermal stability with thermal decomposition temperatures at 5%
weight loss in a range of 411-428 °C. The T levels of four polymers can be calculated by the characterization of
low temperature phosphorescent spectra, and the highest 7; level of polymer PB13CZ is 2.70 eV. The spin
coating method was used to prepare the green PHOLEDs with polymers PTPPO38CZ, PTPPO13CZ and
PTTPO27CZ as the host materials. The green device of polymer PTPPO38CZ as host material shows
electroluminescent performance with maximum current efficiency of 2.16 c¢d-A~!, maximum external quantum
efficiency of 0.7%, maximum brightness of 1475 cd-m™ and reduced efficiency roll-off of 7.14% at 600 cd-m™2,
which is much better than those of the same device hosted by polymers PTTPO27CZ and PTPPO13CZ. The
introduction of triphenyl phosphine oxide into the polycarbazole main chain through different linking models has
been an effective way to adjust the thermal stability, photoelectric properties and device performance of polymer
host materials. We believe that it will show great significance to develop new materials of organic
electrophosphorescent devices hosted by triphenyl phosphine oxide derivatives in the future.
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