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Conjugated polymers possess electronically delocalized back-
bones, which lead to semiconducting behavior. Structural
modifications afford a fine control over optical and electronic
properties.[1] These methods have been exploited to tailor
properties for a wide range of applications including polymer
light-emitting diodes (PLEDs),[2] field-effect transistors,[3]

photovoltaics,[4] and photodetectors.[5]

Molecular engineering strategies exist for tuning the
optoelectronic properties of conjugated polymers. These
include the choice of repeat unit, stabilization of the quinoidal
resonance structure, planarization of repeat units, incorpo-
ration of main group elements, cross-conjugation, and the use
of donor–acceptor alternating or statistical copolymers.[6] It is
also possible to tune the optical properties of the bulk by
using polymer/polymer, polymer/small molecule and poly-
mer/phosphor blends.[7]

Addition of acids to conjugated polymers containing basic
functionalities is yet another strategy for color modulation
and redistribution of electron density.[8] More recently Lewis
acids were used to influence the degree of charge-transfer
character of narrow band gap polymers and oligomers.[9] This
strategy allows control of optical properties through modu-
lation of the Lewis acid strength. Additionally, since the
adducts are formally zwitterionic, one avoids the presence of
free mobile ions in the polymer matrix.[10]

Here we demonstrate the use of Lewis acid–base inter-
actions to tune the properties of F8Py (see Scheme 1). Octyl
side chains were chosen to improve the solubility. Incorpo-
ration of the pyridine co-monomer provides a lone pair of
electrons for binding of Lewis acids. Trivalent group 13
compounds work well in this respect because of their empty
pz orbital. B(C6F5)3 was specifically chosen for its strong Lewis
acidity, resistance to air and moisture, and stability towards
B�C cleavage.[11] The formation of a F8Py-B(C6F5)3 adduct
leads to extended photoluminescence (PL) lifetimes and

increased solid-state quantum yields. These properties
allowed this strategy to be successfully demonstrated in
PLEDs to modify the electroluminescence (EL) character-
istics.

UV/visible absorption and PL properties of various
mixtures of the two components were used to examine
F8Py-B(C6F5)3 formation, see Figure 1. In dilute toluene
solution (about 5 � 10�6

m (in terms of repeat unit mass) or 2 �
10�3 mgmL�1), F8Py shows a broad absorption peak with

Figure 1. a) UV/Vis absorption and b) PL spectra of F8Py in toluene
after addition of 0.0 (black line), 0.1 (red line), 0.3 (green line), 0.7
(blue line), and 1.3 mol equivalents (orange line) B(C6F5)3.

Scheme 1. Reversible formation of an adduct between Lewis acidic B-
(C6F5)3 and Lewis basic F8Py in solution. Possible differences in the
regiochemistry of Py units are not considered.[12]
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a maximum (lmax) of 392 nm and an onset (lonset) of 417 nm, in
agreement with previous reports on structurally related
polymers.[13] Incremental additions of B(C6F5)3 gives rise to
a reduction of the peak at 391 nm and the growth of a broad
peak with lmax = 421 nm and lonset = 471 nm (Figure 1a),
resulting in a narrowing of the band gap. This change in
absorption is consistent with F8Py-B(C6F5)3 formation as
shown in Scheme 1. Under these circumstances, B(C6F5)3

withdraws electron density from the pyridine moiety leading
to a lower energy charge-transfer band. Addition of pyridine
regenerates the spectra of pristine F8Py because of the
formation of the pyridine-B(C6F5)3 adduct and liberation of
the parent polymer, demonstrating that the binding is
reversible.[14] The isosbestic point at 406 nm suggests that
two separate species exist in solution, corresponding to
B(C6F5)3-bound and unbound polymer chains.

Figure 1b shows the PL spectra in toluene (excitation at
390 nm) upon addition of B(C6F5)3 to F8Py. The PL spectrum
of F8Py contains vibronic structure,[15] possessing distinct
peaks at 414, 439, and 469 nm.[16] Stepwise addition of
B(C6F5)3 leads to a red shift in emission, resulting in an
emission band spanning from 450 to 600 nm with lmax =

484 nm. Loss of vibronic fine structure has also been reported
upon protonation of related polymers.[8] The quantum yields
in solution do not change considerably (0.69–0.71) at all
B(C6F5)3 concentrations used in this study.

Figure 2 shows the solid-state absorption and PL spectra.
The absorption of neat F8Py is red-shifted by 14 nm (lmax of
395 nm) relative to F8Py in solution. Successive addition of
B(C6F5)3 leads to a red-shift of lmax from 395 nm to 422 nm.

When compared to the spectra in solution, significant shifts
are observed at lower concentrations of B(C6F5)3 in the film
because of a shift in the equilibrium towards adduct
formation. The solid-state PL spectrum of neat F8Py contains
vibronic fine structure with peaks at 424, 450, and 477 nm.[15,17]

Adduct formation results in a broad PL band spanning from
450 to 700 nm. In contrast to the solution measurements, the
film PL ceases to significantly evolve beyond the addition of
0.1 mol equivalents of B(C6F5)3. These observations are con-
sistent with interchain Fçrster resonance energy transfer
(FRET) from free F8Py segments to F8Py-B(C6F5)3 adduct
sites. Furthermore, the PL quantum yield of adduct films
increases from 0.20 for the parent polymer to 0.44 with
0.5 mol equivalents B(C6F5)3, as measured using an integrat-
ing sphere.[18] We attribute this increase to less effective self-
quenching because of the decreased planarity of the polymer
chain upon binding of B(C6F5)3 and the greater separation
between chromophores as a result of the additional steric
bulk.

PL lifetimes were investigated by time-correlated single-
photon counting techniques to probe changes in the excited
state dynamics. In the pristine F8Py solution, the emission at
440 nm is described by a monoexponential decay with a life-
time (t) of 444 ps. Upon addition of B(C6F5)3, t at 440 nm
decays biexponentially with time constants of about 450 ps
and about 50–70 ps, with the fast component contributing to
up to 50 % of the decay as more B(C6F5)3 is added. The 50–
70 ps component matches the width of our instrument
response function, so the actual lifetimes may be shorter
than the measured value. The emission at 480 nm, however,
has a longer lived monoexponential decay with t about 1.1 ns
for any addition of B(C6F5)3. A similar trend is observed in
thin films, where t at 480 nm for pristine F8Py is short lived
(about 70 ps), while the PL decay of adduct films have
multiexponential decays dominated by a time constant of
about 2.1 ns. The longer t of the F8Py-B(C6F5)3 adducts can
be explained by considering the formation of a new emissive
state with a lower oscillator strength.[19]

The surface topology of F8Py and a film cast from
a solution of F8Py containing 0.1 mol equivalents B(C6F5)3

were examined by using atomic force microscopy (AFM, see
the Supporting Information). Both films are smooth and lack
any evidence of local order. The root mean square (rms)
surface roughness values are nearly identical at 0.56 nm for
pristine F8Py and 0.54 nm for F8Py-B(C6F5)3.

Ultraviolet photoelectron spectroscopy (UPS) was used
to determine the highest occupied molecular orbital
(HOMO) energy levels of the F8Py and F8Py-B(C6F5)3 (see
the Supporting Information).[20] These results are summarized
in Table 1. Upon addition of B(C6F5)3, the HOMO level is
stabilized.[9] However, the lowest unoccupied molecular
orbital (LUMO) level is reduced to a greater extent, resulting
in a decreased band gap.

The properties of F8Py-B(C6F5)3 adducts seemed appro-
priate for incorporation into PLED devices as the emissive
layer. The device structure consisted of indium–tin oxide
(ITO)/poly(3,4-ethylene-dioxythiophene):poly(4-styrene sul-
phonic acid) (PEDOT:PSS)/poly(9-vinylcarbazole) (PVK)/
F8Py + X mol equivalents B(C6F5)3/Ba/Al. PVK was included

Figure 2. a) UV/Vis absorption and b) PL spectra of F8Py and F8Py-
B(C6F5)3 adduct films containing 0.00 (black line), 0.01 (red line), 0.10
(green line), and 0.70 mol equivalents (blue line) B(C6F5)3. The films
were spin cast from toluene; the thickness is about 90 nm.
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as a hole-injecting/electron-blocking layer. Devices were
fabricated in which 0.00, 0.01, and 0.02 mol equivalents
B(C6F5)3 were added. The resulting data are presented in
Table 1 and representative EL spectra (obtained at a current
density of 111 mA cm�2) appear in Figure 3. As increasing
amounts of B(C6F5)3 are added to the film, the EL character-

istics gradually red-shift. Gradual “quenching” of the F8Py
emission takes place with growth of the F8Py-B(C6F5)3 peak.
At 0.02 equivalents B(C6F5)3 the EL from the F8Py is weak,
contributing less than 7% to the total EL. Since the Mn of the
polymer is about 25 kDa, this corresponds to approximately
one B(C6F5)3 molecule per polymer chain. Additions of
B(C6F5)3 beyond 0.02 mol equivalents lead to slightly more
red-shifted EL, up to a lmax of 535 nm.

Complementary current density–voltage (J-V) and lumi-
nance–voltage (L–V) device characteristics are shown in
Figure 4. Luminance efficiency–current density (LE–J) plots
are provided in the Supporting Information. With more
B(C6F5)3, the J–V and L–V characteristics shift to higher
biases, resulting in larger Von relative to the F8Py device
(Figure 4). The shift of J–V and L–V towards higher biases
could be due to a modification of injection barrier.[21] The LE–
J characteristics of each device are similar, with all luminance
efficiencies residing within the same order of magnitude.
Despite the increase in the operating voltage, the external
quantum efficiency (hext) remains at about 0.07 % until the
addition of more than 0.02 mol equivalents B(C6F5)3, where
a reduction in hext is observed (see the Supporting Informa-
tion).

The sequential vacuum level shift observed by UPS agrees
with the trends observed for Von in the J–V and L–V plots.
Since the HOMO of PVK is about �5.4 eV[22] and assuming
no interfacial effects, the hole-injection barrier is increased
from about 0.3 eV to about 0.6 eV.[23] Considering that the
HOMO and LUMO energy levels are lowered for F8Py-
B(C6F5)3, the hole-injection barrier is increased while the
electron-injection barrier (if using a low work function
cathode, such as Ba) remains unaffected. However, it is
worth pointing out that adduct formation at the concentra-
tions studied here does not adversely affect the luminance
efficiency or external quantum efficiency, while allowing for
tuning of the emissive properties.

In conclusion, mixing of a Lewis basic polymer with
a Lewis acid allows the absorption and PL properties to be
modified in a simple chemical step. The solutions and films
containing F8Py-B(C6F5)3 adducts exhibit longer excited state
lifetimes and larger quantum yields than the native F8Py.
PLEDs were also successfully fabricated using F8Py and
F8Py-B(C6F5)3 adducts as the emissive layer. The EL spectra
shift to longer wavelengths as the fraction of polymer bound
to B(C6F5)3 is increased. When 0.10 monomer equivalents of
B(C6F5)3 is added, the emission of the pristine polymer at
426 nm is completely suppressed, resulting in an EL with
a lmax of 509 nm. The LE–J characteristics were not signifi-
cantly influenced by F8Py-B(C6F5)3 formation, however, J–V
and L–V characteristics shifted to higher voltages. These
shifts can be readily rationalized in the context of larger hole-
injection barriers as the HOMO level of the semiconducting
film decreases with increasing [F8Py-B(C6F5)3]. The use of
alternative hole-injection electrodes is anticipated to circum-
vent this feature. Lewis acid–base interactions therefore
provide a straightforward way to modulate optoelectronic
properties in PLEDs without influence on the device external
quantum efficiency. This strategy should readily be adapted to
other organic electronic applications in which fine-tuning of
energy levels is important for the operation and performance
of the device.
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Table 1: Summary of EL emission maxima, CIE 1931 color space
coordinates, turn-on voltages (Von), HOMO levels for films (as
determined by UPS), luminance efficiency (LE), and external quantum
efficiency (hext) for devices containing specified molar equivalents of
B(C6F5)3.

Molar equiv
of B(C6F5)3

[a]
EL lmax

[nm]
CIE
(x,y)

Von

[V]
HOMO

[eV]
LE

[cdA�1][b]
hext

[%][b]

0.00 426 (0.19,0.19) 6.1 �5.74 0.046 0.070
0.01 485 (0.20,0.34) 7.0 �5.86 0.071 0.072
0.02 493 (0.20,0.43) 7.9 �5.92 0.089 0.076

[a] Molar equivalents with respect to the approximate number of
monomer units in solution. [b] At about 111 mAcm�2.

Figure 3. EL spectra of F8Py at a constant current density of
111 mAcm�2 for 0.00 (black line), 0.01 (red line), and 0.02 mol equiva-
lents (green) B(C6F5)3.

Figure 4. Current density–voltage (open symbols; J-V) and luminance–
voltage (closed symbols; L-V) plots for devices containing 0.00 (black
circles), 0.01 (red squares), and 0.02 mol equivalents (green triangles)
B(C6F5)3.
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