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Highly Efficient Blue
Electroluminescence from
Poly(phenylene ethynylene) via Energy
Transfer from a Hole-Transport
Matrix**

By Craig A. Breen, Jonathan R. Tischler,
Viadimir Bulovié¢, and Timothy M. Swager*

Recent research in polymer-based organic light-emitting
diodes (OLEDs) has focused on the use of conjugated
polymers, such as poly(phenylene vinylene) (PPV)! and
poly(para-phenylene) (PPP),”! owing to their high photolumi-
nescence (PL) efficiency in thin films. Poly(phenylene
ethynylene) (PPE), another fully conjugated system, exhibits
high solution-state quantum yields and typically possesses
wider bandgaps than its PPV counterpart, allowing for a bluer
emission.'®! PPEs also exhibit narrower emission spectra than
both PPVs and PPPs, which is desirable for saturated color
rendering in display applications. To date, however, PPEs
have received little attention as potential OLED materials!®!
due to reduced emission efficiencies in the solid state, which
has been attributed to aggregation phenomena facilitated by
the long persistence lengthm and strong m—m stacking of the
PPE polymer backbone. Furthermore, the acetylene linkage
in PPEs limits the redox properties of these polymersBC] con-
tributing to a large potential barrier to charge injection, espe-
cially for holes. The present study, however, demonstrates that
by circumventing the negative aspects of traditional PPEs out-
lined above, one can realize efficient blue PPE electrolumi-
nescence (EL).

We recently reported a new polystyrene-grafted PPE sys-
tem that prevents polymer aggregation, allowing for a dra-
matic increase in the solid-state quantum efficiency.”
Scheme 1 illustrates two dialkoxy PPEs, along with their
respective grafted counterparts, we have synthesized for this
study; one with a comonomer with para-substitution (P-PPE
and GP-PPE) and another with ortho-substitution (O-PPE
and GO-PPE), which further blue-shifts the emission. [
Table 1 contains characterization data for the synthesized
polymers. Comparing the solution- and solid-state photophys-
ical data for these polymers demonstrates that the grafting
process isolates the PPE backbone causing the grafted PPE to
maintain its solution-state emission and quantum yield in the
solid state. Furthermore, by eliminating the intrinsic aggre-
gation of the PPE backbone, grafted PPEs are miscible
with other materials systems,[S] allowing for increased compat-
ibility as well as an opportunity to exploit energy transfer in
the solid state. This paper illustrates the utility of grafted
PPEs relative to their ungrafted counterparts by exploring
energy transfer from a commonly used hole-transport materi-
al, TPD,"* in both PL and EL.

The luminescence of TPD has a significant spectral overlap
with the absorption of the PPEs used in this study. Thus, effi-
cient Forster energy transfer from the TPD to the PPEs
should be observed provided that the two systems are misci-
ble. In order to investigate energy transfer to the various
PPEs, a blend of TPD and PPE (50:50 w/w) was made in
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chloroform solution (10 mgmL™ total concentration) and
deposited onto a glass substrate via spin-casting. The steady-
state absorption and PL measurements of these films are
plotted in Figure 1. The absorption spectra of the ungrafted
PPEs (Figs. 1a,b) reveal characteristic aggregation bands at
wavelength 1 =465 nm and A =484 nm for O-PPE and P-PPE,
respectively, while the grafted PPEs (Figs. 1c¢,d) maintain their
solution-state absorption bands. The PL spectra were ob-
tained by irradiating each film with A =360 nm and 1 =420 nm
light, exciting the TPD and PPE, respectively. The films con-
taining the ungrafted PPEs reveal a significant spectral contri-
bution due to TPD upon excitation at A =360 nm. In addition,
the emission intensity of the PPE is not significantly changed
when selectively exciting the PPE (when accounting for back-
ground TPD emission), suggesting that there is very little en-
ergy transfer from TPD to PPE, most likely resulting from
spatial segregation of TPD and PPE in the films. Ungrafted
PPEs are, therefore, incompatible with the TPD host, as is
typical of traditional PPE systems. In the grafted PPE case
(Figs. 1c,d), minimal TPD emission is observed when excited
at A=360 nm and the significant increase in intensity of PPE
emission relative to that under 4=420 nm excitation illus-
trates that this system is thoroughly mixed and undergoes
efficient energy transfer. The grafted PPEs are, therefore,
compatible with TPD, suggesting that the mixed TPD/grafted-
PPE film may display superior spectral purity and operating
efficiency in appropriate device architectures.

The same materials systems were explored in EL devices
(device structure is shown in Fig. 2). The hole-transporting
TPD/PPE layer is deposited by spin-casting the same blend
used for the PL energy-transfer study described above onto
indium tin oxide (ITO)-coated glass substrates. This is
followed by thermal evaporation of a hole-blocking layer
composed of TAZ, an electron-transport layer of Alqs, and
metal electrodes.

The EL spectra of the TPD/PPE devices are shown in Fig-
ure 2. For comparison, the inset in Figure 2b shows the emis-
sion spectrum of a TPD control device. The control was fabri-
cated with the same device architecture and using a TPD
concentration identical to that used to make the TPD/PPE
blends (5 mgmL™). The devices containing ungrafted PPEs
exhibit the expected TPD emission component along with
PPE emission. In addition, the O-PPE device (Fig. 2a) also
exhibits a strong spectral component centered at A =528 nm
due to aggregate emission. The grafted PPE devices
(Figs. 2¢,d) exhibit predominantly PPE emission with a mini-
mal TPD component. The EL closely matches the PL spectra,
resulting in spectrally pure, narrow blue PPE EL that has not
been obtainable with traditional PPE systems to date.”! The
emission for these devices corresponds to Commission Inter-
nationale de I’Eclairage (CIE) coordinates of (x=0.17;
y=0.20) and (x=0.17; y=0.35) for GO-PPE and GP-PPE, re-
spectively. This matches the performance of many current
blue display sub-pixels and is close to the National Television
System Committee (NTSC) standard blue pixel coordinates
of (x=0.15; y=0.07). Note that the CIE coordinates of the PL
spectra are even bluer (GO-PPE: x=0.16; y=0.16. GP-PPE:
x=0.14; y=0.28) as the EL devices have not been optimized
for the weak microcavity effects that in these structures em-
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phasize green emission.”!

The current-density—voltage luminance characteristics of
the EL devices are plotted in Figure 3. The inset shows the
current-voltage characteristics for the four TPD/PPE devices,
as well as the TPD control device. The ungrafted PPE devices
have large leakage currents and high turn-on voltages
(~10 V). Furthermore, the external quantum efficiencies for
these devices are poor, with peak efficiencies of 17=0.006 %
and 7=0.0007 % at 100 mA cm for the O-PPE and P-PPE
devices, respectively. The higher operational efficiency of the
O-PPE versus the P-PPE may be a result of the higher PL
quantum efficiency (see Table 1) of the O-PPE. Another
factor may be the additional EL of the O-PPE aggregate
shown in Figure 2. It should also be noted the results pre-
sented for ungrafted PPE devices are the best performance
out of a low-yield sample. Most devices with ungrafted PPEs
on the same substrate would short, have exceedingly high
turn-on voltages (>30 V), or simply not turn on. The low yield
is most likely a result of phase separation of the TPD/PPE
blend in conjunction with the poor conduction properties of
the PPE backbone. An effort to improve upon the fidelity of
these devices by reducing the amount of PPE in the TPD
blend resulted in strictly TPD luminescence.

The grafted PPE devices have a markedly better behavior.
EL devices with the two grafted PPEs have matching current-
density—voltage characteristics, with low turn-on voltages, and
behave similarly to the TPD control, differing only by a
slightly higher operating voltage. This can be attributed to a
thicker hole-transport layer and charge trapping owing to
poorer conduction properties introduced by the presence of
the PPE. Furthermore, in contrast to the ungrafted PPE
devices, the grafted PPE devices were entirely reproducible,
resulting in high device yields and consistent LED perfor-
mance.

The external quantum efficiencies for the grafted PPE de-
vices exceed that of the control at low device luminances. The
peak efficiencies were =1.6 % and =1.1 % at 0.1 mA cm™
for the GP-PPE and GO-PPE devices, respectively. These
devices maintained an efficiency equal to that of the control
at its peak of 7=0.8 % at 8 mA cm>. At increasingly higher
current densities, the efficiencies of the TPD/PPE devices
dropped below that of the control. This behavior can be ratio-
nalized in the following manner: at low current densities exci-
tons are formed predominantly on the TPD host molecules
and energy transfer allows for highly efficient PPE emission.
As the current density is increased, charge is increasingly
trapped at the PPEs. Subsequent energy transfer from TPD to
charged PPE sites results in a non-radiative Auger process
decreasing the external EL efficiency. Thus, the trend con-
tinues, since the increase in injected charged species increases
the exciton—polaron interaction.!"”

This explanation is supported further when comparing the
two grafted PPE devices. At low current densities, the GP-
PPE device exhibits a higher external quantum efficiency than
that of the GO-PPE, likely owing to less efficient exciton
energy transfer from the TPD to the GO-PPE, a result of
reduced spectral overlap. However, as the current density is
increased the efficiencies of the two devices become equiva-
lent. In other words, at higher current densities the energy
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transfer from the TPD host plays a less significant role in the
device efficiency — due to an increase in direct exciton for-
mation on the PPEs — and thus the two grafted PPE devices
exhibit essentially the same behavior.

The device performance of the TPD/PPE systems is in
agreement with the PL energy-transfer study and demon-
strates the utility of grafted PPE systems over traditional
PPEs. While the ungrafted PPE systems displayed poor device
operation, the grafted PPE devices exhibited efficient Forster
energy transfer resulting in spectrally pure, blue EL with high
external quantum efficiencies. Despite the drop in device effi-
ciency with increasing current, the grafted PPE devices are
still considerably more efficient at higher luminances than
their ungrafted counterparts, as well as other reported PPE
systems.>

In summary, we have demonstrated efficient energy transfer
from a hole-transport host to grafted PPEs, yielding highly
quantum efficient blue electroluminescence. By grafting the
PPE backbones and rendering them both quantum efficient in
the solid-state as well as miscible with a hole-transport host,
we are able to remove the detrimental characteristics of tradi-
tional PPE LED systems and realize several orders of magni-
tude improvement in PPE EL. Furthermore, the grafting pro-
cess is completely modular. This allows for synthetic
flexibility in terms of tuning the PPE backbone structure in
order to access other emission wavelengths and materials
properties. In light of these results, we believe that PPEs can
now be accessed as viable light-emitting materials for OLED
applications.

Experimental

General: The general synthesis of the ortho- [6] and para- [5] mono-
mers, as well as identical procedures used for the preparation of the
polymers [5] described here, has been previously reported. The char-
acterization of the polymers used for this study can be found below.
'HNMR spectra for polymers were recorded on a Varian MER-
CURY (300 MHz) using deuterochloroform as reference or internal
deuterium lock. The chemical-shift data for each signal are given in
units of 0 [ppm] relative to tetramethylsilane (TMS) where ¢
(TMS) =0, and referenced to the solvent residual. Infrared spectra
were collected with a Perkin Elmer 1000 FT-IR spectrometer in KBr
and were recorded in reciprocal centimeters [cm™, wavenumbers].
UV-vis absorption spectra were measured with a Cary 50 UV/Visible
spectrometer. Photoluminescence spectra were measured with a
SPEX Fluorolog-72 fluorometer (model FL112, 450 W xenon lamp).
Solution-state quantum yields were determined relative to Coumar-
in 314 in ethanol (@ =0.63) and solid-state quantum yields were deter-
mined relative to ~102 M 9,10-diphenylanthracene in poly(methyl
methacrylate) (®=0.83). The molecular weights of polymers were
determined using gel-permeation chromatography (GPC) running
with tetrahydrofuran as the eluent versus polystyrene standards (Poly-
Sciences) using Hewlett-Packard series 1100 HPLC instrument
equipped with a Plgel 5 mm mixed-C (300 mm x 7.5 mm) column.

Polymer Characterization O-PPE: IR: vax 3448, 2923, 2852, 1508,
1466, 1437, 1376, 1262, 1220, 1027, and 803 cm™; "HNMR: 6 7.0 (4H,
br s), 4.0 (8H, br t), 3.6 (4H, t, J 6.7), 1.9 (8H, br multiplet), 1.6-1.5
(16H, br signal) 1.4-1.2 (52H, br signal), 0.9 (6H, t, J 6.9); GPC: num-
ber-average molecular weight (M) 8.50 x 10* gmol™, weight-average
molecular weight (M,,) 2.80x10° gmol™, polydispersity index (PDI,
M, /M,) 3.50.

O-PPE Atom Transfer Radical Polymerization (ATRP) Macroini-
tiator: IR: viax 2923, 2852, 1736, 1509, 1467, 1435, 1389, 1275, 1220,
1163, 1108, 1030, and 805 cm™; "THNMR: 6 7.0 (4H, br s), 4.2 (4H, t,
J 6.6), 4.0 (8H, br t), 1.9 (12H, br s), 1.8 (8H, br t), 1.7 (8H, br signal),
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1.5 (8H, br signal), 1.4-1.3 (52H, br signal), 0.9 (6H, t, J 6.9).

GO-PPE: IR: vy, 3082, 3060, 3025, 2922, 2851, 1942, 1869, 1780,
1726, 1601, 1493, 1452, 1262, 1027, 803, 756, 697, and 537 cm™;
"HNMR: 6 7.2-6.9 (aromatic br signal), 6.9-6.3 (aromatic br signal),
4.0 (br t), 3.8 (br t), 2.0-1.7 (br signal), 1.6 (br s), 1.5-1.3 (br signal),
1.27 (br d), 1.0-0.8 (br t); GPC: M, 1.28x10° gmol™, M,, 2.79 x
10° gmol™, M/M, 2.18.

P-PPE: v, 3423, 2923, 2852, 1513, 1468, 1428, 1389, 1340, 1262,
1215, 1026, 858, 802, and 721 cm™'; 'THNMR: 6 7.0 (4H, br s), 4.0 (8H,
brt), 3.6 (4H, t, J 6.7), 1.9 (8H, br multiplet), 1.6-1.5 (16H, br signal)
1.4-1.2 (52H, br signal), 0.9 (6H, t, J 6.9); GPC: M,, 5.20 x 10* gmol™,
My, 1.40 x10° gmol™, M /M, 2.70.

P-PPE ATRP Macroinitiator: IR: v,.x 2924, 2853, 1736, 1513, 1466,
1428, 1389, 1275, 1213, 1163, 1108, 1030, 861, 803, and 722 cm™;
"HNMR: § 7.0 (4H, br s), 4.2 (4H, t, J 6.6), 4.0 (8H, br t), 1.9 (12H, br
s), 1.8 (8H, br t), 1.7 (8H, br signal), 1.5 (8H, br signal), 1.4-1.3 (52H,
br signal), 0.9 (6H, t, J 6.9).

GP-PPE: IR: vy 3081, 3059, 3026, 2924, 2852, 1943, 1870, 1801,
1730, 1601, 1493, 1453, 1262, 1027, 803, 758, 698, and 539 cm™;
"HNMR: 6 7.2-6.9 (aromatic br signal), 6.9-6.3 (aromatic br signal),
4.0 (br t), 3.8 (br t), 2.0-1.7 (br signal), 1.6 (br s), 1.5-1.3 (br signal),
1.27 (br signal), 1.0-0.8 (br t); GPC: M, 1.24x 10° gmol’l, M,,
2.36x10° gmol™, M/M, 1.90.

Fabrication of Electroluminescent Devices: The devices were built
on indium tin oxide (ITO)-coated glass substrates with a sheet resis-
tance of 20 Q cm™. The ITO glass was cleaned by ultrasonic agitation
in detergent solution, rinsed with deionized (DI) water and acetone,
boiled in trichloroethane, rinsed with acetone, boiled in isopropyl
alcohol, and blown dry using N,. Immediately prior to material
deposition, substrates were pretreated with UV/ozone for 5 min. The
devices were fabricated by spin-casting (velocity: 3000 revolutions
min™'; acceleration: 10000 revolutions min™ s') the TPD/PPE layer
(50:50 wt./wt.; 10 mgmL™ total concentration), followed by successive
vacuum deposition of TAZ (20 nm), Alq; (30 nm), Ag:Mg (100 nm;
10:1 by weight), and Ag (30 nm). Prior to deposition, TAZ and Alqs
were purified by sublimation. A shadow mask with 1 mm?* openings
was used to define the metal electrodes. The EL spectra were re-
corded on an Acton Research Spectra Pro 300i spectrometer. The lu-
minance—voltage and current-denisty—voltage characteristics were
measured on an Agilent-4156C Presision Semiconductor Parameter
Analyzer using a Newport 818-UV photodetector. All measurements
conducted at room temperature under ambient atmosphere.
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Scheme 1. The structures of ortho- (O-) and para- (P-) PPE, and their
respective grafted counterparts, N,N’-diphenyl-N,N’-bis (3-methylphenyl)-
[1,1-biphenyl]-4,4’-diamine (TPD), 3-(4-biphenyl)-4-phenyl-5-tert-butyl-
phenyl-1,2,4-triazole (TAZ), and tris(8-hydroxyquinoline)aluminum)
(Algs) used in the study.

Table 1. Polymer characterization. GPC: gel permeation chromatography; M,,: number-average molecular weight;
PDI: polydispersity index; Aaps: maximum absorption wavelength; Aem: maximum emission wavelength; @: PL
quantum yield.

Polymer GPC analysis Photophysical characterization
Solution state [a] Solid state
M, PDI Aabs Aem D Aabs Aem D
g mol] [nm] [nm] [nm] [nm]

O-PPE 85 000 3.50 430 455 0.68 463 472 0.20
GO-PPE 128 000 2.18 430 455 0.57 430 456 0.50
P-PPE 52 000 2.70 450 475 0.70 483 498 0.10
GP-PPE 124 000 1.90 450 475 0.62 450 476 0.60

[a] Measurements carried out with chloroform as the solvent.
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Figure 1. Solid-state absorption and PL spectra of the various TPD/PPE
blends. Dashed lines indicate absortption spectra. PL spectra were
obtained by irradiating the samples with 1=360 nm and =420 nm exci-
tation wavelengths. a,b) Blends of ungrafted PPE (O-PPE and P-PPE,
respectively). c,d) Blends of grafted PPE (GO-PPE and GP-PPE, respec-

tively).
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Figure 2. EL spectra (solid line) overlayed with the corresponding PL
spectra (dashed line) of the various TPD/PPE LEDs. a,b) Spectra for un-
grafted PPE devices (O-PPE and P-PPE, respectively). Inset to (b): plot of
the EL and PL of a TPD control device. c,d) Spectra for devices contain-
ing grafted PPE (GO-PPE and GP-PPE, respectively). Inset: device struc-
ture. The TPD/PPE layer is spin-cast onto clean, indium tin oxide (ITO)-
coated glass substrates with a thickness of 50 nm for ungrafted PPE
blends and 40 nm for grafted PPE blends. This is followed by thermal
evaporation of a 20 nm thick film of TAZ, a 30 nm thick film of Algs, and
a 1 mm diameter, 100 nm thick Mg:Ag (10:1 by mass) cathode, with a
30 nm Ag cap. The spin-casting and device manipulation during fabrica-
tion is conducted in a dry-nitrogen environment, with moisture and oxy-
gen content of less than 5 ppm. All EL measurements were carried out in

air.
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Figure 3. External quantum efficiency versus current density for the TPD/
PPE devices and the TPD control device shown in Figure 2. Inset: cur-
rent-voltage behavior for the various devices. The peak efficiency of the
GP-PPE device is 7=1.6% at 0.1 mAcm™ and 7.5 V, which corresponds
to a luminance efficiency of 3.3 cd A™'. The peak efficiency of the GO-PPE
device is n=1.1% at 0.1 mAcm™ and 7.6 V, which corresponds to a lu-
minance efficiency of 1.7 cdA™. The ungrafted PPE devices have peak
efficiencies of 7=0.006% and 7=0.0007 % at 100 mAcm™ and 16.5 V,
which correspond to luminance efficiencies of 0.013 cdA™ and
0.001 CdA™ for the O-PPE and P-PPE systems, respectively. The TPD
control device has a peak efficiency of 7=0.8% at 8 mAcm™ and 7.5 V,

giving a luminance efficiency of 0.72 cd A™".
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Blue poly(phenylene ethynylene)
(PPE) electroluminescence (EL, see
Figure) is observed in a hybrid organic
light-emitting diode (OLED) with
Commission Internationale de
I’Eclairage coordinates of (x = 0.17;
y = 0.20). Energy transfer from a
hole-transport host to polystyrene-
grafted PPEs is utilized to improve
the poor LED characteristics of
traditional PPE-based systems.



