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ABSTRACT: We report on voltage-controlled electroluminescence (EL) over a
broad range of colors from a “two-luminophor” (2L) light-emitting electro-
chemical cell (LEC), comprising a blend of a majority blue-emitting conjugated
polymer (blue-CP), a minority red-emitting ionic transition metal complex (red-
iTMC), and an ion-transporting compound as the active layer. The EL color is
reversibly shifted from red, over orange, pink, and white, to blue by simply
changing the applied voltage from 3 to 7 V. An analysis of our results suggests that
the low concentration of immobile cations intrinsic to this particular device
configuration controls the electron injection and thereby the EL color: at low
voltage, electrons are selectively injected into the low-barrier minority red-iTMC,
but with increasing voltage the injection into the high-barrier majority blue-CP is
gradually improved.

KEYWORDS: light-emitting electrochemical cell, tunable color, conjugated polymer, ionic transition metal complex, white emission,
charge injection

1. INTRODUCTION

For a manifold of emissive applications, including high- and
low-information content displays and signage as well as mood-
controlled illumination, it is fundamental to be able to shift or
tune the emission color from a pixel or an entire device on-
demand during operation. One notable success story in this
aspect is the organic light-emitting diode (OLED), which
recently was commercially introduced as the high-information
content display in various high-end applications such as cellular
phones and digital cameras.1,2 However, the fabrication of
OLEDs and similar display-fit technologies (e.g., the inorganic
LED and the liquid crystal display) is technically challenging
and expensive, and the interest for alternative low-cost
technologies capable of achieving an on-demand control of
the light-emission color is significant.3,4

An easy-to-fabricate and low-cost alternative to the OLED is
the light-emitting electrochemical cell (LEC),5−8 but such
devices commonly feature solely monochrome emission.9−11 A
few exceptions do however exist in the literature. Yang and
Pei12 reported on a bias-direction dependent electrolumines-
cence (EL) color from a bilayer LEC: when biased at one
polarity, the bilayer LEC emitted green light (from one layer),
and when biased with the opposite polarity, it emitted orange
light (from the other layer). A similar bias-direction dependent
EL color was reported by De Cola and co-workers13 a few years
later. These authors employed a blend of a poly(para-
phenylenevinylene) derivative and a dinuclear ruthenium
complex as the active layer and showed that such devices
emit red EL at forward bias (+4 V) and green EL at reverse bias

(−4 V). Finally, Dumur and co-workers14 report on a time-
dependent change of the emission color from green to yellow
from an LEC comprising a cationic iridium complex as the
emitter. They attributed the temporal change of the emission
color to a temperature-induced modification of either the
molecular packing or to a degradation of the active layer.
Here, we report that it is possible to control the EL color

from a single-layer LEC, from red, over orange, pink, and white,
to blue, by increasing the applied voltage from 3 to 7 V in small
steps. The forward-bias control of the EL color over such a
wide range is effectuated through the employment of a carefully
tuned single-layer LEC, comprising two distinctly different
luminophors and an ion-transporting compound as the active
layer. Through the employment of complementary measure-
ments and model formulation, we demonstrate that the voltage-
controlled EL color most plausibly is effectuated by the
existence of a low concentration of immobile cations at the
cathodic interface in this particular device configuration.

2. EXPERIMENTAL SECTION
The active material in our 2L-LECs comprises a blend of a blue-
emitting poly spirobifluorene-based conjugated copolymer (“blue-CP”,
Merck, catalogue number SPB-02T), a red-emitting ionic transition
metal complex tris[4,4′-di-tert-butyl-(2,2′)-bipyridine]ruthenium(II)
(PF6

−)2 (“red-iTMC”, Luminescence Technology Corporation), and
ion-conducting poly(ethylene oxide) (PEO, Mw = 5 × 106 g/mol,
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Sigma-Aldrich). The chemical structures are displayed in the left inset
of Figure 1a.
The active-material constituents were separately dissolved in

chloroform (anhydrous, Sigma-Aldrich) in a 10 mg/mL concentration,
and thereafter blended in a mass ratio of [blue-CP:red-iTMC:PEO] =
[1:0.2:0.1]. Other mass ratios were also tested but resulted in a
lowered device performance. The active-material solution was spin-
coated (spin speed = 1000 rpm, t = 60 s) onto a carefully cleaned
indium−tin oxide (ITO) coated glass substrate (Thin Film Devices),
where after the active-material film (dry thickness = 78 nm) was
annealed on a hot plate (T = 323 K, t = 3 h). A set of four Al cathodes
were thermally evaporated (p < 2 × 10−4 Pa) onto the active layer
through a shadow mask; the size of the cathode defined the emission
area as 0.85 × 0.15 cm2. The device structure is schematically depicted
in Figure 1a.
The LEC devices were characterized using a computer-controlled

source-measure unit (Agilent U2722A) and a calibrated photodiode
equipped with an eye-response filter (Hamamatsu Photonics)
connected to a data acquisition card (National Instruments USB-
6009) via a current-to-voltage amplifier. All device preparations and
measurements were performed at T = 298 K under inert atmosphere

in two interconnected N2-filled glove boxes ([O2], [H2O] <1 ppm).
The energy levels of the active-material constituents were estimated
with cyclic voltammetry (CV), using a procedure described in detail
previously.15 The PL spectra were recorded with a spectrometer (LS-
55, PerkinElmer), equipped with a Xe discharge lamp (pulse power =
20 kW, pulse duration = 8 μs) and two monochromators (Monk-
Gillieson); the excitation wavelength was 360 nm (blue-CP and 2L-
blend) or 460 nm (red-iTMC). The EL spectra were recorded with a
fiber-optic spectrometer (USB2000, Ocean Optics).

3. RESULTS AND DISCUSSION

LECs commonly comprise either a conjugated polymer
(CP),16−20 or an ionic transition metal complex
(iTMC),21−28 as the luminescent species (“the luminophor”),
but for the purpose of voltage-controlled emission-color, we
utilize a two-luminophor LEC (2L-LEC).29 The two
luminophores are distinctly different in that the blue-CP is an
ion-free, hydrophobic, large-energy-gap, singlet-emitting semi-
conductor, whereas the red-iTMC is an ionic, relatively

Figure 1. (a) The device structure of the two-luminophor light-emitting electrochemical cell (2L-LEC), with the chemical structure of the
constituent materials in the active material depicted in the left inset. (b) Time-lapse photographs of the light-emission, and (c) the corresponding
current density−voltage−time graph, following a number of consecutive voltage steps. (d) The temporal evolution of the current density and
luminance for a 2L-LEC during constant-voltage driving at 7 V, with the gray arrows indicating the starting point of three of the different colors.

ACS Applied Materials & Interfaces Research Article

DOI: 10.1021/am507967b
ACS Appl. Mater. Interfaces 2015, 7, 2784−2789

2785

http://dx.doi.org/10.1021/am507967b


hydrophilic, small-energy-gap, triplet-emitting semiconductor
which features mobile (PF6

−) anions. For the attainment of the
desired phenomena of a voltage-tunable emission color, it was
necessary to make the blue-CP the majority luminophor and
the red-iTMC the minority luminophor. The PEO functions as
a compatibilizer between the two luminophores, and the
attainment of an optically clear active-material film required the
inclusion of PEO. PEO also assists in transporting the PF6

−

anions in the active material during device operation, as, e.g.,
manifested in that PEO-free 2L-LECs featured a much higher
drive voltage.
Figure 1b displays the broad range of stabilized emission

colors, red, orange, pink, white, and blue, emitted by the 2L-
LEC during an increase in voltage from 3 to 7 V in discrete
steps of 0.5 V. Following such a voltage step, it typically took
5−10 s before the complete shift to the new emission color had
been effectuated. Figure 1c presents the corresponding current
density−voltage−time graph, and we note that the current also
exhibits a temporal change, i.e., an increase, following a voltage
step, and that the new color stabilizes faster than the current.
Figure 1d reveals that the 2L-LEC features the characteristic

signs of LEC operation, i.e., an increasing current and
luminance with time during potentiostatic driving. These data
were collected at 7 V, but the same qualitative trend was
observed at lower drive voltages of 3 and 5 V. This implies that
the 2L-LEC indeed is a functional LEC, which features electric
double layer formation, electrochemical doping, and the in situ
formation of a p−n junction doping structure.30−33 The same
color-shift sequence, red → orange → pink → white → blue, as
observed during the voltage-step experiments in Figure 1c, was
detected also during the potentiostatic driving at 7 V; some of
the onset times at which the emission colors were first observed
are indicated by gray arrows in Figure 1d. At a lower applied
voltage, the spectrum of the color palette decreased; at 5 V, red,
orange, pink, and white EL could be detected, whereas at 3 V
solely red emission was observed. The corresponding EL
spectra as a function of time are presented in Figures S1−S3 in
the Supporting Information. As the color-change process is
found to be repeatable in both the voltage-step and
potentiostatic experiments, we can exclude irreversible
morphological changes and side reactions as the enabling
factor. Information on the optoelectronic properties at the
different drive voltages are presented in Table S1 in the
Supporting Information.
We now attempt to explain the mechanism behind the color-

changing phenomenon in the 2L-LEC. Figure 2a presents the
device energetics at open circuit, specifically the HOMO and
LUMO levels of the red-iTMC luminophor (dashed red lines)
and the blue-CP luminophor (solid blue lines) as well as the
work functions of the two electrodes. We note that a charge-
transfer exciton, an exciplex, with the electron positioned on the
red-iTMC and the hole on the blue-CP, is an energetically
favorable species that can form during operation of a 2L-LEC.
If such an exciplex is luminescent, it will feature a red-shifted
emission as compared to the red-iTMC.
Figure 2b displays PL spectra of solid-state films comprising

the red-iTMC, the blue-CP, and the 2L-LEC active layer. The
PL spectrum of the 2L-LEC film is essentially identical to that
of the blue-CP, and distinctly different from the red-iTMC film.
The conclusion must then be that the energy transfer from the
blue-CP majority component to the red-iTMC minority
component in the 2L-LEC, in the form of Förster transfer
and/or singlet-exciton diffusion, is inefficient. In other words,

the 2L-LEC does not function as a host−guest system.34

Moreover, if exciplexes are formed in the 2L-LEC active layer
during optical excitation, these are dark.
Figure 2c presents the EL spectra from a red-iTMC 1L-LEC

(driven at 3.2 V) and a blue-CP 1L-LEC (driven at 4.0 V), as
well as the stabilized EL spectra from the 2L-LEC at three
different drive voltages of 3, 5, and 7 V. The EL peak of the red-
iTMC and the blue-CP 1L-LECs are positioned at 611 and 482
nm, respectively. We find that the EL spectrum of the 2L-LEC
at the low voltage of 3 V [EL peak = 614 nm, CIE coordinates:

Figure 2. (a) Energy levels of the 2L-LEC at open circuit, with the
dashed red lines representing the red-iTMC and the solid blue lines
representing the blue-CP. (b) Normalized PL spectra from a red-
iTMC film, a blue-CP film, and a 2L-blend film. (c) EL spectra from a
red-iTMC 1L-LEC (driven at 3.2 V), a blue-CP 1L-LEC (driven at 4.0
V), and a 2L-LEC at 3 different drive voltages: 3.0, 5.0, and 7.0 V.
Note that the EL spectra from the 1-L LECs have been downshifted
for clarity. (d) A schematic illustrating the electric double layer at the
anodic interface and the dispersed space charge layer next to the
cathodic interface.
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(0.63, 0.36)] is highly similar to that of the red-iTMC, but that
with increasing voltage, the contribution of the higher-energy
blue-CP becomes gradually more important. At the inter-
mediate voltage of 5 V, the contributions from the two
luminophores are approximately identical, as manifested in two
similarly sized EL peaks at 614 and 490 nm and the attainment
of white light emission with CIE coordinates of (0.40, 0.38), a
correlated color temperature (CCT) of 3500 K, and a color
rendering index (CRI) of 59. At the high voltage of 7 V, the EL
spectrum of the 2L-LEC [EL peak = 490 nm, CIE coordinates:
(0.23, 0.39)] is dominated by the blue-CP, although a minor
low-energy tail also can be distinguished. As this tail is not
distinguishably red-shifted in comparison to the red-iTMC, it is
again confirmed that potential exciplexes are dark. Moreover, as
the EL from the 2L-LEC is effectively a superposition of the EL
from the two constituent luminophores, with a gradual shift
from the low-energy red-iTMC to the high-energy blue-CP
with increasing voltage, the conclusion is that potential
interluminophor interactions are weak or absent.
The kinetic aspect of the EL color change, i.e., the

characteristic “slow” change of the emission color in the
constant-voltage experiments (see Figure 1d), implies that ion
redistribution, and not solely electronic processes, plays a key
role in the color-shift process. Further evidence to this end is
provided by the ion-mobility-impaired PEO-free devices, which
only featured (uneven) red emission at a high voltage of 8 V
following a long turn-on time of >1000 s. An interesting
question in this context then relates to why the 2L-LEC does
not emit blue EL from the majority constituent at low voltage?
More specifically, LEC devices are conventionally described
and demonstrated to allow for EL at the thermodynamic limit,
i.e., at V = Eg/e;

35−37 so why is an applied voltage of 3 V not
sufficient for the realization of blue EL from the 2L-LEC?
It is at this stage appropriate to call attention to that it is only

the small PF6
− anion that is mobile in the active layer of the 2L-

LEC, whereas the large and bulky Ru(dtb-bpy)2+ cation is
effectively immobile. During the initial device operation, the
mobile PF6

− anions will drift and accumulate within a thin
“electric double layer” (EDL) at the anode, and a rough
approximation of the width of this EDL is provided by the van
der Waals radius of the PF6

− anion, dEDL ≈ RPF6 = 0.26 nm.38

During the EDL formation process, the drifting PF6
− anions

will leave uncompensated Ru(dtb-bpy)2+ cations in a “dispersed
space charge layer” (DSCL) at the cathode. On the basis of the
large size and immobility of the cations, it is to be expected that
the DSCL has a larger effective width (dDSCL), over which the
electrostatic potential drops, than the EDL. In this context, we
emphasize that conventional 1L-LECs based on an iTMC as
the single luminophor commonly are observed to turn on and
begin to emit light at or close to the energy-gap potential39,40

but that our manifestation of the 2L-LEC features an important
distinguishing feature in that the ion concentration is
significantly lower, as the ionic red-iTMC species is diluted
by the blue-CP and the PEO so that it only amounts to 15 mass
% (this ion-concentration difference is further amplified by the
common procedure of adding an ionic liquid to the active
material in conventional iTMC-based 1L-LECs.41) Thus, it is
reasonable to anticipate that dDSCL ≫ dEDL for the 2L-LEC, as
schematically outlined in Figure 2d.
A rough quantitative value for dDSCL is provided by

estimating the effect of the anion-free cations by squeezing
them all into a thin layer at a distance from the cathode
corresponding to half the thickness of the DSCL:

=d d /2Dcation SCL (1)

The voltage drop between this thin ionic layer and the
cathode can be calculated by using a rearrangement of the
double-plate capacitor equation:

ε εΔ = Δ × × ×V Q d A/( )cation r 0 (2)

where ΔQ and εr are the uncompensated cationic charge and
the dielectric constant in the DSCL, respectively, ε0 is the
vacuum permittivity, and A is the cross sectional area. ΔQ is
further accessible as

Δ = × × ×Q e A d nDSCL cat,DSCL (3)

where e is the elementary charge and ncat,DSCL is the cationic
concentration in the DSCL region. The latter is given by

ρ= ×n N M/cat,DSCL iTMC,AM A iTMC (4)

where ρiTMC,AM is the density of the red-iTMC complex in the
active material, NA is Avogadro’s constant, and MiTMC is the
molecular weight of the red-iTMC complex. Combining eqs
1−4, we get:

ε ε ρ= × × × × ×

× Δ

d M e N

V

[(2 )/( )]

( )

DSCL r 0 iTMC iTMC,AM A
0.5

0.5
(5)

By setting ρiTMC,AM = 0.15 g/cm3 and εr = 5 and using
tabulated values for the other parameters, we obtain

= × × Δ−d V2.7 10 ( )DSCL
9 0.5

(6)

Figure 2a provided information on the barrier heights for
electron (hole) injection from the Al cathode (ITO anode) into
the two luminophores. These values correspond to the lowest
potential drops over the cathodic interface at which electronic
injection can take place, but if the corresponding barrier widths,
as estimated by dDSCL in eq 6, are large, it is very plausible that a
larger potential drop is needed. The barrier height for electron
injection into the red-iTMC is 1.23 eV, which corresponds to
dDSCL = 3.0 nm, using eq 6. The barrier height for electron
injection into the blue-CP is significantly larger at 2.33 eV, and
it translates into dDSCL = 4.1 nm. It is notable that these values
for dDSCL are much larger than the value for dEDL ≈ 0.26 nm, as
provided previously. Moreover, at supernanometer distances,
tunneling injection begins to be cumbersome. It is accordingly
highly probable that a significant overpotential is required for
the attainment of efficient electron injection into both the red-
iTMC and the blue-CP, where the first barrier to be
surmounted is that of the red-iTMC. Thus, the anticipated
scenario is that electron injection into the minority red-iTMC
and the accompanying red light emission is attained at low
overpotentials but that electron injection into the majority blue-
CP begins to be significant, and eventually dominant, with
increasing overpotential. That is, the scenario that was observed
experimentally in Figure 1. Note further that once electron and
hole injection are effectuated, electrochemical doping and p−n
junction formation will follow, as is the conventional scenario in
a functional LEC.

4. CONCLUSION
To conclude, we present a 2-luminophor LEC, comprising a
blend of a red-emitting ionic transition metal complex, a blue-
emitting conjugated polymer, and a compatibilizing ion
transporter sandwiched between two air-stabile electrodes.
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We demonstrate that a broad spectrum of emission colors can
conveniently be selected from such a device through the
applied potential. We finally argue that the voltage-controlled
light-emission is effectuated by a low concentration of immobile
cations at the cathodic interface, which is a unique feature of
the selected device architecture.
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