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π-Conjugated organic and polymer semiconductors remain
of great interest for use as light emitters and charge transporters
in organic light-emitting diodes (OLEDs) for display and
lighting applications.1,2 Additionally, they are of growing interest
for use in developing chemical sensors since they can undergo
analyte-induced shifts in their absorption and emission bands
and/or significant variation in their fluorescence efficiency.3-10

One of the key advantages of organic and polymer semiconduc-
tors is the wide range of tunability of their optical, charge
transport, and optoelectronic properties, usually by chemical
synthesis. Conjugated oligomers and polymers containing basic
nitrogen atoms also offer the possibility of facile modification
of their optical and optoelectronic properties by protonation or
metal ion complexation.4-10 However, the use of protonation
as a means to tune electroluminescence and solid-state opto-
electronic properties is yet to be fully exploited.5

In this Communication, we report observation of unusual
protonation-induced continuous tunability in the optical and
optoelectronic properties of a π-conjugated heterocyclic oligo-
mer. We have found that progressive complexation of 6,6′-bis(2-
(1-pyrenyl)-4-octylquinoline) (BPYOQ, Figure 1a) by cam-
phorsulfonic acid (CSA) generates a series of highly emissive
materials (BPYOQ:nCSA, where n > 0) with solid-state pho-
toluminescence and electroluminescence spanning the visible
region (477-612 nm). We demonstrate that efficient electrolu-
minescence (845-1475 cd/m2 and 0.43-1.44 cd/A) can be
achieved at 477, 480, 540, 552, and 586-591 nm from the same
π-conjugated oligomer in different protonated states.

CSA is a widely used complexing agent for the protonic acid
doping of polyanilines, resulting in highly conducting polymers
in which luminescence is completely quenched.11 In general,
similar small molecule and polymeric protonic acid doping of
other heteroaromatic polymers has been used as a way of
producing electrically conducting polymers that do not exhibit
luminescent properties.11,12 There has only been one report of
electroluminescence in a protonated organic semiconductor.
Monkman et al. reported orange electroluminescence of a
polypyridine protonated by CSA and observed low external
quantum efficiency (0.02%) with no reported brightness.5

The synthesis, photophysics, and electroluminescence of
oligoquinolines end-capped with various aromatic end groups
have been previously reported by our group; however, the effects
of protonation were not explored.13 The synthesis of BPYOQ
is shown in Scheme S1 of the Supporting Information, and the
structure was confirmed by mass spectrometry, 1H NMR spectra
(Figure S1), and absorption/emission spectra.13a A photograph
of chloroform solutions of BPYOQ with various amounts of

CSA, corresponding to the solutions for absorption and photo-
luminescence spectra, under UV irradiation is shown in Figure
1b. Blue to green emission is seen in the solutions. Figure 1c
shows the normalized optical absorption spectra of chloroform
solutions of various molar compositions of BPYOQ:nCSA,
where n ranges from 0 to 27. In chloroform solution, BPYOQ
has a maximum absorption (λmax

abs) at 378 nm. Upon the
addition of CSA, the relative intensity of the BPYOQ absorption
band decreases, and two new absorption bands corresponding
to protonated BPYOQ emerge at 341 and 452 nm. The relative
intensities of the new absorption bands increase with increasing
amounts of CSA. The Benesi-Hildebrand plot of the normalized
absorbance of BPYOQ:nCSA vs 1/cCSA, where cCSA is the
concentration of CSA, gave an excellent linear fit (Figure S2),
indicating that only one of the quinoline moieties is protonated.14

The photoluminescence (PL) emission spectrum of BPYOQ
in chloroform, shown in Figure 1d, has a maximum (λmax

PL)
centered at 434 nm. Upon the addition of CSA, a new lower
energy PL emission band emerges at 523-530 nm. The position
of this PL emission band represents a significantly larger red
shift compared to diphenylquinoline (PQ), whose λmax

PL of 413
nm is red-shifted by only 20 nm due to protonation.7a The dual
PL emission spectra of BPYOQ:nCSA (Figure 1d) reflects
BPYOQ equilibrium between protonated and unprotonated
forms of BPYOQ, with photophysical characteristics of both
in solution. Increasing the amount of CSA results in an increase
in the relative green emission band (530 nm) of the protonated
BPYOQ to blue emission band (434 nm) of the neutral BPYOQ.
The photophysical properties of BPYOQ:nCSA, where n )
0-27, are collected in Table S1, and the corresponding non-
normalized optical absorption and PL emission spectra are
included in Figure S3.

BPYOQ has a PL quantum yield of 87%. Upon the addition
of small molar equivalents of CSA (n ) 0.2-2) the quantum* Corresponding author. E-mail: jenekhe@u.washington.edu.

Figure 1. (a) Molecular structure of BPYOQ and its singly protonated
form. (b) Photograph of chloroform solutions of BPYOQ containing
various molar ratios of CSA (BPYOQ:CSA ) 1:0 to 1:27) under UV
irradiation. Normalized optical absorption spectra (c) and PL emission
spectra (d) of BPYOQ:CSA in chloroform shown in (b).
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yield is reduced to 77-85%, whereas the fluorescence is further
quenched to 37-67% for n ) 5-27. It has been shown that
the quinoline moiety maintains a high fluorescence quantum
yield7c and undergoes a moderate red shift in its optical
absorption (16 nm) and PL emission (20-60 nm) following
protonation.7a,c The large protonation-induced red shift in the
optical absorption (70 nm) and PL emission (92 nm) and the
57% decrease of the fluorescence quantum yield of BPYOQ
following complexation by CSA suggests that the optical
response is not exclusive to the protonation of the oligoquinoline.
Although excimer formation has been reported in protonated
quinolines,7a,c BPYOQ:nCSA in dilute solution should preclude
the close chromophore/chromophore interactions essential to
excimer formation. Additionally, large red shifts in absorption
(62 nm) and PL emission (77 nm) maxima have been observed
in an alkoxy-substituted polypyridine due to protonation-
mediated intramolecular hydrogen bonding (i.e., planarization).5

However, this is not what is observed in BPYOQ:nCSA since
there are no heteroatoms in the pyrene end groups that would
facilitate hydrogen bonding with the protonated imine nitrogen
on the quinolinium ion. We propose that intramolecular charge
transfer between the quinolinium ion acceptor and the pyrenyl
donor may explain the unique photophysical characteristics of
BPYOQ:nCSA.13c,e Future work will include a detailed pho-
tophysical investigation of protonated species of oligoquinolines
including the calculation of their electronic structures to fully
understand the underlying phenomena.

Figure 2a shows the normalized optical absorption spectra
of thin films of BPYOQ:nCSA spin-coated from chloroform
solutions where n ) 0, 0.2, 0.5, 1, 2, and 5. The absorption of
thin films of BPYOQ has a λmax

abs at 394 nm. Upon the addition
of CSA, two new bands emerge at 336 and 457 nm, and their
relative intensities increase with increasing CSA content. The

normalized PL emission spectra of thin films of BPYOQ:nCSA
and a photograph of the films under UV irradiation are shown
in parts b and c of Figure 2, respectively. These PL emission
spectra clearly show that the degree of protonation and amount
of CSA in BPYOQ:nCSA is a means to tune the emission color
from blue to green to yellow to red/orange (Figure 2b,c). PL
emission maxima of 489, 505, 552, 590, 605, and 612 nm were
achieved from thin films of BPYOQ:nCSA; n ) 0, 0.2, 0.5, 1,
2, and 5, respectively. Thus, for example, the PL emission of
BPYOQ:5CSA thin films is red-shifted by 123 nm compared
to the pristine BPYOQ. A remarkable feature of BPYOQ:nCSA
is the striking difference between the solution and thin film
photoluminescence emission spectra. In solution, which is
representative of the emission of BPYOQ:nCSA with no
intermolecular interactions, a dual blue (434 nm) and green (530
nm) emission is observed (Figure 1d). Changing the degree of
protonation, i.e., increasing the amount of CSA, results in
changes in the relative intensities of the dual peaks. However,
in the solid state the PL emission of BPYOQ:nCSA has only
one band that can be tuned from blue to green to yellow to
orange to red (Figure 2b), depending on the amount of CSA.
We propose that in the solid state the dual PL emission bands
seen in solution (434 and 530 nm) are largely fused into one
relatively broad band at low CSA amounts (n < 2). In this case,
the singly protonated BPYOQ remains in equilibrium with the
unprotonated oligomer. At sufficiently high concentrations of
CSA in the solid state complex BPYOQ:nCSA (n g 2), the PL
emission is exclusively from the doubly protonated oligomer
with emission peak in the 590-612 nm range. The molecular
structures of the protonated forms of BPYOQ in thin film are
shown in Figure 2d.

The dramatic optical response observed in BPYOQ:nCSA
thin films suggested that protonation could be an effective
method to tune electroluminescence of heterocyclic organic/
polymer semiconductors over a wide range. We fabricated
OLEDs based on BPYOQ:nCSA with device architectures that
included a hole transport layer, poly(N-vinylcarbazole) (PVK),
and a hole blocking/electron transporting layer, 1,3,5-tris(N-
phenylbenzimidizol-2-yl)benzene (TPBI), to improve charge
injection and transport in the devices (ITO/PEDOT/PVK/
BPYOQ:nCSA/TPBI/LiF/Al). The electroluminescence (EL)
spectra and the corresponding current density-voltage and
luminance-voltage characteristics of the OLEDs are shown in
Figures 3 and 4, respectively. Films of BPYOQ:nCSA were
spin-coated from their 0.5 wt % formic acid solutions because

Figure 2. Normalized optical absorption spectra (a) and PL emission
spectra (b) of BPYOQ:nCSA thin films. (c) Photograph of thin films
of BPYOQ:nCSA under UV irradiation. (d) Molecular structure of
BPYOQ and its protonated forms.

Figure 3. Electroluminescence emission spectra of BPYOQ:nCSA-
based OLEDS (ITO/PEDOT/PVK/BPYOQ:nCSA/TPBI/LiF/Al) at 10
V for n ) 0, 0.2, 0.5, 1 and 2.
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of the solubility of PVK in chloroform. The spin-coated thin
films were dried overnight in a 60 °C vacuum oven to ensure
complete evaporation of formic acid.

Blue electroluminescence was achieved from BPYOQ, with
an EL emission maxima (λmax

EL) of 477 nm and CIE coordinates
of (0.17, 0.27). This represents a 12 nm blue shift relative to
the PL emission spectra of BPYOQ thin films spin-coated from
chloroform solution, confirming complete evaporation of formic
acid during drying and that the EL emission originates from
the pristine BPYOQ. Small shifts in the EL emission spectra
relative to PL emission spectra are commonly observed in
OLEDs.13 The devices had a turn-on voltage (Von)15 of 5.1 V
and a brightness of 1475 cd/m2 with a luminous efficiency of
1.44 cd/A. Blue-green EL emission with a λmax

EL ) 480 nm
and CIE(0.20, 0.32) was observed from devices based on
BPYOQ:nCSA with a small amount of CSA, n ) 0.2. The
diodes had improved brightness (1600 cd/m2) and lower Von

(4.7 V) relative to diodes based on the pristine BPYOQ, likely
due to improved charge injection into the film; the luminous
efficiency was still relatively high at 1.0 cd/A.

Devices based on BPYOQ:nCSA, where n ) 0.5 and 1,
exhibited green-yellow (λmax

EL ) 540 nm; CIE(0.34, 0.56)) and
yellow (λmax

EL ) 552 nm; CIE(0.41, 0.55)) EL emission,
respectively. Brightnesses of 1045-1145 cd/m2 were achieved,
with efficiencies of 0.43-0.54 cd/A and Von of 4.4 V. The EL
emission was further red-shifted to 586 nm and CIE(0.52, 0.48)
in OLEDs based on BPYOQ:2CSA. This represents a 109 nm
red shift relative to the EL emission spectrum of pristine
BPYOQ. These devices had brightnesses of 295 cd/m2 with
luminous efficiencies of 0.1 cd/A and a relatively lower Von of
4.2 V. Interestingly, the turn-on voltage of the OLEDs decreased
with increasing CSA content, suggesting that charge injection
into the BPYOQ:nCSA emission layer is improved with

increasing degree of protonation. This is evident when the
current density-electric field characteristics of single-layer
devices of the type ITO/PEDOT/BPYOQ:nCSA/LiF/Al are
compared (Figure S4, Supporting Information). The EL CIE
coordinates of BPYOQ:nCSA-based diodes are plotted in Figure
S5.

Enhanced device performance was achieved in the orange/
red-emitting devices by increasing the film thickness of the
BPYOQ:2CSA layer. These devices gave brightnesses as high
as 845 cd/m2 with luminous efficiencies of 0.6 cd/A and EL
emission maxima at 591 nm (Figure S6). Additionally, the EL
emission spectrum of BPYOQ:2CSA was very stable; the
emission spectra were identical over a wide range of applied
voltages (Figure S6a). These results suggest that significantly
improved device performance can be achieved from BPYOQ:
nCSA complexes upon further device optimization.

In conclusion, we have observed efficient photoluminescence
and electroluminescence throughout the visible region by
controlling the degree of protonation of a π-conjugated hetero-
cyclic oligomer without synthetic modification. Electrolumi-
nescence from blue to yellow to red-orange color with stable
emission spectra was realized with good device performance
(845-1475 cd/m2 and 0.43-1.44 cd/A) from the oligoquinoline/
CSA complexes, BPYOQ:nCSA. In solution, the observed dual
blue (434 nm) and green (530 nm) emission comes from
mixtures of the pristine and singly protonated species, respec-
tively, whereas the doubly protonated species becomes the
dominant orange/red emitter at sufficiently high amounts of CSA
in the solid state. Among the significance of these results are
(1) demonstration of protonation and acid complexation as a
facile method to achieve efficient photoluminescence and
electroluminescence spanning the visible region from an emis-
sive heterocyclic oligomer semiconductor and (2) the observed
large protonation-induced optical response demonstrates that
fluorescent conjugated heterocyclic oligomers such as oligo-
quinolines are attractive candidates for use in stimuli-responsive
light-emitting devices and chemical sensors. Future work will
include investigation of other π-conjugated heterocyclic oligo-
mers and polymers with the aim to fully understand the
underlying phenomena while exploring applications in opto-
electronics and sensors.
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