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1.1. Electrical lighting technologies 
 

Since humanity discovered fire, 400000 years ago,1 the creation of 

light has determined the humans´ evolution to the contemporary mod-

ern societies. Along this evolution, light systems have been adapted to 

the different sources of power. In the 19th century, electrical lighting 

started with the design of the incandescent bulb. The enormous impact 

of that technology increased the quality of our lives such that it is con-

sidered “common”, accessible and cheap. Electrical light has evolved, 

by different designs, in order to be adapted to the new human needs 

(fluorescent sources, Xenon lamps and now Light Emitting Diodes 

(LEDs) as relevant examples). 

Nowadays, the creation of electrical light and its application is 

commonly available in developed societies. However, there is need for 

more energy efficient lighting systems. Since the world global popula-

tion will be increasing to 10 billion of people by 2050,2 the energy con-

sumption will increase considerably in the future (Figure 1). As lighting 

represents 20% of electrical consumption,3 new efficient lighting tech-

nologies, accessible for all population at low cost are needed in order 

to achieve remarkable energy savings. 

 

 

Figure 1. a) Total World Population prospections. b) Total world CO2 

emissions (green) and primary energy consumption (blue) prospections from 

2005 (reference year). Source: Energy Information Administration (EIA). 
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Organic electronics offers high potential solutions in the field of 

lighting with promising achievements in a) design of new lighting pro-

totypes, b) high lighting quality, c) easy and cheap manufacturing of 

materials and d) low electrical consumption. 
 

1.2. Organic electronics for lighting applications 
 

Electroluminescence (EL) from organic materials was first reported 

by A. Bernanose in 1953.4-6 The process consisted in applying high volt-

age to organic fluorescent dyes. Afterwards, Helfrich and Pope7,8 ob-

tained EL in solid-state organic materials using anthracene and silver 

contact electrodes. Thick films of anthracence were used in these ex-

periments and, as a result, the applied external voltages were very high 

(50-2000 V). The discovery of highly conductive organic materials by 

Heeger et al.9 opened the way in the 1970s to the application of organic 

electronics in opto-electronic devices. 

The continuous growth of the organic EL field led to the first Or-

ganic Light-Emitting Diode (OLED) in 1987.10 This first OLED combined 

different hole- and electron-transport materials in a two-layer struc-

ture. The recombination occurred at the interface of the organic layers 

where electrons and holes meet forming excitons. In 1998, Baldo et al. 

incorporated in an OLED device a phosphorescent transition-metal 

complex (TMC) as the emitting active material11, which strongly im-

proved the efficiency of the device. 

OLED technology has evolved reaching market-readiness in 2000. 

Currently, most mobile phones screens use OLED-based displays. The 

main strategy to reach this state has consisted in increasing the number 

of organic layers in the device, in order to separate the injection, 

transport and recombination processes (Figure 2). However, prepara-

tion of multilayer OLEDs requires thermal deposition techniques in high 

vacumm environment, which is undesirable for low cost manufacturing 

methods. Moreover, in order to get efficient electron injection, OLEDs 

require the use of low work function electrodes to generate an ohmic 
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contact. This feature increases the air sensitivity of OLEDs making rig-

orous encapsulation an absolute necessity. In this way, OLED technol-

ogy leads to expensive prototypes for lighting applications at this mo-

ment and is not expected to have a high impact in energy saving. 

 

 

Figure 2. Evolution of OLED devices. From single layer to multilayer de-

vices, performance increases with device complexity. (HIL: hole injection layer, 

HTL: hole transport layer, EML: emissive layer, HBL: hole blocking layer, ETL: 

electron transport layer). (Figure taken from ref. 12). 

At this moment, there exists a simpler alternative for lighting ap-

plications: The light emitting devices called Light-Emitting Electro-

chemical Cells (LECs). 

LECs have a much simpler architecture than OLEDs (Figure 3). They 

were first reported by Pei et al.13 using as the electroluminescent ma-

terial a fluorescent polymer mixed with an inorganic salt and an ionic 

conductive polymer, which were sandwiched between two electrodes 

in a single layer (p-LECs). Unlike OLEDs, LECs are: a) single-layer devices, 

b) compatible with air-stable electrodes like Au, Ag or Al and c) com-

patible with solution-processing techniques. The presence of ions in 

LECs plays a critical role in their operation mode. Under an applied bias, 
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the ions present in the active layer move toward the electrodes forming 

an ionic double-layer, which reduces the injection barrier for electrons 

and holes. This allows the use of a wide variety of electrodes, including 

air-stable electrodes. 

 

 

Figure 3. Schematic representation of a state-of-the-art OLED (left) and 

a state-of-the-art LEC (right). OLEDs require multiple layers, some of them 

processed by evaporation under high-vacuum conditions. Air-sensitive low 

work function metal or electron-injecting layers are needed for efficient charge 

carrier injection. LECs can be prepared from just a single active layer. The 

movement of the ions in the layer under an applied bias is the key to the LEC 

operation. [Figure taken from ref. 14]. 

The ionic nature of the active layer in LECs expanded the kind of 

organic materials with electronic properties suitable for the devices. 

Ionic Transition-Metal Complexes (iTMCs) are one type of intrinsic ionic 

materials with electron/hole transport properties, and luminescent 

properties. First examples of iTMC-LECs came soon after the emer-

gence of p-LECs.15-17 Both types of materials (polymers and iTMCs) lead 

to high performance devices.14,18,19 However, iTMCs have a considera-

ble advantage over polymers: iTMCs are phosphorescent emitters and, 
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therefore, can gather both singlet and triplets excitons for electrolumi-

nescence. In contrast, electroluminescence in p-LECs is restricted to sin-

glet excitons, which leads to lower device efficiency. 

 

1.3. Materials for Light-Emitting Electrochemical Cells 

 

LECs are defined as light-emitting devices based on ionic materi-

als. Hence, the presence of the adequate emitting material (neutral or 

ionic) and some ions (in case of neutral emitters) is required to prepare 

a LEC. Besides, the emitting layer should be able to: a) transport elec-

trons and holes efficiently, and b) recombine electrons and holes form-

ing excitons, which decay radiatively. On the one hand, transport of 

holes/electrons relies on the sequential oxidation/reduction of neigh-

boring molecules. Therefore, the molecular redox states involved must 

be stable and reversible upon oxidation/reduction. On the other hand, 

the efficiency of the radiative process is mainly determined by the pho-

toluminescent quantum yield (PLQY or PL) of the material in a specific 

media, which is defined as the ratio of photons emitted by the number 

of absorbed photons in a photoluminescent process. 

As we dicussed in seccion 1.2, p-LECs20-28 and iTMC-LECs29-37 have 

been widely studied. In this thesis, we only focus on iTMC-LECs, which 

from now will be simply referred to as LECs. The preparation of com-

plexes derived from second- and third-row transition metal ions was 

found particularly attractive, because of their strong metal-ligand in-

teraction and luminescent efficiencies.38-41 The presence of heavy at-

oms in the complexes increases the spin-orbit coupling yielding an in-

tersystem crossing from singlets to triplets. This results in a highly effi-

cient phosphorescent emission, which makes them very interesting for 

electroluminescent applications. 

There are examples of LECs based on Ru2+, Os3+, Ir3+ and Cu2+.42-45 

However, only Ru- and Ir-iTMCs have been extensively explored, alt-

hough the best performing LECs have been reached using iridium(III) 

complexes.14,38  The effectiveness of the intersystem crossing increases 
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for iridium with respect to ruthenium because it is a heavier metal with 

a higher spin-orbit coupling.46,47 In general, this fact leads to a better 

triplet harvesting of excitons and allows to achieve higher PL.46-48 Fi-

nally, iridium has the advantage of allowing the tunning of the color of 

emission by changing the ligands forming the iTMC.14 

Ir-iTMCs consist of a combination of a neutral ligand (ancillary lig-

and), two negatively charged ligands (cyclometalating ligands) and the 

ion metal center. The total charge of the complex is +1. This positive 

charge is compensated by a counter-anion, which typically is PF6 or BF4. 

The role of the counter-anion is critical in the operation of the LEC,39,49 

as will be explained in section 1.4. 

The ligands determine the luminescent properties of each com-

plex. On the one hand, they determine the emission color of the com-

plex, as the LUMO is often located on the ancillary ligand whereas the 

HOMO is normally located on the metal and the cyclometalating lig-

ands (Figure 4). This particularity offers the possibility to tune the elec-

troluminescence emission by modulating the energy of the HOMO-

LUMO energy gap changing the chemical structure of the ligands. On 

the other hand, the presence of bulky substituent groups on the ligands 

increases the distance between neighboring molecules of the complex 

in the solid-state, and reduces the non-radiative pathways for the exci-

tons. This leads to an increase of the PL in the film, which if it is used 

in the appropriate way, contributes to increase the device efficiency.50,51 
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Figure 4. a) Schematic representation of the typical location of the High-

est-Occupied Molecular Orbital (HOMO) and the lowest-unoccupied Molecu-

lar Orbital (LUMO) in a [Ir(C^N)2(N^N)]+ complex. b) Plot of the HOMO and 

LUMO obtained by theoretical calculations. 

Recently, apart from iTMCs and polymers, small molecules (SMs) 

has emerged as a third group electroluminescent active materials in 

LECs.52,53 
 

1.4. LECs operation mechanism 
 

The performance of LECs is usually characterized by applying a 

constant voltage and monitoring the luminance and current density 

versus time (Figure 5). 
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Figure 5. Time-dependent response of a LEC operated using constant 

voltage showing some of the most important figures of merit: luminance 

(blue), current density (red), efficacy (green), lifetime (t1/2, 10.1 hours), turn-on 

time or time to reach a luminance of 100 cd/m2 (ton, 25 minutes) and time to 

reach the maximum luminance (tmax, 1.7 hours). 

Under an applied voltage, at the initial state of the device, the sys-

tem is not able to inject any electronic charge, because the injection 

happens from air-stable electrodes (high work function) to the LUMO 

or HOMO for electrons and holes, respectively. The difference between 

the energy of the frontier orbitals and the work function of the elec-

trodes leads to a high-energy barrier to inject the charges. The situation 

changes versus time due to the movement of the ions present in the 

active layer, which migrate to the electrodes and facilitate the injection 

of both electronic charges in the material. Whereas electrons and holes 

are injected efficiently, the current going through the device slowly 

rises until a maximum is reached, and a quasi-simultaneously increase 

of the luminance is observed. The main characteristics for device eval-

uation will be further discussed in section 2.4. 
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The behavior described above about how LECs work is worldwide 

accepted. However, a controversial scientific debate regarding the de-

tailed description of the operational mechanism has dominated the 

field for many years. In the late nineties, two models were proposed: a) 

the electrodynamical model54-56 and b) the electrochemical model13,57,58 

(Figure 6). 

The main difference between both models is that the electrody-

namical model (ED) explains the charge injection by a decrease of the 

injection barrier due to the ion accumulation close to the electrode in-

terface, which forms electric double-layers (EDLs). In contrast, the elec-

trochemical model (ECD) describes the enhanced charge injection by 

the formation of doped regions (an oxidized or reduced molecule sta-

bilized by an oppositely charged ion) adjacent to the electrodes after 

the EDLs formation. The propagation of the p- and n-doped regions 

reduces the intrinsic region in the center of the active layer where car-

riers recombine by exciton formation. As doping leads to an increase 

of conductivity, the voltage drops mostly over the non-doped intrinsic 

region. With operation time, the intrinsic region reduces leading to a 

larger voltage drop. Both models agree about ionic movement and 

their accumulation close to the electrodes thus generating EDLs, but 

they drastically differ in the profile of the potential across the active 

layer. 
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Figure 6. Schematic representation of (a) the electrodynamical model 

and (b) the electrochemical model during steady-state. The distribution of the 

electronic and ionic charges (see legend) as well as the potential profile (blue 

line) are represented. High- and low-field regions are highlighted in orange 

and light yellow color, respectively [Figure taken and adapted from ref. 14]. 

 

Experimental and theoretical works have alternatively supported 

the ED or the ECD mechanism.59-64 van Reenen et al. and Lenes et al. 

found in 2010 27,28,65 that depending on the electronic injection barrier 

either only the EDL is formed (supporting the ED model) or the elec-

trochemical doping occurs (supporting the ECD model). These obser-

vations agreed with later proofs regarding the growing of the doped 

region carried out by Meier at al.66,67 They showed that the PL de-

creases reversibly versus time when the LEC is under operation. This 

implied that under normal operating conditions (at luminance levels of 

10 cd·m-2) the device operation is governed by the ECD model. 
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1.5. LECs: State of the art and limitations 

 

For many years, LECs had significant limitations that prevented 

them to be considered for lighting systems. Three shortcomings were 

mainly considered: a) turn-on times above hours, b) low efficiencies 

and c) poor stabilities. Researchers from different groups have devel-

oped a wide range of strategies to solve these deficiencies. However, 

the combination of them is still not met.  

Turn-on time and Lifetime: As the ionic movement is needed to 

allow the injection of electronic charges, the turn-on time is often 

large.68,69 The turn-on time has been successfully reduced by: a) in-

creasing the voltage applied to the LEC and b) adding ionic species with 

high mobility into the active layer in order to increase the ionic motion. 

However, both approaches lead to poor lifetimes due to a faster deg-

radation and doping evolution of the active layer. In this way, a con-

nection between the turn-on time and the device lifetime has been ob-

served. Tordera et al. solved this undesired connection in 2012, by ap-

plying a pulsed current, which led to an instantaneous turn-on with a 

lifetime above 3000 hours.70  

High Efficiencies and luminance levels: The device efficiency is 

mainly determinated by PL, which depends both on the emitting iTMC 

and the composition of the active layer. The chemical design of irid-

ium(III) complexes has allowed developing materials with PL values 

above 70% using [Ir(ppyF2)2(dtb-bpy)][PF6] (ppyF2 = (2-(2′,4′-difluoro-

phenyl)pyridine and dtb-bpy = 4,4 ′- di-tert-butyl-2,2 ′-dipyridyl). Using 

this material an efficiency of 38 cd A− 1, was achieved in a LEC.71 This 

value was obtained by driving the LEC at a constant voltage of 3 V what 

results in a power efficiency of approximately 40 lm W− 1. This result is 

still far from the efficiencies reported for the current lighting technolo-

gies available (80-100 lm W− 1 for LED lighting). In addition, the most 

efficient LECs have reached that value as a peak efficiency (Figure 5) 

and it is associated to luminance values that are too low for practical 

applications.71-73 In this way, high efficiencies are usually linked to low 

luminances,72-74 and are mostly reached at the initial stage of the LEC 
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operation when current density is still low and doping quenching is 

negligible.31,66 For practical applications, high efficiency together with 

high luminance is desired during all the device operation. The best way 

to obtain this performance state has been reported for green LECs us-

ing pulsed current driving conditions, for which a maximum efficiency 

of 17.1 lm W− 1 at luminances above 750 cd m− 2 has been reached.31 

In this way, pulsed current driving emerges as the best way to op-

erate LECs in order to combine all the performance figures of merit in 

a unique device. However, in spite of all the achievements on this field 

during the last years, further research is still needed to introduce highly 

efficient LECs in lighting applications. 

Color emission: Color emission mostly depends on the photophys-

ical characteristics of the active material used to prepare the light-emit-

ting device. LECs based on iridium complexes covering almost all the 

visible range have been created by combining the suitable ligands.75 

Nevertheless, only a few examples of blue emitting Ir-iTMCs have been 

successfully applied in LECs.29,76-78 Other blue LECs employed conju-

gated polymers.21,79 In both cases, the efficiencies and device lifetimes 

reached were insufficient for practical applications. Focussing on irid-

ium complexes, the main difficulty lies in the red-shift usually observed 

in the EL spectrum compared to the PL spectrum.77,80 

1.6. Aims 
 

In this thesis we focused on the design and preparation of LEC 

devices in order to optimize their maximum efficiency by increasing the 

photoluminescence quantum yield. Three strategies were adopted to 

achieve this goal: 

 

1) Chemical modification of the ancillary ligand. 

2) The study of the effect of chloride impurities in LECs perfor-

mance. 

3) The use of host-guest systems. 
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2. Experimental & Methodology 
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2.1. Fabrication of LECs 
 

Processing, preparation and subsequent characterization of the 

Light-Emitting Electrochemical Cells (LECs) devices were carried out in 

a class 10000 clean-room (Figure 7). The preparation of the devices 

consists of the following steps: a) cleaning of the substrates and coat-

ing of the layers, which were done inside the clean-room in atmos-

pheric conditions, and b) evaporation of the cathode and characteriza-

tion of the device, which were completed under inert conditions in a 

Braun glove box (< 0.1 ppm O2 and H2O). 

 

 

Figure 7. MBraun glove box installed inside the clean-room at the Insti-

tuto de Ciencia Molecular (ICMol) of the Universidad de Valencia where all the 

devices were prepared and characterized. 

The solvents were supplied by Aldrich (HPLC grade). 1-butyl-3-me-

thyl imidazolium hexafluorophosphate [Bmim][PF6] was obtained from 

Sigma-Aldrich (>98.5%). 2,7-Bis(diphenylphosphoryl)-9,9'-spirobifluo-

rene (SPPO13) was purchased in Luminescent materials Corporation 

(Lumtec Corp. Taiwan). Cyanine dyes were supplied by Few Chemicals 

GmbH and poly(3,4-ethylenedioxythiophene) polystyrene sulfonate 

(PEDOT:PSS, CLEVIOS™ P VP AI 4083, aqueous dispersion, 1.3–1.7 % 

http://www.lumtec.com.tw/product_detail.php?big_id=11&small_id=57&new_id=1788
http://www.lumtec.com.tw/product_detail.php?big_id=11&small_id=57&new_id=1788
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solid content) was purchased from Heraeus. The rest of materials were 

synthetized in the group of Prof. Edwin C. Constable (University of Ba-

sel, Switzerland) or in the group of Prof. Mohammad K. Nazeeruddin 

(École Polytechnique Fédérale de Lausanne, Switzerland). Indium tin 

oxide ITO-coated glass plates (15 Ω □− 1) were patterned by conven-

tional photolithography (www.naranjosubstrates.com). The substrates 

were cleaned by 5-minute sonication steps in water-soap, water and 2-

propanol baths, in that order. After drying, the substrates were placed 

in a UV-ozone cleaner (Jelight 42-220) for 20 minutes. 

All the devices studied in this work have the stack architecture 

ITO/PEDOT:PSS/Active layer/Al shown in Figure 8. The composition of 

each active layer was varied depending on the purpose of the study. 

 

 

Figure 8. Left: device architecture of the LECs studied in this work. Right: 

chemical structure of one Ir-iTMC emitter and the ionic liquid [Bmim][PF6] used 

in the active layer. 

The devices were made as follows. First, a 80 nm layer of PE-

DOT:PSS was spin-coated on the ITO glass substrate. The purpose of 

this layer is to flatten the electrode, hence improving the reproducibility 

of the devices and preventing the formation of pinholes that can lead 

to shorts. Then, a transparent film composed of the active materials 

and the corresponding amount of [Bmim][PF6] as ionic liquid (IL) were 

spin-coated from 20 to 30 mg mL− 1 solutions. The IL was added to re-

duce the turn-on time and increases the performance of the devices. 

The devices were transferred to the inert atmosphere glove box. The 

LECs composed of iridium ionic transition-metal complexes (Ir-iTMCs) 

http://www.naranjosubstrates.com/
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were annealed at 100 ºC during a time of one hour. The aluminum elec-

trode (70 nm) was thermally evaporated using a shadow mask under a 

vacuum (<1 × 10− 6 mbar) with an Edwards Auto500 evaporator inte-

grated in the glove box. The area of the cells was 6.5 mm2. The devices 

were not encapsulated and were characterized inside the glove box at 

room temperature. 

 

2.2. Thickness characterization of thin films. 

 

In organic electronics, layer preparation from solution techniques 

forms amorphous thin films where accidental defects are usually pre-

sent. The presence of defects as pin-holes creates ways where contact 

between the cathode and anode is easily reached. In consequence, the 

formation of short circuit or high leakage current could compromise 

the device effectiveness. By spin-coating, the layer quality is mainly 

governed by the solvent employed for the deposition, the concentra-

tion and solubility of the material. These parameters affect the mor-

phology of the active layer as well as the thickness of the layer. For high 

soluble materials in common solvents, as Ir-iTMCs or ionic small mole-

cules, the film formation leads to reproducible, good morphology and 

low defect concentration layers. In this case, the device preparation can 

be easily controlled by the thickness characterization. Prior to this the-

sis, it has been established that a minimum total stack of 150nm in 

needed to make reproducible devices, which concerns the PEDOT:PSS 

layer plus the active layer. 

In this thesis, in order to guarantee the reproducibility of the study, 

the thickness of each deposited layer has been characterized by pro-

filometer measurements (Ambios XP-1 profilometer) on control sam-

ples. These measurements allow us to optimize the spin-coating con-

ditions (speed, solution concentration and solvent) in order to reach 

PEDOT:PSS layers with a controlled thickness of 80 nm and active layers 

with a thickness of 80− 150 nm. In this way, the two-layers stack reaches 

easily 200 nm, which is a sufficient thickness to make devices with low 



 

28 

leakage current and reasonable reproducibility. The thickness charac-

terization of the deposited layers has been done complementarily by 

UV-Vis absorption using an Avantes Avaspec-2048 spectrometer as the 

absorption is proportional to the layer thickness. 

 

2.3. Photoluminescence spectroscopy 

 

In support of the electroluminescent properties of the materials in 

LECs, the photoluminescence (PL) properties of the complex used in 

the device and of the light-emitting layer containing the complex are 

crucial. Therefore, a photophysical study offers the possibility to evalu-

ate the suitability of materials. This involves the determination of the 

PL spectrum and the PL quantum yield (PL) in solution and in thin solid 

films. These characteristics are reflected in the electroluminescent 

properties of the device. 

The PL spectrum gives the spectral region over which the complex 

emits when excited by light. The PL is the relation between the emitted 

photons per photons absorbed by the emitter. It can be expressed in 

percentage or in a 0 to 1 scale, being 100% (or 1) a complete conver-

sion of photons absorbed into photons emitted. For most iTMC emit-

ters there is a direct relation between the PL of the emitter and the 

electroluminescent efficiency in the device.81 Particularly, since the 

emission of Ir-iTMCs arises from the triplet state and singlet excitons 

are efficiently converted into triplets, it has been shown that the exter-

nal quantum efficiency (EQE) of a LEC device should be proportional to 

the solid-state PL measured in thin films. Therefore, a preliminary pho-

tophysical characterization of the emitters in solid state allows to de-

termine the maximum EQE that a LEC can achieve.  

The PL spectrum and PL were obtained by using a Hamamatsu 

C9920-02 Absolute PL Quantum Yield Measurement System. The sys-

tem consists of an excitation light source (a xenon lamp linked to a 

monochromator), an integration sphere and a multi-channel spectrom-
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eter. The PL in solution was measured on 10− 5 M solutions of the emit-

ter in solvents such as acetonitrile (CH3CN) or dichloromethane 

(CH2Cl2). The solutions were previously degassed by bubbling argon for 

10 minutes. The PL in thin film was measured in thin solid films using 

the device configuration, which consisted on a film of the complex 

mixed with the IL [Bmim][PF6] in a 4 to 1 molar ratio. The films were 

spin-coated from solutions on quartz substrates. 

 

2.4. Electroluminescent characterization of LECs 

 

As we presented in chapter 1, LECs are usually operated by apply-

ing a constant voltage. Under these conditions, the behavior of LECs 

follows an increase of the current density and luminance vs time until 

a maximum value (Figure 5). The time scale observed such as the elec-

troluminescent performance for each device differs depending on the 

ionic mobility, the active material, the electrodes used and the driving 

potential, among others. In order be able to make reliable comparisons 

between different devices, there are common parameters established 

as indicators of LECs behavior: 
 

Electroluminescence Spectrum (EL spectrum): The EL spectrum 

gives information of the excited states of the active material involved 

in the emission and determines the color of the emitted light. The EL 

spectrum is a plot that results from measuring the intensity of radiation 

emitted by the device against the wavelength. The maximum emission 

peak of the EL spectrum is often reported and written as λem. 

Luminance (Lum): The intensity of light measured per unit of sur-

face (cd m− 2). It describes the quantity of light emitted by the device at 

a given moment. 

Current Density: The intensity of current per unit of surface (A 

m− 2). 

Voltage: The voltage applied to a device. For a pulsed driving 

scheme, the value is averaged over the on- and off-time of the pulse. 
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Lifetime (t1/2): The time to reach half of the maximum luminance. 

It is the parameter most used to describe the stability of a LEC. Another 

parameter used to describe the stability that can be found in the liter-

ature is the total emitted energy (Etot).82  

Turn-on Time (ton): The time needed to reach a determined value 

of luminance, usually 100 cd m− 2 (Figure 5). Sometimes in the literature 

it is used as the time to reach maximum luminance, regardless of its 

value. 

Current Efficiency: Often referred to as Efficacy, the flux in can-

delas per electrical ampere (cd A− 1). It is obtained by dividing the lumi-

nance by the current density. 

Power Efficiency: The flux of light measured in lumens per electric 

watt (lm W− 1) measured by an integrated sphere or assuming lamber-

tian emission by dividing the efficacy times π by the voltage. In case of 

pulsed-driven devices the duty cycle has to be taken into account as 

well. 

External Quantum Efficiency (EQE): The ratio of photons emitted 

per injected electron in a given device. Theoretically it can be described 

by the following formula: 

EQE = bφ/2n2 (1) 

 

where b is the recombination efficiency (equal to 1 for two ohmic con-

tacts),83 φ is the fraction of excitons that decay radiatively and n is the 

refractive index of the glass substrate which equals to 1.5. The factor 

1/2n2 accounts for the coupling of light out of the device. 

Commission Internationale de l’Eclairage coordinates (CIE co-

ordinates): The maximum wavelength of the electroluminescent spec-

trum can only give a rough estimation of the true emission color, which 

depends on the specific bandwidth. To fully define a color, the sensi-

tivity of the photoreceptors in the human eye has to be considered. For 

that, the CIE coordinates are used. The coordinates can be calculated 

from the electroluminescent spectrum and give an exact definition of 

the emission color according to universally accepted international 
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standards. The CIE coordinates are expressed (x,y) and are placed in a 

2D plot (Figure 9) where the exact color point can be seen. 

 

 

Figure 9. CIE coordinates plot. The color point of a given emitter is ex-

tracted from the electroluminescent spectrum and given as (x,y). The black 

curve shows the black body radiation. 

 

The electrical and EL characterization of LECs was made as follows: 

The electroluminescence spectra of the devices were measured by 

using an Avantes Avaspec-2048 luminance spectrometer. 

The device lifetime was measured by applying a constant voltage 

or a pulsed current (block wave, 1000 Hz; duty cycle 50%) and moni-

toring the voltage, current and luminance by a True Colour Sensor 

MAZeT (MTCSiCT Sensor) with a Botest OLT OLED Lifetime-Test Sys-

tem. 3 V and 100 A m-2 were selected as standard driving conditions 

for constant voltage and pulsed current operation modes. 

Radiance infrared measurements were obtained using an integrat-

ing sphere (UDT Instruments, model 2525LE) coupled to a Radiometric 

Sensor (UDT Instruments, model 247) and an optometer (UDT Instru-

ments, model S370). 
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3.1. Introduction 
 

Recently, light-emitting electrochemical cells (LECs) with lifetimes 

exceeding 3000 hours have been demonstrated.84 This breakthrough 

has been achieved by employing iridium ionic transition metal com-

plexes (Ir-iTMCs) [Ir(ppy)2(pbpy)][PF6] (ppy = phenylpyridine, pbpy = 6-

phenyl-2,2’-bipyridine) that incorporates a phenyl pendant ring at-

tached to the ancillary N^N ligand. The presence of this phenyl group 

induces the formation of a supramolecular-cage, due to π-π stacking 

interactions between the pendant phenyl ring and one coordinated 

phenylpyridine C^N ligand, that protects the complex from possible 

substitution with nucleophilic molecules. 

Following the same strategy, several orange-emitting complexes 

have been developed.51,84-87 However, besides the strong enhancement 

of the device lifetime, other device properties showed considerable 

limitations: i) the turn-on time (ton) was, in general, long, ii) the maxi-

mum achievable luminance was rather low and iii) the corresponding 

efficiency was not constant over time. Specifically, the maximum effi-

ciency using π-π stacking iTMCs was reported for the complex 

[Ir(ppy)2(C10ppbpy)][PF6] (C10ppbypy = 4-(3,5-bis(decyloxy)phenyl)-6-

phenyl-2,2’-bipyridine), which reached 15.3 lm W− 1, a maximum lumi-

nance of 284 cd m− 2 and a lifetime (t1/2) of 660 hours when operated at 

a constant voltage of 3 V.51 

Another important breakthrough has been the introduction of 

pulsed current driving to operate a LEC which, when applied to devices 

using the above mentioned complex [Ir(ppy)2(C10ppbpy)][PF6], resulted 

in LECs with an instantaneous ton and luminances above 600 cd m-2 

during 550 hours.70 The key aspect of this driving method is the stabi-

lization of the doped zones, which form during device operation. How-

ever, with pulsed current driving, a much lower efficiency (1.8 lm W− 1)70 

was achieved, when compared with the previous reported value (15.3 

lm W− 1) using constant voltage driving.51 

Due to the promising device performance of complexes using π-π 

stacking, research on these materials was continued with the aim of 
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increasing the efficiency of LECs, without sacrificing their lifetimes. In 

this perspective, the chemical modification of the ligand can again in-

fluence the device performance, mainly by varying the photolumines-

cence quantum efficiency (PL) of the iTMC. One interesting approach 

consists in the use of bulky groups as spacers, which increase the dis-

tance between the emitters in the active layer reducing self-quenching 

processes.51,88,89 This approach has been successfully used in Ir-iTMCs 

using remote functionalization, i.e. the insertion of groups at the pe-

riphery of the complex that do not strongly influence its electronic 

properties. 

In this chapter, the evaluation in LECs of a series of iTMCs (Figure 

10) with analogous chemical structures presenting intramolecular π-π 

stacking is discussed. The focus is on the enhancement of the PL 

through two different strategies:  

1) Remote functionalization of the ancillary ligand of the iTMC. 

2) Substitution of the stacking group linked to the ancillary ligand 

of the iTMC. 
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Figure 10. Chemical structure of the complexes evaluated in this chapter. 

 

3.2. Results and discussion 

 

The photophysical characterization of the iridium complexes 

A1−A5 presented in Figure 10 consisted on the study of the photolu-

minescence (PL) spectrum and PL both in solution and thin film (device 

configuration). PL data are summarized in Table 1. 
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Table 1. Photophysical properties of complexes A1− A5. 

 Solutiona Thin filmb 

Complex λmax
PL [nm] PL [%] λmax

PL [nm] PL [%] 

A1 
600 

19.9 601 

A2 608 14.0 608 11.4 

A3 635 11.0 629 12.9 

A4 604 5.2 604 7.8 

A5 598 7.7 596 10.2 
a Measured in deaered-dichloromethane 10–5M solution using 320 nm as light source to excite the sample 

at room temperature. b Measured in a thin film composed with: iTMC:[Bmim][PF6] 4:1 molar ratio using 
320 nm as light source to excite the sample in atmosphere conditions. 

 

All five complexes show similar orange-red emission spectrum in 

solution and thin film. The photophysical results obtained were rather 

surprising as they showed an unexpected trend in the PL. By remote 

functionalization, the PL in thin film was not severally affected, present-

ing values within 10.2% to 14.7%, except for complex A4, which showed 

a value of 7.8%. Hence, the presence of bulky substituents did not result 

in an improvement of the PL compared to the archetype complex 

[Ir(ppy)2(pbpy)][PF6] (21.0%),51 which bears a pendant phenyl group. In 

particular, complex A4, which is functionalized with the largest bulky 

substituent, showed the lowest PL. Complex A5, which is modified by 

incorporating a naphthyl pendant as the stacking group, showed a PL 

value (10.2%) that is only a half of that obtained for the 

[Ir(ppy)2(pbpy)][PF6] (21.0%).51 An explanation for this unexpected re-

sult emerged from DFT calculations, which showed the existence of two 

low-lying triplet excited states close in energy but with different char-

acter (T1 and T2). T1 has a mixed metal-to-ligand and ligand-to-ligand 

charge transfer (3MLCT/3LLCT) character, whereas T2 involves electron 

excitations between molecular orbitals located on the pendant naph-

thyl group. It therefore has a ligand-centered (3LC) character, which has 

no equivalent in analogous iTMCs lacking the naphthyl group.68 The 

adiabatic energy difference between both triplet states was established 

to be 0.09 eV after full geometry relaxation, which is low enough to T2 
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becomes competitive with the emissive triplet state T1 during the pop-

ulation process and explains the relatively low PL displayed by the 

complex.  

All LECs prepared with iTMCs A1−A5 were operated with a pulsed 

current driving regime using an average current density of 100 A m− 2. 

As previously mentioned, this driving method leads to faster ton and 

better stabilities. Complex A5 was further characterized through a 

range of different current densities (25 − 100 A m− 2). Additionally, LECs 

prepared using complex A1 were driven using a constant voltage of 3 

V, in order to evaluate how its performance is affected by the driving 

method. The performances of the LECs measured using a pulsed driv-

ing are summarized in Table 2. The device characteristics of complexes 

A1 and A5 are depicted, as representative examples, in Figure 11 and 

Figure 12, respectively. 

 

Table 2. Performance of ITO/PEDOT:PSS/iTMC:[Bmim][PF6] 4:1 molar ra-

tio/Al LECs using a pulsed current driving of 100 A m− 2 (1000 Hz, block wave 

and 50% duty cycle). [Bmim][PF6] = 1-butyl-3-methylimidazolium hexafluoro-

phosphate. 

Complex PL
a  

[%] 

Lummax
b  

[cd m–2] 

PCEc  

[lm W–1] 

Efficacyd  

[cd A–1] 

t1/2
e  

[h] 

A1 14.7 455 2.72 4.4 530 

A2 11.4 115 0.33 1.1 8.3 

A3 12.9 101 0.25 1.4 2.9 

A4 7.8 83 0.25 0.8 250 

A5 10.2 330 1.82 3.2 >3000 
a Photoluminescent quantum yield in thin film using the device composition of the emissive layer. b Maxi-

mum luminance. c Maximum power conversion efficiency. d Maximum efficacy. e Lifetime evaluated as 

time to reach one-half of the maximum luminance. 
 

All devices showed the typical LEC behavior for pulsed current 

driving: the luminance increases while voltage decreases versus time. 

Instead, when the LECs were operated using a constant voltage, both 

the luminance and current density increased with time due to the re-

duction of the injection barrier as consequence of the ionic movement. 

The LECs using A5 will be discussed separately. 
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Figure 11. Performance for ITO/PEDOT:PSS/A1:[Bmim][PF6] 4:1/Al LECs 

using either a pulsed current driving (a, b) of 100 A m-2 (1KHz, block wave and 

50% duty cycle) or a constant voltage driving (c, d) of 3V. Luminance (solid 

line), average voltage or current density (open squares), efficacy (open circles) 

and power conversion efficiency (open triangles) are reported. 

Remote functionalization has a large impact on the performance 

of LECs using iTMCs A1 to A4. Devices using complexes A2, A3 and A4 

showed low luminance (<100 cd m− 2) and efficiency (<1.2 cd A− 1 or <1 

lm W− 1), whereas LECs based on A1 achieved luminance above 220 

cd·m− 2 (Lum1/2) during 530 hours (t1/2). The maximum efficacy achieved 

for all LECs is in agreement with the correspondent PL trend, although 

a strong difference with respect to A1 was observed in spite of the small 

difference in the photophysical properties. This fact is rather surprising 
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since the complexes A1 and A2 differ only in the presence of the bro-

mine atom (A2) instead of the methyl group (A1), suggesting that the 

lower performances should be related with the presence of the halo-

gen, which is also true for complex A3. A4 shows poor efficiencies in 

accordance with its rather low PL. In agreement with PL measurements, 

complex A1 achieves the best efficiency (2.7 lm W− 1) using the pulsed 

current driving method. In contrast with what is usually observed for 

analogous π-π stacking complexes,70 higher maximum efficiencies were 

obtained using a pulsed current driving mode than a constant voltage 

driving, what usually observed for analogous π-π stacking complexes.70 

Moreover, the presence of bromine in the ancillary ligand leads to un-

stable LECs, in spite of the presence of the π-π phenyl stacking group. 

Hence, complexes A2 and A3 showed a noticeable lifetime decay com-

pared to analogous non-brominated complexes A1 and A4. 
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Figure 12. (a) Luminance (solid line) and average voltage (open squares) 

versus time for: ITO/PEDOT:PSS/A5:[Bmim][PF6] 4:1/Al LECs using a pulsed 

current driving of 100 A m− 2. (b) Efficacy (open circles) and power conversion 

efficiency (open triangles) versus time for the same LEC. (c) Maximum efficacy 

(solid diamond) and current density needed (solid spheres) as function of the 

maximum luminance achieved. 

Complex A5 showed interesting features when incorporated in a 

LEC device. Using a pulsed current driving mode, LECs using A5 

showed: i) a fast ton with an initial luminance above 100 cd m− 2, ii) a 

remarkable lifetime above 3000 hours, iii) high and stable efficiency 

compared to what obtained with similar complexes with higher PL
51 

and iv) a linear dependence of efficiency versus current density, which 

allows to tune the luminance of the LEC simply by changing the current 

density (Figure 12c). 

 

 

0 100 200 300
0

100

200

300

400

Time [h]

 

L
u
m

in
a
n
c
e
 [

c
d
/m

2
]

2

3

4

5

6

A
v
g
. 

v
o
lt
a
g
e
 (

V
)

0 100 200 300
2.0

2.5

3.0

3.5
 

E
ff

ic
a

c
y
 [

c
d

/A
]

Time [h]

1.0

1.5

2.0

2.5

P
C

E
 [

lm
/W

]

100 200 300
1

2

3

4
 

M
a
x
. 

e
ff

ic
a

c
y
 [

c
d
/A

]

Max. luminance [cd/m
2
]

25

50

75

100

C
u

rr
e
n
t 

d
e
n

s
it
y
 [

A
/m

2
]

a)

b) c)



 

43 

3.3. Conclusions 

 

Some conclusions can be drawn from the results reported in this chap-

ter. First, the incorporation of bulky groups in the chemical structure of 

Ir-iTMCs show, in some cases, a detrimental effect on the PL of Ir-

iTMCs. As a matter of fact, the bulkiest complex (A4) showed unexpect-

edly low PL. Furthermore, the PL for the other four complexes was ra-

ther low. A thorough theoretical study has revealed the origin of the 

low PL for complex A5, which is related with the presence of low-lying 

triplet states associated with the substituent. Moreover, the presence 

of bromine atoms was found to be detrimental for the device function-

ing, resulting in low device operation stability. In spite of the similar PL 

measured for all the complexes, the performance of the LECs was found 

significantly different what demonstrated that the PL is not the only 

parameter to take in account when designing iTMCs. Specifically, the 

LECs based on complexes A4 and A5 achieved interesting effiencies 

with respect to the reference [Ir(ppy)2(pbpy)][PF6] under pulsed driving. 

Finally, LECs based on complex A5 showed lifetimes above 3000 h, that 

are interesting for practical applications, and tunable luminance levels 

by changing the applied current, which can be an alternataive approach 

for more efficient systems. 
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4.1. Introduction 
 

Impurities in luminescent materials are undesired as often they 

lead to quenching of the excited state, which reduces the radiative re-

combination paths. One well-established method for the straightfor-

ward separation of impurities in luminescent organic small-molecules 

is via thermal gradient sublimation.90-92 This technique has been widely 

employed to purify materials for organic light emitting diodes (OLEDs). 

In contrast to OLEDs based on neutral organic molecules, light emitting 

electrochemical cells (LECs) use ionic transition-metal complexes 

(iTMCs) as active material, which are not amenable to a sublimation 

procedure for their purification. Column chromatography89,93 or recrys-

tallization94,95 is used instead. There is no report available on the effec-

tiveness of these techniques with regard to the final material quality 

and its evaluation in LECs. This is especially important since it has been 

demonstrated that the presence of nucleophilic molecules leads to the 

degradation of iTMC-based LECs.96-99 

In LECs, typical impurities present in the final iTMCs arise from un-

desired contaminants in the precursor materials used in the synthesis. 

Typically, the synthesis of the Ir-iTMCs used in LECs involves IrCl3 as a 

chemical precursor together with the cyclometallating and ancillary lig-

ands leading to the chloride salt. However, chloride-based Ir(III)-iTMCs 

are not usefull for LECs due to the small size of the counter-anion, that 

leads to short lifetimes. In fact, most relevant achievements have been 

obtained using hexafluorophosphate-based Ir(III)-iTMCs. The prepara-

tion of the complexes incorporating the hexafluorophosphate ([PF6]) 

counter-anions involves an anion exchange reaction typically done by 

adding an excess of a [PF6] salt, which precipitates with the iTMC (Figure 

13). From this point of view, it is logical to think that a typical impurity 

present in the iTMCs is chloride. 

In this chapter, the effect of chloride as impurity in complex B1 

[iTMC][PF6] has been evaluated in order to show how the presence of 

small amounts of chloride affects the performance of LECs. 
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Figure 13. Schematic synthesis route for complex B1. The presence of 

chloride in the starting dimer increase the possibility of chloride impurities. 

4.2. Results and discussion. 

 

The device characteristics of two different batches of the archetype 

complex B1 [Ir(ppy)2(bpy)][PF6] with different chloride content were 

evaluated. The batches are name as A (chloride free) and B (1% chloride 

as counter-anion).  

LECs were prepared in order to evaluate the performance of each 

batch. The devices were characterized using an average pulsed current 

of 100 A m− 2 (1000 Hz, 50% duty cycle and block wave). The device 

characteristics are depicted in Figure 14. The LECs showed no signifi-

cant difference in the turn-on and voltage behavior. This shows that 

the device operation is similar, as the ionic mobility was not affected 

by the presence of small amounts of chloride impurities. However, a 

different performance was observed between batches. Specifically, 

LECs prepared using batch B suffered a reduction of one-half of its lu-

minance respect with batch A when using the same driving conditions 

described above. As a consequence, significantly different maximum 

efficacies of 8.8 and 5.0 cd·A− 1 were reached for LECs prepared with 

batch A and B, respectively. As the devices showed comparable device 

operation characteristics, the reason of this enormous disparity was at-

tributed to the presence of chloride impurity. 
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Figure 14. Performance of batch A and B of [Ir(ppy)2(bpy)][PF6] incorpo-

rated in: ITO/PEDOT:PSS/[Ir(ppy)2(bpy)][PF6]:[Bmim][PF6] 4:1/Al LEC driven us-

ing a pulsed current of 100 A·m− 2 (1000 Hz, 50% duty cycle, block wave). 

The effect of the presence of small amounts of chloride was first 

investigated by NMR. Several 1H NMR titrations of [nBu4N]Cl were per-

formed into CD2Cl2 solutions of batch A. The signal due to proton E3 

(Figure 15) exhibited dramatic shifts to higher frequency upon the ad-

dition of [nBu4N]Cl from 8.505 to 9.326 ppm. Among the remaning pro-

tons, only the resonance of proton E4 showed a small shift. The sensi-

tivity of E3 protons to the presence of chloride ion suggests a highly 

specific interaction of chloride ion with these protons of the 2,2-bipyr-

idine rings. It has been previously observed a deuterium exchange in 

[Ru(bpy)3]2+ in basic media due to the relatively acidic of these pro-

tons.100 
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Figure 15. 1H NMR spectra of [Ir(ppy)2(bpy)][PF6] in CD2Cl2 upon adding 

different amounts of [nBu4N]Cl. 

For further understanding of the specific chloride-E3 proton inter-

action, single crystals were obtained from solutions containing 

[Ir(ppy)2(bpy)]Cl. The X-ray structure analysis showed that the chloride 

anion was chelated to the 2,2’-bipyridine protons labeled as E3 by hy-

drogen bond formation. This was consistent with solution NMR spectra 

what confirms the specific interaction of chloride ions with E3 protons. 

Finally, the effect of chloride on the photoluminescent properties 

of [Ir(ppy)2(bpy)] was investigated. The experiments consisted on the 

measurement of the  PL in thin film for: a) [Ir(ppy)2(bpy)][PF6], b) 

[Ir(ppy)2(bpy)][PF6] mixed with different quantities, 0.5 and 1 equiva-

lents of tetraethylammonium chloride ([Et4N][Cl]) and c) 

[Ir(ppy)2(bpy)][Cl]. It was found that upon adding up to 0.5 equivalents 

of [Et4N][Cl], PL was practically unvaried (32.6%) with respect to the 

pure [Ir(ppy)2(bpy)][PF6], which showed 33.2%. However, with increas-

ing the amount of chloride to 1 equivalent, PL was substantially lower 

(24.6%). Furthermore, the PL for the complex [Ir(ppy)2(bpy)][Cl] was 

even lower (20.9%). This fact must be related with the drop in device 

performance by the presence of chloride impurities. 
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4.2. Conclusions 
 

The presence of chloride as counter-anion leads to the formation of a 

strong chelating hydrogen bond with bypyridine protons in position 

E3, forming ion-paired [Ir(C^N)2(N^N)]-Cl species at low quantities of 

chloride. Photoluminescence studies have showed that the PL of 

[Ir(ppy)2(bpy)][PF6] decreases when the chloride content in thin films 

increases.  This must be related with the batch-to-batch variability ob-

served in Ir(III)-iTMC-based LECs where significant differences in device 

efficiency were observed in the particular study done here. This obser-

vation could be one of the reasons for the superiority of [PF6]−  salts in 

LEC applications. 
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Article 3: Chloride ion impact on materials for light-emitting 

electrochemical cells. Dalton Transactions 2014, 43, 1961-1964 
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5. Host-Guest systems 
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5.1. Introduction 
 

The highest efficient light emitting electrochemical cell (LEC) re-

ported up to date showed an efficiency of 38 cd A− 1 and employed a 

green iridium material.71 As explained in chapter 1, ionic transition 

metal complexes (iTMCs) are extensively used in electroluminescent 

devices as they are highly phosphorescent due to their high spin-orbit 

coupling constants. They can harvest both singlet and triplet excitons 

leading to electroluminescent devices that can reach internal quantum 

efficiency close to 100%. However, in solid state, most of luminescent 

materials suffer quenching processes such as self-quenching or triplet-

triplet annihilation that especially depends on the concentration of the 

luminescent material in the film. In this way, there is a strong depend-

ency of the photoluminescent quantum yield PL with the concentration 

of the emitter in the solid film. Hence, the PL increases by diluting the 

luminiscent material in the solid film using, for example, an inert poly-

mer as polymethylmethacrylate (PMMA) as a matrix. 

In general, as described in chapter 1, most iTMC-LECs are based 

on single component layers where PL is severally restricted by the high 

concentration of the active material in the film, where quenching pro-

cesses can gain strong importance. This high concentration is needed 

to maintain the electronic transport in the active layer.  

An interesting approach consists in the preparation of the active 

layer by mixing the emitter, in diluted conditions, together with a ma-

trix. This strategy is known as the host-guest approach and has been 

widely employed in OLEDs.101 The approach requires: a) a good mixing 

compatibility between the matrix (host) and the emitter (guest) in the 

solid state, b) the organic host must show electronic transport proper-

ties in order to allow the charge carriers to move though the device 

and c) the system has to be composed of the appropriate materials in 

order to allow energy transfer from the host to the guest. This concept 

allows to decouple the transport, carried by the host, and the light 

emission processes, performed by the emitter, and, as a consequence, 

to strongly reduce the self-quenching processes. Therefore, a host-
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guest system provides, on the one hand, a way to increase the PL by 

reducing the concentration of the emitter in the active layer, what is 

particularly interesting in LECs. On the other hand, it reduces consider-

ably the amount of iridium required for device preparation as the typ-

ically emitter concentration is only 1-10% wt. This is also important be-

cause of the low abundance of iridium in the Earth´s Crust that restricts 

the practical applications of LECs in global scale.  

The strategy has been scarcely employed in LECs using Ir-

iTMCs102,103 and polymers104 as host. The maximum efficacy reported 

was 29.3 cd A− 1, although at low luminance (<80 cd m− 2), for a system 

composed of [Ir(F2ppy)2(dasb)][PF6] as host and [Ir(ppy)2(dasb)][PF6]  as 

guest (where F2ppy is 2-(2,4-difluorophenyl)pyridine, dasb is 4,5-diaza-

9,9’-spirobifluorene and ppy is 2-phenylpyridine). Furthermore, the 

same group reported [Ir(ppy)2(dasb)][PF6] as a host for small molecules 

(SMs) cyanine dyes as emitters in infrared LECs.105 

In this chapter, we propose three different host-guest systems 

(Figure 16) for LEC applications. The first system (A) has an active layer 

consisting of three components: a) a novel ionic organic small molecule 

based on carbazole (NMS25), b) an electron transport material 

(SPPO13) and c) a neutral Ir-TMC as the emitter (FIrPic). The second 

system (B) was prepared using a two-component active layer consisting 

of a cyanine dye host (Dye H) and a cyanine dye emitter (Dye G). The 

third system is also based on a mix of two conjugated small molecules, 

where the host is a non-cyanine system (MYW2), which shows a ther-

mal activated delayed fluorescence (TADF) and the guest was the a cy-

anine (Dye H). 
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Figure 16. Chemical structure of the components used in the two host-

guest systems studied in LECs: a) NMS25, SPPO13 and FIrPic (guest) and b) 

Dye H and Dye G (guest). 

5.2. Results and discussion 
 

Carbazole is a commonly used hole-transporter for blue organic 

light emitting diodes (OLEDs). After assuming that the suitability of the 

carbazole host is not affected by its ionic remote functionalization, the 

ionic carbazole NMS25 was considered an appropriate matrix element 

for blue LECs and it was prepared. SPPO13 is also a well-known electron 

transport material in blue OLEDs based on FIrPic as emitter. In this way, 

the combination of all three materials was considered as an adequate 

host-guest system for LECs. 

In order to find the optimum ratio of the matrix elements, several 

LECs with the device configuration: ITO/PEDOT:PSS/matrix:FIrPic with 

the ionic liquid (IL) 1-butyl-3-methylimidazolium tetrafluoroborate in 

4:1 molar ratio of matrix:IL/Al were prepared. All the devices exhibited 

blue electroluminescence (EL) from FIrPic with a maximum at 474 nm 

and with the typical characteristics of LECs. The devices exhibited a 

rapid decrease of the initially high driving voltage to lower steady-state 

values, which depend on the amount of NMS25. The higher the amount 

of NMS25 the lower was the steady-state voltage, owing to the higher 

ionic density. The device characteristics at 100 A m− 2 pulsed current are 

summarized in Table 3. 
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Table 3. Performance of ITO/PEDOT:PSS/Matrix + 10wt% of FIrPic : IL/Al  

LECs at a pulsed current of 100 A m− 2. The matrix was composed with 

NMS25:SPPO13 mixtures. 

NMS25:SPPO13 

(mass) 

tmax [min] Lummax [cd m–2] t1/2 [h] Etot [J] Efficacy [cd A–1] 

0:1 0.4 176 0.1 0.01 1.7 

0.5:9.5 6.6 165 0.6 0.02 1.6 

2.5:7.5 4.2 205 1.1 0.03 1.9 

3.5:6.5 14 124 3.9 0.07 1.2 

1:1 41 67 14 0.13 0.6 

 

The LEC with the longest lifetime and the highest total emitted 

energy had an emitting layer with a 1:1 mass ratio of NMS25:SPPO13. 

Its steady-state driving voltage was the lowest, indicating optimized 

charge-injection/transport. Further optimizations were required as the 

LEC performance was affected by: a) the active layer thickness, b) the 

presence of the ionic liquid, c) the driving operation and d) the thermal 

annealing process. The best characteristics were found for: a) an active 

layer thickness of 80 nm, b) a device without IL, c) an operation at 75 A 

m− 2 using a pulsed current driving and d) an annealing process of 100 

ºC for 1 hour prior the evaporation of the top contact. By combining all 

these parameters, the LEC reached an efficacy of 5.1 cd A− 1 at a lumi-

nance of 420 cd m− 2. These values are remarkably good compared with 

previously reported host-guest LECs where the best efficiencies were 

reported at luminances below 100 cd m-2.102,103  

On the other hand, cyanine dyes are well-known by their fluores-

cent properties. However, their emission properties are severally af-

fected in the solid state due to their tendency to aggregate, which pro-

motes self-quenching processes. This was confirmed by the prepara-

tion of a LEC based on a one-component active layer of Dye H. Using 

a constant voltage driving, the ITO/PEDOT:PSS/Dye H/Al showed a typ-

ical LEC behavior, although the performance was very poor. The prep-

aration of LECs based on cyanine dyes required a host-guest system in 

order to increase the PL in the active layer.  
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The host-guest system was designed as the emission of Dye H 

overlaps with the absorption of Dye G in order to guarantee an efficient 

energy transfer. To determine the optimum concentration of Dye G in 

the matrix of Dye H, the photoluminescence spectrum and the PL were 

measured for different blends while exciting at a fixed wavelength of 

526 nm (Figure 17), which corresponds to one of the absorption bands 

of Dye H. All the films showed strong emission at 700 nm originating 

from the emission of Dye G. The maximum PL (27%) was observed for 

the film with the lowest amount of Dye G (0.1% wt). 

 

 

Figure 17. (a) Photoluminescent (PL) spectra of dyes H and G in acetoni-

trile solution and mixtures of Dye H:Dye G at different concentrations of Dye 

G (0.1%-2.5% wt) in solid state. (b) PL quantum yield (PL) concentration de-

pendence for the different mixtures characterized. 

To evaluate the EL properties, we selected the host-guest thin film 

with 0.1% wt of Dye G to prepare a LEC in order to strengthen the de-

vice efficiency. The EL spectrum of these LECs shows a maximum emis-

sion at 706 nm, which corresponds with the emission of Dye G. No re-

sidual emission from the host was detected in accordance with the PL 

studies described above. The time response of the cyanine-based host-

guest LECs under a pulsed current driving is depicted in Figure 18 for 

LECs with and without IL into the active layer. In both cases, the average 

voltage required to apply 100 A m− 2 rapidly decreases with time, which 

is an indication that no additional ions are required to operate the LECs. 

However, the LECs that contain extra ions (coming from the IL) showed 
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slightly higher light-output and external quantum efficiencies (EQE). 

Considering that the PL was increased to 27% by using this Host-Guest 

film, and that the light outcoupling is typically of 20%, the theoretical 

maximum EQE for a LEC based on this fluorescent host-guest emitting 

system is 1.3% when all injected electrons and holes recombine. We 

observed an EQE of 0.32% using a pulsed current driving and an EQE 

of 0.44% under a constant voltage driving, which is not a bad result but 

implies that some further optimization is possible. 

 

 
Figure 18. Irradiance (blue line), average voltage (red open squares) and 

external quantum efficiency (open triangles) for ITO/PEDOT:PSS/Active 

layer/Al LECs operated under an average pulsed current of 100 A m− 2 using a 

block-wave at 1000 Hz and a duty cycle of 50 A m− 2. The composition of the 

active layer was: (a) Dye H + 0.1% wt of Dye G and (b) Dye H + 0.1% wt of Dye 

G + 16.7% wt of (1-butyl-3-ethylimidazolium hexafluorophosphate). (c) and 

(d) Dye H + 0.1% wt of Dye G. 
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Finally, a third host-guest system was designed based on conju-

gated small molecules as active components. The selected molecules 

were MYW2 and Dye H as host and guest respectively. Before the in-

corporation into electroluminescent devices, their optical properties 

were evaluated by photoluminescence studies. The absorption spec-

trum of Dye H was complementary to that of the MYW2. The well sep-

arated absorption spectra of the two species is advantageous for de-

termining if any charge transfer occurs in blends of the two materials 

(Figure 19a). While exciting the MYW2 at 320 nm leads to an intense 

photoluminescence (PL) peak centered at 532 nm (Figure 19b), with PL 

of 16.2%, we were not able to detect any luminescence originating from 

Dye H when exciting at the same wavelength. On the other hand, an 

intense, well-resolved PL spectra was obtained when exciting the cya-

nine (1wt% in PMMA) at 510 nm, with a resulting PL of 30.2% with a 

photoluminescence spectrum centered at 574 nm. More interesting is 

the photoluminescence of MYW2 thin films doped with small amount 

(0.1 wt%) of Dye H. When exciting the MYW2 host (at 320 nm), the PL 

spectrum of the host-guest system is dominated by the guest emission, 

which peaks at 568 nm with only a small contribution from the MYW2 

fluorescence. This clearly shows that following optical excitation of the 

host, charge transfer occurs to the cyanine guest. The PL of the mixed 

film is also enhanced compared to that of its component, and was 

found to be as high as 43.1%.  
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Figure 19. Thin film absorption (a) and photoluminescence spectra (b) of 

the host, guest compounds and host-guest mixture (0.1wt%). To enable the 

recording of both spectra, dye H was dispersed in PMMA (1wt%). The numbers 

in parenthesis in (b) indicates the excitation wavelength. 

After assessing that indeed charge transfer takes place among the 

two molecules, their thin films were assembled into electroluminescent 

devices. A typical LEC architecture ITO/PEDOT:PSS/active layer/Al, was 

employed. Devices were driven by applying a pulsed current at a fre-

quency of 1 kHz and with a 50% duty cycle. LECs were prepared using 

the host-guest system with 0.1 wt% of the cyanine dye into the MYW2 

matrix. Yellow electroluminescence was observed immediately after bi-

asing the LEC, independently on the current density applied. The device 

biased at 10 A m-2 showed a maximum luminance of 65 cd m-2 within a 

minute of operation (Figure 20a). This is a modest brightness but still 

represents a five-fold increase when compared to the pure host. With 

increasing the current density (25 A m-2) the electroluminescence 

changed substantially, with a maximum luminance of 165 cd m-2 im-

mediately after biasing the device. In terms of efficiency, LECs employ-

ing the host-guest system as the active layer showed a maximum EQE 

of 1.90 % (Figure 20b), independently on the excitation intensity. Taking 

into account the thin-film PLQY of the S2108 dye doped into the MYW2 

host (43.1%), and considering the singlet generation yield and out-cou-

pling efficiency, the maximum theoretical value is only slightly higher 
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than the measured EQE, about 2.16%. This result is of great interest for 

future applications of LECs, since it confirms that the host-guest ap-

proach widely applied to OLEDs would also be valid in the case of much 

simpler devices such LECs. 

 

 
Figure 20. Dynamic behavior of ITO/PEDOT:PSS/Active Layer/Al employ-

ing the host-guest (MYW2 doped with Dye H at 0.1 wt%)  system as the active 

layer. (a) Average voltage (open red squares) and luminance (solid blue line). 

(b) External quantum efficiency (open pink triangles) reported as a function of 

time driven at 10 A m-2 (1KHz, 50% duty cycle, block wave). In (b), the dashed 

line represents the theoretical limit of the EQE for this particular system and 

device. 

5.3. Conclusions 
 

Host-Guest systems have been successfully applied as electrolu-

minescent active layers in LECs. Using this approach, the following fea-

tures have been demonstrated: a) the device efficiency can be consid-

erably enhanced via the increase of the PL in the solid film, b) the pos-

sibility to reduce the amount of low-abundant iridium-based emitters 

and c) the possibility to expand LECs to other class of ionic materials, 

such as cyanine dyes. Furthermore, cyanine dyes are easily adjusted 

and prepared in large quantities, they constitute and interesting class 

of ionic materials to develop low cost applications. Therefore, the host-

guest approach is easily compatible with solution-processed light-

emitting devices based on low iridium content. 
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6.1. Introducción 
 

Debido al continuo aumento del consumo energético a escala glo-

bal, el acceso a la energía podría verse comprometido en un periodo 

de 20-30 años como consecuencia del aumento poblacional. Además, 

este consumo, pone en riesgo el medio natural mediante las emisiones 

de gases de efecto invernadero. El consumo eléctrico destinado a ilu-

minación supone actualmente cerca del 20% de la producción energé-

tica a nivel mundial, de modo que es posible alcanzar un importante 

ahorro energético mediante el uso de sistemas de iluminación más efi-

cientes.  

Concretamente, la generación de luz mediante uso de corriente 

eléctrica ha evolucionado durante cerca de un siglo, desde las tradicio-

nales bombillas incandescentes hasta la aplicación de diodos emisores 

de luz basados en semiconductores inorgánicos (LEDs). De forma pa-

ralela, el campo de la electrónica orgánica ha experimentado un desa-

rrollo espectacular en las últimas dos décadas dando lugar, entre otras 

aplicaciones, a los diodos orgánicos emisores de luz (OLEDs). El proce-

sado de materiales orgánicos se adapta más fácilmente a nuevos dise-

ños de dispositivos emisores de luz y es, a día de hoy, una realidad, en 

pequeñas pantallas para dispositivos móviles o similares. Sin embargo, 

los OLEDs, presentan serias limitaciones que dificultan su aplicación en 

el mercado de la iluminación. Por una parte, requieren una estructura 

de multicapa orgánica, procesada(s) mediante técnicas de ultra alto va-

cío. Por otra, precisan del uso de electrodos sensibles al oxígeno y agua 

atmosféricos, por lo que es necesaria una encapsulación rigurosa del 

dispositivo. Estos requerimientos aumentan el coste de producción y, 

por tanto, dificultan el acceso a esta tecnología a escala global. 

Sin embargo, existen otros tipos de dispositivos emisores de luz 

basados en compuestos orgánicos. Las células electroquímicas emiso-

ras de luz (LECs) son dispositivos electroluminiscentes que presentan 

múltiples ventajas respecto a los OLEDs. Los LECs pueden ser fabrica-

dos mediante una única capa orgánica depositada a partir de la diso-

lución entre dos electrodos estables al aire (cátodo de Au, Ag, Al). El 
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uso de estos electrodos, unido a la simple arquitectura de los LECs y su 

procesado desde la disolución, les hace compatibles con técnicas de 

fabricación de bajo coste. Además los LECs operan a bajos voltajes 

(bajo consumo) debido a la presencia de compuestos iónicos en la capa 

activa 

Al aplicar una diferencia de potencial, los iones presentes en la 

capa activa, se disocian y se mueven hacia los correspondientes elec-

trodos, reduciendo la energía necesaria para producir la inyección de 

cargas eléctricas (electrones y huecos) en la capa activa. La presencia 

de electrones y huecos en la capa activa da lugar a la formación de 

excitones que se pueden recombinar radiativamente emitiendo luz. 

Para que todos estos procesos tengan lugar en la capa activa de los 

LECs, es necesario que el material presente propiedades de transporte 

electrónico, además de un alto rendimiento cuántico de emisión (PL). 

Existe un amplio rango de materiales orgánicos que pueden em-

plearse en la fabricación de LECs. Sin embargo, desde su descubri-

miento en 1995, los materiales más empleados han sido, por un lado, 

polímeros semiconductores neutros dopados con sales inorgánicas (p-

LECs) y complejos de metales de transición iónicos (iTMC-LECs). En ge-

neral, ambos tipos de materiales han alcanzado un funcionamiento óp-

timo, con buenos resultados en cuanto a estabilidad, eficiencia y altos 

valores de luminancia. Concretamente, los mejores resultados, en tér-

minos de eficiencia eléctrica, se han dado en iTMC-LECs basados en 

complejos de iridio(III) (Ir-iTMCs). En estos materiales, la emisión de luz 

se produce desde un estado triplete. La presencia de átomos pesados 

en la estructura molecular aumenta el acoplamiento spín-órbita y per-

mite recolectar todos los excitones singlete y triplete generados me-

diante excitación eléctrica, alcanzando un alto rendimiento de emisión. 

Desde los inicios de la tecnología LEC, ha existido un controvertido 

debate sobre el mecanismo de operación de los LECs. Después de una 

década de investigación, se ha resuelto como el mecanismo predomi-

nante: el modelo de dopado electroquímico. Este mecanismo ha per-

mitido comprender, las principales limitaciones iniciales presentes la 

tecnología LEC y que pueden enumerarse como: a) largos tiempos de 
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encendido del dispositivo b) bajas eficiencias y c) baja estabilidad de 

operación. Multitud de científicos a nivel mundial han desarrollado so-

luciones a cada uno de estos problemas mediante diversas estrategias. 

Sin embargo, no ha sido posible obtener una solución conjunta a todos 

estos problemas, existiendo todavía como principales limitaciones: 

1) Bajas eficiencias en comparación con los sistemas de ilumina-

ción actual (LEDs). 

2) Obtención de emisión de luz azul que permita la fabricación 

de sistemas de iluminación con luz blanca. 

6.2. Objetivos 
 

La presente tesis se centra, en el diseño y preparación de LECs con 

el fin de optimizar su máxima eficiencia mediante diferentes estrategias 

al modificar el PL. En concreto, se ha trabajado sobre tres estrategias 

diferentes: 

1) Modificación química del ligando auxiliar. 

2) Estudio de la influencia de la presencia de impurezas cloruro 

en LECs. 

3) Uso de sistemas matriz-dopante. 

6.3. Metodología 

 

Para llevar a cabo los objetivos de la tesis, la metodología general 

de trabajo comprende: a) el estudio de las propiedades fotofísicas de 

los materiales en estado sólido y/o disolución y b) optimización de las 

variables (grosor, composición y modo de operación) más relevantes 

que componen el dispositivo LEC.  

La preparación de los dispositivos LEC se llevó a cabo en una sala 

limpia clase 10000 siguiendo el procedimiento siguiente: a) limpieza de 

los sustratos recubiertos de ITO (15  -1), b) deposición de las capas 

delgadas mediante spin-coating, c) evaporación térmica en alto vacío 

del electrodo de aluminio en evaporador integrado en caja seca 
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(MBraun <0.1ppm O2 y H2O). De esta forma los dispositivos se prepa-

raron utilizando la estructura tipo sándwich siguiente: ITO/PE-

DOT:PSS/Active Layer/Al. Tras la preparación de los dispositivos, se 

llevó a cabo la caracterización de los mismos utilizando una corriente 

pulsada (onda cuadrada, 1000 Hz, 50% ciclo de trabajo) o un voltaje 

constante y midiendo el voltaje, la corriente eléctrica y la luminancia 

frente al tiempo utilizando el equipo Botest OLT OLED Lifetime-Test 

System. Durante la preparación de los dispositivos, se ha determinado 

el espesor de las capas que forman los LECs utilizando un perfilómetro 

Ambios XP-1 profilometer. En las condiciones de trabajo, el espesor 

total de las diferentes capas que forman el dispositivo, debe situarse 

en 200 nm. De este modo, la caracterización del espesor de las capas 

resulta determinante para obtener resultados reproducibles. 

El estudio de las propiedades fotofísicas de los compuestos pre-

sentados en esta tesis se llevó en estado sólido depositando el material 

sobre un sustrato de cuarzo o bien en disolución empleando una con-

centración 10-5 M. Una vez preparada la muestra, (en estado sólido o 

en disolución se determinó el rendimiento cuántico y espectro de fo-

toluminiscencia ) excitando cada muestra preparada en un esfera inte-

gradora modelo C9920-02 Absolute PL Quantum Yield Measurement 

System. 

 

6.4. Mejorando las prestaciones de los LECs mediante 

modificación química 
 

El primer punto se discutió en el capitulo 3. Este estudio se llevó a 

cabo utilizando una familia de Ir-iTMCs derivados del complejo 

[Ir(ppy)2(phbpy)][PF6] (ppy = fenilpiridina; phbpy = 6-fenil-2,2’-bipiri-

dina). Este complejo es conocido por mostrar un alto tiempo de vida al 

presentar una interacción  tipo - entre el grupo fenilo en posición 6 

del ligando bipiridina y el fenilo coordinado de la fenilpiridina. Sin em-

bargo, tanto el complejo de referencia como sus derivados presentan, 

en general, baja eficiencia en LECs. La familia estudiada consistió en la 
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modificación química del ligando auxiliar mediante dos estrategias. Por 

un lado, su funcionalización remota mediante grupos periféricos volu-

minosos (complejos A1-A4). Esta estrategia ha sido utilizada en traba-

jos previos a fin de aumentar el rendimiento quántico empleando gru-

pos voluminosos que actúan como espaciadores de los centros emiso-

res (iTMCs) de modo que se reducen los procesos de relajación no ra-

diativos (“quenching”). Por otro lado, se estudió el efecto de substituir 

el grupo que forma la interacción - intramolecular incorporando un 

grupo naftilo (complejo A5) en lugar del grupo fenilo en el ligando au-

xiliar.  

Los resultados mostraron que el uso de grupos voluminosos, tanto 

por funcionalización remota como usando un grupo naftilo no mejoró 

el PL. En el caso concreto del complejo A5 se encontró, mediante el 

uso de cálculos teóricos la presencia de dos estados tripletes próximos 

en energía, T1 y T2, con carácter MLCT/LLCT y LC respectivamente y 

que compiten entre sí en los procesos de relajación. A pesar del bajo 

PL observado para A5 (10.2%), su eficiencia en LECs fue superior al 

complejo de referencia [Ir(ppy)2(pbpy)][PF6], el cual presenta un mayor 

PL (21%). Además, el compuesto A5 permite la posibilidad de modular 

su nivel de luminancia variando la densidad de corriente aplicada sin 

afectar gravemente la eficiencia del dispositivo de forma contraria a lo 

que viene siendo habitual en LECs. Este último punto se consiguió sin 

comprometer la eficiencia del dispositivo. Por ultimó, se comprobó que 

la presencia de átomos de bromo en los grupos periféricos afecta ne-

gativamente las prestaciones de los LECs limitando considerablemente 

la estabilidad de operación del dispositivo. 

 

6.5. Pureza de los iTMCs 
 

En el cuarto capítulo, se estudió el efecto de la presencia de impu-

rezas en el iTMCs sobre las prestaciones de los LECs. En general, en 

materiales luminiscentes, se atribuyen connotaciones negativas a la 

presencia de impurezas. Esta consideración, toma especial interés en 
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iTMCs, donde las técnicas de purificación más eficientes no pueden ser 

aplicadas debido a su baja volatilidad. Concretamente, la ruta habitual 

de síntesis de los Ir(III)-iTMCs conduce usualmente a la presencia de 

pequeñas cantidades de iones cloruro. Hasta la realización de esta tesis 

doctoral, no existía ningún estudio centrado en el efecto de estos iones 

sobre el funcionamiento de los LECs. Además, en general, en ocasiones 

se observa una variación importante entre los resultados obtenidos 

para LECs construidos con diferentes lotes de un mismo material. Por 

tanto, es interesante conocer si la dispersión de resultados es provo-

cada por la presencia de pequeñas cantidades de cloruro. Los resulta-

dos obtenidos han permitido esclarecer que pequeñas cantidades de 

impurezas cloruro presentes como contra-anión en el complejo arque-

tipo [Ir(ppy)2(bpy)][PF6] dar lugar a una significativa pérdida de eficien-

cia en LECs. Se determinó, mediante experimentos de 1H-RMN y carac-

terización mediante rayos X, la presencia de una interacción entre los 

iones cloruro y los protones en posición 3 del ligando bipiridina, la cual 

da lugar a la formación de un par iónico. Finalmente, se estudió el 

efecto de la presencia de iones cloruro sobre el PL de 

[Ir(ppy)2(bpy)][PF6] en capas delgadas. Para ello se prepararon muestras 

en capas delgadas del complejo [Ir(ppy)2(bpy)][PF6] con diferente con-

tenido de cloruro de tetraetilamonio. Se observó que PL disminuye 

desde un 33.2% hasta un 20.9% al incrementar el contenido de iones 

cloruro en la muestra. De este modo esta interacción debe ser la res-

ponsable de la dispersión de resultados entre los diferentes lotes, de 

modo que la presencia de pequeñas cantidades de cloruro reduce 

enormemente la eficiencia del dispositivo. El caso concreto estudiado, 

la eficacia puede se vió reducida desde 8.8 a 5.0 cd A-1. 

 

6.6. Sistemas Matriz-Dopante 

 

Por último, en el quinto capítulo, se abordó el estudio de LECs ba-

sados en sistemas matriz-dopante a fin de mejorar PL en capas delga-

das. El uso de estos sistemas ha sido ampliamente utilizado en OLEDs. 
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La estrategia consiste en combinar, dentro de una misma capa activa, 

un material que actúa como matriz y un emisor en baja proporción 

(dopante). La capa activa estaría por tanto formada por un material or-

gánico que actúa de matriz y donde el material emisor está distribuido 

de forma aislada. En estas condiciones, se previenen procesos de rela-

jación no radiativa (“self-quenching”) lo que aumenta el rendimiento 

cuántico de la fotoluminiscencia PL. La aplicación de la estrategia en 

dispositivos electroluminiscentes requiere que la matriz presente: a) 

propiedades de transporte electrónico, b) formación de capas homo-

géneas con el material emisor y c) compatibilidad con el huésped en 

las propiedades ópticas a fin de que el proceso de transferencia de 

carga sea eficiente. La estrategia cobra un especial interés en LECs, 

donde generalmente las capas emisoras presentan un único compo-

nente y los procesos de relajación no radiativa cobran elevado prota-

gonismo. Además, los LECs con mejores prestaciones están basados en 

Ir-iTMCs y debido a su elevado coste y baja abundancia del iridio en la 

corteza terrestre, la estrategía permite reducir enormemente la canti-

dad de iTMC necesaria para la preparación del dispositivo. 

Esta tesis se ha centrado en tres tipos de sistemas matriz-dopante. 

El primer sistema (A) emplea una unidad carbazol funcionalizada ióni-

camente (NMS25) y una molécula orgánica neutra (SPPO13) como ma-

triz. Como dopante se utilizó un complejo de iridio neutro (FIrPic) con 

emisión de luz azul. El segundo sistema está basado en dos colorantes 

cianina (Dye H y Dye G). El colorante H fue empleado como matriz, 

mientras que Dye G se utilizó como emisor infrarrojo (dopante). El ter-

cer sistema fue diseñado también utilizando dos moléculas orgánicas, 

una matriz iónica orgánica (MYW2) y el compuesto Dye H como do-

pante.  

Tal y como se esperaba, los tres sistemas presentan un aumento 

de PL en película delgada. Además, las propiedades fotofísicas se han 

traducido en una mejora de la eficiencia de los LECs. Concretamente, 

en el primer caso, se obtuvieron LECs con emisión en el azul con una 

eficacia de 5 cd A− 1 y una luminancia superior a 400 cd m− 2. Este resul-

tado destaca frente a otros LECs con emisión azul, ya que las mayores 
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eficiencias obtenidas en estos dispositivos se alcanzaron a bajos niveles 

de luminancia. En el segundo caso, los colorantes cianina seleccionados 

presentan buenas propiedades de transporte electrónico y su natura-

leza iónica permite que funcionen bajo un régimen normal de opera-

ción en LECs dando lugar a dispositivos estables con un alto nivel de 

irradiancia. Sin embargo, la eficiencia alcanzada fue considerablemente 

inferior al máximo teórico esperado, lo que demuestra la necesidad de 

optimizar el diseño y funcionamiento de estos LECs basados en colo-

rantes cianina. En el tercer caso, empleando la molécula MYW2 como 

matriz, se alcanzó un valor de eficiencia de 1.9%, lo que se aproxima al 

máximo teórico para el sistema concreto estudiado (2.2%), asumiendo 

un PL=43.1% y una emisión fluorescente del dopante. Recalcar ade-

más, que el uso de estos sistemas matriz-dopante representan una pro-

metedora alternativa a los Ir-iTMCs para la preparación de LECs. 

6.7. Conclusiones generales 

 

A largo de esta tesis se han demostrado, diferentes métodos de 

aumentar la eficiencia en LECs mediante la modificación del rendi-

miento cuántico de fotoluminiscencia.  

En primer lugar, la modificación química del ligando auxiliar ha 

demostrado que, mediante la incorporación de grupos voluminosos no 

siempre se consigue aumentar el rendimiento cuántico de fotoluminis-

cencia. Además la presencia de estructuras conjugadas sobre el ligando 

auxilar puede dar origen a estados electrónicos próximos en energía 

que compitan entre sí, limitando el rendimiento cuántico de fotolumis-

cencia (complejo A5). Sin embargo, a pesar del bajo rendimiento cuán-

tico de fotoluminiscencia, el complejo A5, ha demostrado interesantes 

propiedades cuando es incorporado en la fabricación de dispositivos 

LEC. 

En segundo lugar, la presencia de impurezas contaminantes pro-

cedentes de precursores de síntesis en complejos iónicos de iridio, su-

ponen una seria amenaza para el desempeño de dispositivos emisores 

de luz. En el caso concreto de los LEC, las prestaciones del dispositivo 
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se han visto considerablemente reducidas como consecuencia de la 

formación de pares iónicos entre el ligando bipiridina del complejo me-

tálico y el ión cloruro. 

En tercer lugar, el uso de sistemas matriz-dopante ha permitido 

aumentar la eficiencia en diversos LECs, basados en materiales orgáni-

cos iónicos. Esta estrategia permite el uso de materiales que por sí mis-

mos no serían aptos para su integración en este tipo de dispositivo 

electrolumiscente, como es el caso de los colorantes cianina. 
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