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Conjugated polymers with pendant ionic groups (conjugated
polyelectrolytes, CPESYr polar functionalities have gathered recent
interest because they can function as very effective electron
injection/transport layers (ETLs) in polymer light emitting diodes
(PLEDs)?3 The mechanism of action remains under debate. One
possibility involves lowering the injection barriers by the introduc-
tion of permanent dipoles between the cathode and the semicon
ducting layer. The net result is a shift of the vacuum levels at the
interface with a corresponding modification of the work function
or surface potential of the electrofi@lternatively, in the case of
CPEs, the applied bias under operating conditions provides the
driving force for ion migration, which causes a redistribution of
the internal field within the ETI2. Within this model, the device
incorporates some of the characteristics of light-emitting electro-
chemical cells (LECs).Despite these mechanistic uncertainties,
the use of CPEs opens the possibility of using high work function
and stable metals, such as Al, Ag, or Au, and the deposition of
electrodes by printing techniqué¥hese considerations are relevant
for the design of more efficient organic optoelectronic devices,
including white-light emitting PLEDs that may be more power
efficient than conventional lighting sources.

We show here that oligomers representative of CPE structures,
i.e., conjugated oligoelectrolytes (COESs), show excellent function
as ETLs. Relative to polymer-based materials, COEs provide better-
defined molecular structures, in that they are not described by
molecular weight distributions, and can be obtained in higher purity.
Additionally, that there are no batch-to-batch variations in their
structural properties should lead to more reproducible device
fabrication protocols. We also show that, unlike previous observa-
tions for their polymeric counterparighe use of COEs leads to
PLEDs with fast temporal responses in their current densities and
light emission.

Shown in Scheme 1 are the synthesis and the structure of a

hexacationic fluorene trimer wittN(N,N-trimethylammonium)hexyl
substituents and tetrakis(1-imidazolyl)borate counteridrBF¢
Blmy). This structure is representative of three consecutive repeat
units in the corresponding cationic poly(fluorene) speéighie
choice of theBIm,4 anion was made on the basis of the previous
excellent ETL performance obtained with cationic CPEs containing
this counteriorf. The overall synthesis involves the Pd-mediated
Suzuki cross coupling reaction of 2,7-bis(4,4,5,5-tetramethyl-1,3,2-
dioxaborolan-2-yl)-9,9-bis(ébromohexyl)fluorene with 2-bromo-
9,9-bis(6-bromohexyl)fluoren® to form the conjugated core (step

i in Scheme 1). The resulting fluorene trimer is soluble in common
organic solvents, can be purified by standard chromatography,
was analyzed by NMR spectroscopy, mass spectrometry, an
elemental analysis. Quaternization of the neutral trimer by using
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anélj(Supporting Information) and arises solely from the MEH-PPV

Scheme 1. Synthesis and Molecular Structure of FFF-BIm 42
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aConditions: (i) Pd(PPfl, 2 M NaCO;, toluene, reflux, 24 h; (i) NMg
THF/methanol; (iii) dialysis with NBIm 4 in water.

R' = (CH)sBr

ii)
_»
i)

FFF-Blm,

trimethylamine in a THF/methanol solvent mixture (step ii),
followed by exchange of bromide using Blan, by dialysis in
water (step iii), yieldsFFF-BIm,4 in 75% overall yield. X-ray
photoelectron spectroscopy (XPS) analysis confirmed quantitative
replacement bdim,~. FFF-BIm,is soluble in polar solvents such
as methanol, water, DMF, and DMSO.

To examine the use and performanceé=&#-Blm 4 as an ETL,
we tested the performance of PLEDs with the architecture ITO/
PEDOT:PSS/MEH-PPVWHFF-BIm /Al (PEDOT:PSS is poly(eth-
ylenedioxy-thiophene):poly(styrenesulfonic acid); MEH-PPV is
poly(2-methoxy-5-(2ethylhexyloxy)-1,4-phenylenevinylene)). Fab-
rication closely followed procedures developed for devices contain-
ing a CPE ETL2 The organic deposition steps were carried out by
spin coating films from solution. No intermixing of tl&=F-Blm4
(cast from methanol) and MEH-PPV (cast from toluene) layers was
anticipated because of the orthogonal solubility of the two
materialst!~13 The cathode was deposited by thermal evaporation.
Two control device structures were also fabricated, ITO/PEDOT:
PSS/MEH-PPV/Ba/Al and ITO/PEDOT:PSS/MEH-PPV/AI. The
former allows comparison against a device where ohmic contact
(MEH-PPV/Ba) takes place between the cathode and MEH-PPV,
while the latter provides insight into how thHeFF-BIm, ETL
modifies electron injection from the Al cathode.

Shown in Figure 1a are the current densilyminance-voltage
(J—L—V) characteristics as a function of device structure. Insertion
of the FFF-BIlm 4 ETL adjacent to Al gives rise td andL that are
higher than those observed when using Ba. The turn-on voltage is
also lower. In these devices, the emission is evenly distributed

layer. There is no emission in the case of ITO/PEDOT:PSS/MEH-
PPV/AI, consistent with poorly balanced charge injection and thus
ineffective electron injection. Examination of the luminous ef-
ficiency (cd/A) vsJ characteristics shows that ti&F-BIm /Al

10.1021/ja711068d CCC: $40.75 © 2008 American Chemical Society
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Figure 1. (a) J—L—V characteristics of PLEDs with the following

architectures: ITO/PEDOT:PSS/MEH-PREF-BImM 4/Al (blue diamonds),
ITO/PEDOT:PSS/MEH-PPV/Ba/Al (red squares), and ITO/PEDOT:PSS/
MEH-PPV/AI (black circles). (b) EL respons¢4V of ITO/PEDOT:PSS/
MEH-PPVFFF-BIm Al (blue triangles) and the control device ITO/
PEDOT:PSS/MEH-PPV/Ba/Al (red circles).
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by AFM of tRE€F-BIm 4 layer

Figure 2. Topographic images obtained
cast atop MEH-PPV: (a) as cast and (b) in the region between two Al
electrodes after metal deposition.

device is the most efficient (Supporting Information). For example,
the cd/A observed at 200 mA/éms a function of the cathode are
1.66 (3.7 V) forFFF-BIm 4/Al, 1.32 (4.0 V) for Ba/Al, and 0.006
(4.4 V) for Al. The decay of the device performance over 1000
min was identical whetheéfFF-BIm 4/Al or Ba/Al was used as the
cathode (Supporting Information). The excellent performance
obtained by the introduction &FFF-BIm 4 between the emissive
layer and the Al electrode is thus demonstrated.

Introduction of CPE ETLs can lead to PLEDs with temporal
responses of thd and L that are on the order of seconds. For

component. It appears that tREF-BIm 4 does not adhere well to
the MEH-PPV surface, probably as a result of poor wetting or the
low solution viscosity. In general these structural features are not
desirable for device fabrication and would be discouraging.

Figure 2b shows the AFM image of the MEH-PPF-BIm 4
surface between Al electrodes, immediately after the cathode was
evaporated. These regions correspond to the areas of the organic
film that were protected by the shadow mask. The surface is smooth
and homogeneous, with an rms roughness-»f3 nm. While we
recognize that the internal structure under the Al electrode is not
directly probed, these measurements show that the conditions that
the sample encounters during the metal evaporation process change
substantially its features and lead to a fairly smooth and homoge-
neous surface. Consistent with this proposal is that XPS analysis
of the surfaces reveals the presencé-Bf-Blm, in the regions
between electrodes (Supporting Information).

In summary, we show that COEs show excellent function as the
ETL in PLEDs. Indeed, ohmic-like contacts can be obtained using
Al. The response time of the PLEDs is faster than that observed
with CPEs. Surprisingly, we observe that the COE does not form
a smooth film when cast onto MEH-PPV from a methanol solution;
however this does not adversely affect the device performance. Our
current thinking is that heat generated during cathode evaporation
leads to thermal annealing and continuous film formation. Alter-
natively, complete coverage may not be a prerequisite. As suggested
by the difference in performance of the ITO/PEDOT:PSS/MEH-
PPVFFF-BIm /Al and ITO/PEDOT:PSS/MEH-PPV/AI devices,
electron injection to MEH-PPV may occur only on those regions
in contact withFFF-Blm 4. Despite these uncertainties, we anticipate
that the better structural and molecular control afforded by the COE
may make them superior materials for ETLs, compared with their
polymeric counterparts.
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example, it is possible to observe a response time (defined as thecapture of emission characteristics. This material is available free of

time whenJ is 50% of its maximum value) of 20 s at 4%Such

a time scale is consistent with ion migration mediating device
performance and, in particular, the electron injection barrier. Figure
1b compares the electroluminescence (EL) intensities vs time
characteristics within a time domain of less than 20 ms observed
for ITO/PEDOT/MEH-PPVFFF-BIm 4/Al and the control device
ITO/PEDOT/MEH-PPV/Ba/Al. These measurements involved ap-

plying a rectangular voltage pulse. The EL response was registered

by a Si photodiode in photovoltaic regime, which was connected

to an oscilloscope. Photocurrent traces were subsequently digitized

by the oscilloscope. Figure 1b shows that, at least within the resolu-
tion available with our instrumentation, it was not possible to
distinguish any temporal differences between the two devices. Thus,
the response of the device when uskgF-Blm 4 is considerably
faster than that observed when using a polymeric analogue.
Atomic force microscopy (AFM) was used to examine the quality
of the FFF-BIm, layers atop MEH-PPV. SincEFF-Blm, is an
ionic molecule of intermediate dimensions, our main concern was
the possibility of crystallization or poor film formation leading to

rough surface features. Figure 2a shows the surface topography of

the FFF-Blm,4 layer atop MEH-PPV prepared under conditions
identical to those for device fabrication. A rough surface is indeed
obtained (rms= 12 nm); there is no indication of continuous film
formation. The surface is characterized by elevated features with
an average height of 39 nm, which are due to EieF-Bim,

charge via the Internet at http://pubs.acs.org.
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