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layer. [ 8–11 ]  One approach is to use strongly 
polarized organic polymers, such as poly-
electrolytes, polyethyleneimines, and 
poly(aminoethylalcohol)s. [ 12–19 ]  Inserting 
these polarized polymers between the 
light-emitting layer and the cathode can 
result in effi cient electron injection. 
Recently, small molecule electrolytes were 
also reported to enhance electron injection 
from the cathode. [ 20 ]  Another approach 
involves the use of inorganic salts. Thermal 
vacuum evaporated fi lms of alkali metal 
fl uorides such as LiF [ 21 ]  and NaF, [ 22 ]  are 
widely utilized as effective EILs for OLEDs. 
These alkali metal fl uorides are not suit-
able for solution processes due to their low 
solubility in alcoholic solvents. Conversely, 
Cs 2 CO 3  is relatively soluble in alcohols, 
can be spin-coated from solution, and has 
been reported as a solution-processable 
EIL. [ 23–25 ]  Cesium stearate is also suitable 

for the preparation of solution- processing EILs with good elec-
tron injection properties and good fi lm formation. In fact, these 
solution-processed EILs exhibits superior electron injection 
properties comparable to those of barium and calcium. [ 26 ]  

 We previously reported that solution-processed lithium 8-qui-
nolate (Liq) served as an effi cient EIL, and Liq is highly soluble in 
polar solvents such as alcohols and can be spin-coated onto the 
light-emitting layer from solution to form fi lms that are resistant 
to oxidation and less hygroscopic than Cs 2 CO 3 . [ 27 ]  In general, 
the thickness of EILs composed of compounds such as Liq and 
Cs 2 CO 3  must be the ultrathin (<2 nm) to achieve effi cient elec-
tron injection characteristics due to their poor electron transport 
properties. However, precise thickness control in the range of a 
few nanometers is practically impossible for large-scale device 
using solution processes such as spin coating and blade coating. 
In this context, only relatively thick EIL fi lms (10–20 nm) can be 
mass-produced for large PLEDs using solution processing. 

 Herein, we report the use of a mixture of poly-
(vinylphenylpyridine) and Liq for solution-processable effi cient, 
thick electron injection layers. Vinyl polymers with high solubil-
ities in alcoholic solvents and good fi lm-forming abilities, such 
as poly(4-vinylpyridine) (PV4Py) and poly[4-(4-vinylphenyl)pyri-
dine] (PVPh4Py) ( Figure    1  ), were used as a binders for Liq, and 
the effect of the π-conjugation of the polymers on the electron 
transport and injection characteristics were investigated. The 
infl uence of the position of the nitrogen in the pyridine rings 
was also investigated using poly[2-(4-vinylphenyl)pyridine] 
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  1.     Introduction 

 Polymer light-emitting devices (PLEDs) prepared using a solu-
tion process such as spin coating, blade coating, or inkjet 
printing have the advantages of large area processing and 
low fabrication costs. [ 1–4 ]  In the PLEDs, highly reactive low 
work function metals such as barium and calcium have been 
widely used in the electron injection layer (EIL) for low oper-
ating voltages and high effi ciencies. [ 5–7 ]  However, these metals 
are unstable in air due to their high reactivity with oxygen and 
moisture, resulting in the degradation of the device properties. 
Moreover, the metals are also barely soluble in common organic 
solvents, and thus cannot be used for solution processing. To 
realize a solution process for EILs, stable and soluble electron 
injection materials are required that have solubilities orthog-
onal to that of the light emitting layer (EML), such that the 
coating solvent for the EIL dose not dissolve the light emitting 
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(PVPh2Py) and poly[3-(4-vinylphenyl)pyridine] (PVPh3Py) 
(Figure  1 ). The performance of the EILs prepared from the 
mixtures of the PVPh4Py and Liq depended on the thickness 
of the layer (ultrathin layers (approximately 1.6 nm), thin layers 
(approximately 8.6 nm) and thick layers (approximately 16 nm)) 
and the type of polypyridine. For devices with ultrathin EIL 
layers, the performances was not affected by the type of the pol-
ymer binder. Conversely, thin and thick layers of PVPh4Py:Liq 
exhibited higher effi ciencies than layer of Liq alone and of Liq 
with the other polymer binders due to interactions between the 
Li atoms and the pyridine units of PVPh4Py. These results dem-
onstrated that the conjugation and the nitrogen position of the 
polypyridine binder mixed with Liq are important for not only 
enhancing the electron injection property but also reducing the 
dependence of those properties on the thickness of the EIL.   

  2.     Results and Discussion 

  2.1.     Synthesis and Characterization 

 The synthetic routes for the three poly(vinylphenylpyridine) 
(PVPhPy) derivatives are shown in Scheme S1 (Supporting 
Information). All of the polymers were readily prepared in two 
steps. The 2-, 3-, and 4- vinylphenylpyridine monomers  1–3  
were synthesized via the Suzuki coupling reaction of 4-vinyl-
phenylbromic acid and 2-bromoryridine, 3-bromopyridine, or 
4-bromopyridine hydrochloride, respectively. The monomers 
were polymerized using benzoylperoxide as the radical initi-
ator, and the polymers were obtained in quantitative yield. The 
detailed synthetic procedures are described in the Supporting 
Information. The polymers were characterized using elemental 
analysis, nuclear magnetic resonance (NMR) spectroscopy, and 
gel permeation chromatography (GPC). The number average 

molecular weights of PVPh2Py, PVPh3Py, and PVPh4Py were 
12 000, 6000, and 40 000, respectively, with molecular weight 
distributions of 1.9, 2.0, and 2.1, respectively. PV4Py was pur-
chased from Aldrich, and its number average molecular weight 
and molecular weight distribution were 90 000 and 2.0, respec-
tively. The solubility of the polymers was tested using alcoholic 
solvents, including methanol, ethanol, 2-propanol, and 2-ethox-
yethanol. PV4Py exhibited high solubility in these alcoholic sol-
vents to a concentration of 2 mg mL −1 . Conversely, the PVPhPys 
were slightly less soluble in methanol, ethanol, and 2-propanol, 
due to the additional phenyl substituent in these compounds. 
However, 2-ethoxyethanol was a good solvent for the PVPhPys 
to a concentration of 5 mg mL −1 . The position of the nitrogen 
in the phenylpyridine unit of the polymers did not infl uence 
their solubility in alcoholic solvents. These results suggested 
that 2-ethoxyethanol should be a suitable solvent for the coating 
of the PVPhPys:Liq mixtures, because most light emitting 
π-conjugated polymers are not soluble in 2-ethoxyethanol, and 
thus deposition of an EIL coating on top of the emissive layer 
should be possible. The thermal properties of the polymers are 
summarized in  Table    1  . The glass transition temperatures (T g ) 
were determined via differential scanning calorimetry (DSC). 
The T g  of PVPh4Py was observed at 185 °C, which is higher 
than that of PV4Py (146 °C) due to the more rigid structure 
of the phenylpyridine. The T g  of PVPh4Py was also higher 
than those of PVPh2Py (162 °C) and PVPh3Ph (140 °C), sug-
gesting that the location of the nitrogen at the 4-position of the 
PVPh4Py enables stronger intermolecular hydrogen bonding 
interactions than those in PVPh3Py and PVPh2Py.  

 In the UV–vis absorption spectra, the PVPhPys exhibited 
smaller energy gaps (E g ’s) than that of PV4Py, because the addi-
tional phenyl group participates in extended π-conjugation com-
pared to that possible with only the pyridine group ( Figure    2  ). 
Among the PVPhPys, PVPh2Py exhibited a bathochromically 
shifted absorption peak compared to those of PVPh3Py and 
PVPh4Py. The greater π-conjugation of PVPh2Py is probably 
due to the greater planarity of the structure of 2-phenylpyri-
dine, which results because of the absence of a hydrogen at the 
ortho position and the consequent reduced steric hindrance. 
The results of density functional theory (DFT) calculations at 
the with B3LYP 6−311+G(d,p)//6− 31G(d) level with (4-ethyl-
phenyl)pyridine structures as model molecules, which were 
obtained using the Gaussian 09 program, supported the higher 
planarity of PVPh2Py. The dihedral angle of 2-(4-ethylphenyl)
pyridine was determined to be 17°, which is smaller than that 
of 3-(4-ethylphenyl)pyridine (38°) and 4-(4-ethylphenyl)pyridine 
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 Figure 1.    Chemical structures of the compounds.

  Table 1.    Physical properties of polymer binders.  

Compound  M  n  a)  M  n / M  w  T  g  e)  
[°C]

 T  d  f)  
[°C]

HOMO b)  
[eV]

 E  g  c)  
[eV]

LUMO d)  
[eV]

PV4Py 90000 2.0 146 360 6.0 4.4 1.6

PVPh2Py 12000 1.9 162 350 5.8 3.9 1.9

PVPh3Py 6000 2.0 140 340 5.9 4.1 1.8

PVPh4Py 40000 2.1 185 363 6.0 4.1 1.9

    a) Obtained via gel permeation chromatography (GPC);      b) Estimated using photoelectron yield spectroscopy (PYS);      c) Determined from the UV–vis spectra;      d) Calculated 
using the highest occupied molecular orbital (HOMO) and energy gap ( E  g) ;      e) Determined via differential scanning calorimetry (DSC);      f) Obtained from the thermogravi-
metric analysis (TGA).   
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(35°). The highest occupied molecular orbital (HOMO) levels 
of the polymers were estimated from the ionization potentials 
determined via photoelectron yield spectroscopy (PYS) to be 
6.0 eV for PV4Py, 5.8 eV for PVPh2Py, 5.9 eV for PVPh3Py, and 
6.0 eV for PVPh4Py. The lowest unoccupied molecular orbital 
(LUMO) levels were estimated from the difference in the E g  and 
the HOMO level to be 1.6 eV for PV4Py, 1.9 eV for PVPh2Py, 
1.8 eV for PVPh3Py, and 1.9 eV for PVPh4Py.   

  2.2.     Concentration Dependence of Liq in Ultrathin Layers 

 Solution-processed multilayer PLEDs were fabricated using 
the yellow fl uorescent polymer poly(9, 9-dioctylfl uorene- alt -
benzothiadiazole) (F8BT) as the EMLs and the polypyridines 
with Liq for the EILs. F8BT is not soluble in 2-ethoxyethanol, 
and thus the polypyridines with Liq could be spin-coated on the 
F8BT layers from 2-ethoxyethanol solutions. The EIL solutions 

were prepared at concentrations of 1 and 3 mg mL −1  in 2-eth-
oxyethanol for the ultrathin layers (approximately 1.6 nm) and 
the thin layers (approximately 8.6 nm) and thick layers (approx-
imately 16 nm), respectively, and deposited using different spin 
speeds. The PLEDs were fabricated with the following confi gu-
ration: ITO (130 nm)/PEDOT:PSS (30 nm)/poly(9, 9-dioctyl-
fl uorene-co-N-(4-butylphenyl)-diphenylamine) TFB (20 nm)/
F8BT (80 nm)/polypyridine: Liq/Al (100 nm). The thickness 
was determined using X-ray refraction analysis for the ultrathin 
(<10 nm) layers and using a Dektak surface profi ler for the 
thick layers (>10 nm). TFB was used as not only an electron 
blocking layer due to its shallow LUMO level of 2.6 eV but 
also as an exciton blocking layer from the direct quenching 
by PEDOT:PSS. Detailed PLED fabrication procedures are 
described in the experimental section. 

 First, the infl uence of the concentration of Liq in a 
PVPh4Py:Liq mixture in the performance of the ultrathin layers 
of around approximately 1.6 nm was investigated. In addition 
to devices prepared with EIL layers composed of PVPh4Py with 
10, 30, 50, or 70 wt%, two control devices were fabricated using 
ultrathin layers of only Liq and PVPh4Py. The observed elec-
troluminescence of various devices was identical to the emis-
sion from F8BT, and no emission was observed from TFB or 
Liq (Figure S1, Supporting Information). This result indicated 
that the holes and the electrons were confi ned within the 
F8BT and that the recombination of the charges occurred only 
in the F8BT.  Figure    3  a–c shows the current density–voltage 
(J–V), luminance–voltage (L–V), and the external quantum 
effi ciency–current density (EQE–J) characteristics of the devices. 
The device with 100 wt% PVPh4Py exhibited a high turn-on 
driving voltage of 3.0 V and driving voltages of 5.6 and 8.4 V at 
100 and 1000 cd m −2 , respectively. The EQE of 0.6% observed 
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 Figure 2.    UV–vis absorption spectra of the polymer binder fi lms.

 Figure 3.    PLED performance with an ultrathin layer of Liq and PVPh4Py at various Liq doping concentrations: a) current density–voltage characteristics, 
b) luminance–voltage characteristics, and c) external quantum effi ciency–current density characteristics.
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at 1000 cd m −2  for the devices with the 100 wt% PVPh4Py layer 
were lower than those of the device with PVPh4Py doped with 
Liq. This result suggested that PVPh4Py itself has poor elec-
tron injection property due to its shallow LUMO level of 1.9 eV. 
However, the device performance dramatically improved when 
Liq was added to the PVPh4Py. The driving voltage of the devices 
with PVPh4Py:Liq decreased with increasing Liq concentration 
from 10 to 70 wt% due to increased electron injection into the 
F8BT from the Al cathode. The external quantum effi ciencies 
were 4.9–6.9%. These driving voltages and effi ciencies were 
nearly equivalent to those of the device with the ultrathin EIL 
layer composed of 100 wt% Liq. All of the device characteristics 
are summarized in Table S1 (Supporting Information). In the 
device with 10 wt% Liq, balanced charge ratio resulted in the 
highest power effi ciency of 23 lm W −1  and an EQE of 6.9% at 
1000 cd m −2 . Notably, this power effi ciency is the highest value 
reported in the literatures to date for devices with F8BT as the 
EML. [ 28 ]  These results indicate that while PVPh4Py itself is not 
effective as an EIL, mixing it with Liq does not deteriorate the 
electron-injection properties of Liq and improves the driving 
voltages and effi ciencies of the devices.  Figure    4  a shows that 
the UV absorption edge of the fi lm prepared from the mixture 
of Liq and PVPh4Py with 50 wt% Liq was red shifted by 15 nm, 
corresponding to 0.11 eV, compared to that of the pure Liq fi lm. 
Conversely, both the HOMO levels of Liq and the mixture of 
50 wt% Liq and PVPh4Py were the same at 5.5 eV, as deter-
mined via by photoelectron yield spectroscopy. Consequently, 
the mixture of Liq and PVPh4Py had a smaller energy gap than 
that of Liq due to the lower LUMO level of the mixture than that 
of Liq (Figure  4 b). Therefore, to understand the distribution 

of the HOMO and LUMO level in Liq, DFT calculations were 
conducted as shown in  Figure    5  . The HOMO is not located on 
the Li atom (Figure  5 b), but the LUMO is associated with the 
Li atom (Figure  5 c). These results suggest that the interactions 
between the Li atom of Liq and the pyridine ring of PVPh4Py 
affected the LUMO level. In addition, we also investigated UV 
absorption of the Liq solution using various solvents such as tol-
uene, THF and pyridine, with concentration of 1 × 10 −5  mol L −1  
as shown in Figure S2 (Supporting Information). The pyridine 
solution exhibited red shift of absorption than those of the tol-
uene and THF solution, indicating reduced energy gaps due to 
the interaction with pyridine.     

  2.3.     Effect of the EIL Thickness and Liq Concentration on Device 
Performance 

 The performance of device with EILs of different thicknesses 
composed of the mixtures of PVPh4Py and Liq was investi-
gated. The three types of EILs with thicknesses of 1.6, 8.6 and 
16 nm were deposited from solutions with different Liq con-
centrations using different spin-coating speeds.  Figure    6  a,b 
show the dependence of the driving voltage and the EQE at 
1000 cd m −2  on the thickness of EILs with different Liq concen-
trations. The devices with ultrathin (approximately 1.6 nm) EILs 
exhibited similar driving voltages and EQEs. As the EILs thick-
ness was increased from 1.6 nm to 16 nm, the driving voltages 
increased and the EQEs decreased. However, the increase in 
the voltage and the decrease in the EQE were suppressed in the 
EILs composed of PVPh4Py and Liq compared to those for the 
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 Figure 4.    a) UV–vis absorption spectra fi lms of Liq alone and Liq with PVPh4Py fi lm and b) energy levels of the Liq fi lm and PVPh4Py:Liq fi lms.

 Figure 5.    a) Molecular structure, b) HOMO, and c) LUMO of Liq with structures optimized in the ground states.
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EIL composed of 100 wt% Liq. The device with a 50 wt% mixed 
EIL exhibited the least dependence on the layer thickness, and 
the lowest driving voltage and highest EQE for all of the devices 
was observed for an EIL with thickness of 16 nm. The high 
driving voltage and low effi ciency of the device with the thick 
Liq layer is attributed to the poor electron transport proper-
ties of Liq itself. Conversely, mixing PVPh4Py with Liq could 
improve the electron transport properties of the EIL, and the 
driving voltage remained low, even for a thick EIL. The reduced 
dependence of EIL performance on the layer thickness will be 
advantageous for the large-area coating processes, because it is 
diffi cult using solution processing to form uniform thin fi lms 
with an accuracy of a few nanometers.   

  2.4.     Importance of the Position of the Pyridine Ring Substituent 

 Next, the infl uence of the position of the nitrogen in the 
pyridine rings was investigated using PVPh2Py, PVPh3Py, 
PVPh4Py, and PV4Py. Ultrathin (approximately 1.6 nm) and 
thin (approximately 8.6 nm) EILs composed of mixtures of the 
polymers and Liq were used, and the current density–voltage 
( J – V ), luminance–voltage ( L – V ) characteristics and external 
quantum effi ciency–current density (EQE–J) characteristics 
are shown in  Figure    7   and  Figure    8  , respectively. The devices 
with the ultrathin EILs exhibited similar turn-on voltages 
of 2.0 V and driving voltages of 2.2 V at 100 cd m −2 , respec-
tively. The effi ciencies were also similarly high at 1000 cd m −2  
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 Figure 6.    PLED performance as a function of the thickness of the PVPh4Py:Liq EILs: a) driving voltage and b) external quantum effi ciency.

 Figure 7.    PLED performance with ultrathin EILs (1.6 nm) using PV4Py, PVPh2Py, PVPh3Py and PVPh4Py doped with 50 wt% Liq, respectively, and 100wt% 
Liq: a) current density–voltage characteristics, b) luminance–voltage characteristics, and c) external quantum effi ciency–current density characteristics.
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(approximately 20 lm W −1  and 5% EQE). The position of the 
nitrogen in the pyridine rings had slight infl uence on the 
electron injection properties in the ultrathin layers (Figure  7 ). 
Conversely, in the devices with thin EILs (approximately 
8.6 nm), the position of the nitrogen in the pyridine rings of 
the polymers had a greater infl uence on the driving voltage 
and effi ciency. The driving voltage increased in the order of 
PVPh4Py < PVPh3Py < PVPh2Py (Figure  8 a,b), and the device 
with an EIL composed of PVPh4Py:50 wt% Liq exhibited the 
lowest turn-on voltage and driving voltage of all of the poly-
mers at 2.6 and 4.3 V, respectively at 100 cd m −2 , Alterna-
tively, the EQE increased in the order PVPh2Py < PVPh3Py 
< PVPh4Py (Figure  8 c). All of the device characteristics are 
summarized in Table S2 (Supporting Information). These 
results suggest that the position of the nitrogen in the pyridine 
rings signifi cantly affects the electron transport properties of 
the polymers, rather than the electron injection properties. 
Sasabe et al. previously reported that the electron mobility 
of a series of oligo phenylpyridine derivatives were strongly 
affected by the position of the nitrogen in the pyridine rings 
due to C-H···N hydrogen bonding interactions. [ 29 ]  In our 
case, similar interactions would explain the observed results. 
As mentioned in the discussion of the T g , the intermolecular 
hydrogen bonding interaction of the nitrogen located at the 
four-positions of the PVPh4Py rings are stronger than those of 
the position of the nitrogen in the pyridine rings of PVPh3Py 
and PVPh2Py. The denser packing of PVPh4Py that results 

from the stronger hydrogen bonding interactions probably 
leads to the enhanced electron transport properties observed 
for the thick fi lms.     

  3.     Conclusion 

 A series of (vinylphenyl)pyridine-based polymer binders, 
PVPh2Py, PVPh3Py, and PVPh4Py, were designed and synthe-
sized. Mixtures of Liq and the polymers exhibited superior elec-
tron injection characteristics as ultrathin (1.6 nm) EIL fi lms that 
were comparable to those of EILs composed only of Liq. Thus, 
the addition of the polymers did not deteriorate the perfor-
mance of Liq EILs. In addition, as increasing the EIL thickness 
increased from 1.6 nm to 16 nm, the driving voltages increased 
and the EQEs decreased. However, the increase in the voltage 
and decrease in the EQE were suppressed in the device with 
mixed EILs compared to those observed for the device with 
composed of 100 wt% Liq. In the thin layers, the driving voltage 
increased in the order of PVPh4Py < PVPh3Py < PVPh2Py. 
Furthermore, the position of the nitrogen in the pyridine ring 
is considered to affect the electron transport properties of the 
EILs. The mixing PVPh4Py with Liq improved the driving 
voltage of the fabricated devices, even with a thick mixed EIL. 
This reduced dependence of the performance of EILs on their 
thickness will be advantageous for coating of large areas using 
solution processes.  
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 Figure 8.    PLED performance with thin EILs (8.6 nm) using PV4Py, PVPh2Py, PVPh3Py and PVPh4Py doped with 50 wt% Liq, respectively, and 100w t% 
Liq: a) current density–voltage characteristics, b) luminance–voltage characteristics, and c) external quantum effi ciency–current density characteristics.
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  4.     Experimental Section 
  Synthesis of  1  : 2-bromopyridine (1.95 g, 12.3 mmol) and 

4-vinylphenylboronic acid (1.27 g, 8.58 mmol) were added to a round-
bottom fl ask. Tetrahydrofuran (12.5 mL) and aqueous potassium 
carbonate (2 M, 6.33 mL) were added and nitrogen bubbling through 
the mixture for 30 min. Then, tetrakis(triphenylphosphine)palladium (0) 
(7.9 mg, 6.8 µmol) was added and the resultant mixture was stirred for 
20 h at 66 °C under N 2  fl ow. The resulting mixture was cooled to room 
temperature, and then dichloromethane was added. The organic layer 
was washed with water, dried over magnesium sulfate and fi ltered. The 
solvent was moved in vacuo, and the residue was purifi ed by column 
chromatography over silica using an ethyl acetate-hexane mixture (1:4) 
as eluent to give  1  (832 mg, 53%): 1 H-NMR (400 MHz CDCl 3 ), 8.67–8.65 
(dt, 1 H,  J  = 4.4 Hz, 2.8 Hz), 8.35–8.33 (dd, 1 H,  J  = 4.4 Hz, 1.6 Hz), 
7.96–7.93 (dt, 1 H,  J  = 8.8 Hz, 4.0 Hz), 7.70–7.68 (m, 1 H), 7.51–7.34 
(m, 4 H), 6.77–6.70 (dd, 1 H,  J  = 18 Hz, 11 Hz), 5.82–5.78 (d, 1 H,  J  = 
18 Hz), 5.29–5.26 (d, 1 H,  J  = 11 Hz). 

  Synthesis of  2  : 3-bromopyridine (1.95 g, 12.3 mmol) and 
4-vinylphenylboronic acid (1.27 g, 8.58 mmol) were added to a round-
bottom fl ask. Tetrahydrofuran (12.5 mL) and aqueous potassium 
carbonate (2 M, 6.33 mL) were added and nitrogen bubbling through 
the mixture for 30 min. Then, tetrakis(triohenylphosphine)palladium (0) 
(7.9 mg, 6.8 µmol) was added and the resultant mixture was stirred for 
20 h at 66 °C under N 2  fl ow. The resulting mixture was cooled to room 
temperature, and then dichloromethane was added. The organic layer 
was washed with water, dried over magnesium sulfate and fi ltered. The 
solvent was moved in vacuo, and the residue was purifi ed by column 
chromatography over silica using an ethyl acetate-hexane mixture (2:3) 
as eluent to give 1 (724 mg, 47%):  1 H-NMR (400 MHz CDCl 3 ), 8.86 
(d, 1 H,  J  = 2.4 Hz), 8.59–8.57 (dd, 1 H,  J  = 5.2 Hz, 1.6 Hz), 7.89–7.86 
(dt, 1 H,  J  = 8.0 Hz, 3.6 Hz), 7.57–7.51 (m, 4 H), 7.38–7.34 (dd 1 H, 
 J  = 8.0 Hz, 5.0 Hz), 6.79–6.72 (dd, 1 H,  J  = 18 Hz, 11 Hz), 5.84–5.80 (d, 
1 H,  J  = 18 Hz), 5.32–5.29 (d, 1 H,  J  = 11 Hz). 

  Synthesis of  3  : 4-bromopyridine hydrochloride (1.95 g, 10.0 mmol) 
and 4-vinylphenylboronic acid (1.27 g, 8.58 mmol) were added to a 
round-bottom fl ask. Tetrahydrofuran (50.0 mL) and aqueous potassium 
carbonate (3.58 M, 6.33 mL) were added and nitrogen bubbling through 
the mixture for 30 min. Then, tetrakis(triohenylphosphine)palladium (0) 
(7.9 mg, 6.8 µmol) was added and the resultant mixture was stirred for 
20 h at 66 °C under N 2  fl ow. The resulting mixture was cooled to room 
temperature, and then dichloromethane was added. The organic layer 
was washed with water, dried over magnesium sulfate and fi ltered. The 
solvent was moved in vacuo, and the residue was purifi ed by column 
chromatography over silica using an ethyl acetate-hexane mixture (3:2) as 
eluent to give 1 (790 mg, 51%):  1 H-NMR (400 MHz CDCl 3 ), 8.65 (d, 1 H, 
 J  = 6.0 Hz), 7.61 (d, 1 H,  J  = 8.0 Hz), 7.53–7.49 (m, 4 H), 6.80–6.72 (dd, 
1 H,  J  = 18 Hz,11 Hz), 5.83 (d 1 H,  J  = 18 Hz), 5.33 (d, 1 H,  J  = 11 Hz). 

  Polymerization : Anhydrous tetrahydrofuran (1.0 mL), benzoylperoxide 
(4.0 mg, 16.5 µmol) and (vinylphenyl)pyridine monomer (400 mg, 
2.21 mmol for 1 400 mg, 2.21 mmol for 2 and 0.40 g, 2.21 mmol for 3) 
were stirred for 48 h at 80 °C under vacuum. The solvent was moved in 
vacuo, and the residue was purifi ed by reprecipitation using a hexane 
as eluent to give PVPh2Py (80 mg, 20%), PVPh3Py (50 mg, 13%) and 
PVPh4Py (250 mg, 68%). 

  Device Fabrication : All PLEDs were grown on glass substrates pre-
coated with indium tin oxide (ITO) with sheet resistance of 15 Ω sq −1 . 
These ITO substrates were cleaned ultrasonically with deionized water 
and 2-propanol, followed by a UV-ozone treatment for 20 min. 
PEDOT:PSS solution in water (CLEVIOS CH8000) was fi ltered through 
a syringe fi lter (0.45 µm) to remove any large particles, then spin-
coated onto ITO substrate and annealed at 200 °C for 10 min in an 
ambient condition with a thickness of 30 nm. TFB (from American Dye 
Source) was spin coated from a  p -xylene solution with a concentration 
of 7 mg mL −1  onto PEDOT:PSS and annealed at 180 °C for 60 min 
in an nitrogen fi lled condition to obtain a insoluble fi lm to typical 
organic solvents with a thickness of 20 nm. F8BT (from Sumitomo 
Chemical) was spin coated from  p -xylene solution with a concentration 

of 12 mg mL −1  onto TFB and annealed at 130 °C for 10 min in a 
nitrogen fi lled condition with a thickness of 80 nm. For fabrication of 
electron injection layer with Liq and vinyl polymers were dissolved in 
2-ethoxyethnol with concentration of 1 mg mL −1  for ultrathin layer (ca. 
1.6 nm) and 3 mg mL −1  for thin layer (ca. 8.6 nm) and thick layer (ca. 
16 nm) using a different spin speed, respectively, then blending the 
Liq and vinyl polymers solution in a 1:1 volume ratio with Liq doping 
concentration of 50 wt%. These solutions were spin coated onto F8BT 
layer. As a cathode, Al was deposited by thermal evaporated under high 
vacuum (≈10 −5  Pa). The PLEDs were encapsulated using an epoxy glue 
and glass cover, before the characterizations. 

  Characterization :  1 H NMR spectra were obtained in a JEOL 400 
(400 MHz) spectrometer. Molecular weight of vinyl polymer were 
measured by a gel permeation chromatography (HITACHI L-7000). 
Differential scanning calorimetry was performed using a Perkin-Elmer 
Diamond DSC Pyris instrument under nitrogen atmosphere at a heating 
rate of 10 °C min −1 . Thermogravimetric analysis was undertaken using 
a SEIKO EXSTAR 6000 TG/DTA 6200 unit under nitrogen atmosphere 
at a heating rate of 10 °C min −1 . HOMO level were determined by 
photoelectron yield spectroscopy (Sumitomo Heavy Industries PYS). 
UV–vis spectra were measured using a Shimadzu UV-3150. Film 
thickness were measured by X-ray refraction with SmartLab or by a 
dektak 8. Electroluminescence (EL) spectra were measured using a 
Hamamatsu PMA-11 photonic multichannel analyzer. The current 
density–voltage and luminance–voltage characteristics were measured 
using a Keithley source measure unit 2400 and a Minolta CS200 
luminance-meter, respectively. External quantum effi ciencies were 
calculated from the front luminance, current density, and EL spectrum.  
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