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Synthesis of Conjugated Polymers and Small Molecules for 

Organic Light-Emitting Devices and Photodetectors 

Petri Murto 

Department of Chemistry and Chemical Engineering 

Chalmers University of Technology 

Abstract 

Production cost and environmental impact are the two major concerns that are related to the 

conventional optoelectronic devices. It is desirable for the modern semiconductors that they 

are free of toxic/costly metals, they can be processed with low-cost solution-based methods, 

and their optical, electronic, and mechanical properties can be easily tuned depending on the 

target application. In this thesis, a range of different conjugated polymers and small molecules 

are designed and synthesized as semiconductors for organic light-emitting diodes (OLEDs), 

light-emitting electrochemical cells (LECs), and organic photodetectors (OPDs). 

In organic light-emitting devices, the emissive molecule is commonly mixed with a charge 

transporting host matrix, which can be either a small molecule or a conjugated polymer. The 

latter is beneficial since it does not require deposition of the emitter and matrix components in 

high vacuum and high temperature conditions. The polymeric materials can be dissolved and 

printed on a substrate of any desired size and production scale, at room temperature, and even 

under ambient air. The specific wavelength range of near-infrared (NIR) at λ >700 nm is of 

interest for a wide range of applications spanning from optical communication to biosensing. 

However, the low energy of NIR range poses challenges for the materials design, in terms of 

emission efficiency and light intensity, which are further addressed in this thesis, allowing the 

fabrication of high-performance NIR-OLEDs and NIR-LECs. 

For photodetectors, absorption of a wide spectrum of light is beneficial in biosensing and 

imaging applications. Low noise and fast charge extraction are necessary for the detection of 

light at high speeds even at low intensities. These aspects are studied in this thesis by designing 

new polymers with different absorption, charge transport, and morphological properties in the 

photoactive layer. Two polymers enabled the fabrication of visible (red) OPDs with a low dark 

current (the main constituent in the noise), high detectivity, and high photoresponse speed. 

Keywords: conjugated polymers, fluorescence, light-emitting electrochemical cell, near-

infrared, organic light-emitting diode, organic photodetector, solution processing  
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1. Introduction 

What makes organic optoelectronics interesting is that they can be fabricated on flexible and 

stretchable plastic substrates,[1-3] or even on transparent cellulose paper,[4-6] using solution-

based methods. This is relevant for wearable, implantable, and in vivo medical applications, 

such as light-mediated sensing of heart and respiration rate, blood pressure, glucose level, and 

oxygenation.[7-9] Organic semiconductors benefit from being mechanically conformable, like 

many plastics, but they are also soluble and this can be exploited in the slot-die coating, inkjet, 

or 3D printing of optoelectronics, which are thin, light-weight, and semi/fully transparent.[10-

14] Scalable low-cost processing of such devices in multiple shapes and sizes from nanometer 

scale up to large-area screens and displays is attractive for a wide range of applications, some 

of which are introduced in the following section.  

1.1. Optoelectronics, a History Perspective 

The story of electroluminescent diodes dates back to the 1960s and different GaP, GaAsP, and 

GaAs semiconducting crystals, which were prepared at high temperatures, and which devices 

were driven at extremely high current densities up to the order of 104 A/cm2.[15-19] This meant 

that the lifetime of the diodes was short but, interestingly, they emitted light from the visible 

to the near-infrared (NIR, defined as wavelengths λ >700 nm) spectral range. Thereafter, first 

organic electroluminescent diodes were based on anthracene as a visible blue emitter,[20,21] and 

in 1987 Tang and VanSlyke[22] reported a novel light-emitting device, which is now known as 

an organic light-emitting diode (OLED). This early research has inspired the development of 

highly sophisticated molecules that emit light in different colors over the visible spectrum, and 

has enabled the commercialization of OLED displays, TV screens, and lighting applications. 

However, the NIR range has remained far less developed among the organic emitters, and one 

reason for that is the challenge for materials design set by the intrinsically decreasing emission 

efficiency when moving from shorter to longer wavelengths, in other words, when redshifting 

the emission. This issue will be discussed in more detail later in this thesis. The motivation for 

the design of functional NIR emitters is that their applications can be extended from (night-

vision) displays to security,[23] light fidelity (Li-Fi) all-optical communication networks,[24-27] 

photodynamic/photothermal therapy,[28-30] and biosensing.[31,32] The 650–950 nm range is of 

particular interest for biomedical applications due to the semitransparency of skin and tissue 

to the light at this spectral region.[33] 
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Figure 1.1. (a) Illustration of OLED device architecture. (b) Schematic energy diagram for 

the injection and recombination of electrons (filled circles) and holes (empty circles). (c) 

Photograph of a test device comprising eight OLEDs (showing the Al top contacts), as 

fabricated at the facilities of Prof. Cacialli at UCL. The inset in part c shows the emission 

from one of the OLEDs, as photographed from the bottom of the device in dark. 

In an OLED, electrons are injected from the cathode and holes are injected from the anode, 

and the recombination and light emission occurs at the active layer, as illustrated in Figure 1.1. 

In the literature, polymer-based OLEDs are often differentiated with the naming polymer light-

emitting diode (PLED), but since the general working mechanism is the same in both devices, 

they are simply referred to as OLEDs in this thesis. A typical OLED device is fabricated on a 

transparent substrate, which is either glass or plastic, comprising indium tin oxide (ITO) as the 

anode and poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS) as the 

hole injection layer. Ca/Al are deposited on top of the active layer as the cathode. Additional 

electron and hole blocking layers can be used to balance the charge transport in the device and 

thereby improve the charge recombination efficiency in the active layer.[34-37] 

In 1995, Heeger et al.[38-40] included an additional electrolyte salt in a polymer-based active 

layer in a device called light-emitting electrochemical cell (LEC). Since then, LECs have been 

under constant development to obtain good long-term stability,[41-45] which has become a key 

feature that distinguishes LECs from other light-emitting devices. An LEC differs from OLED 

in that the electrolyte forms a p–n junction doping structure upon turning on the device, that 

is, in the electric field the cationic species drift toward the cathode forming a n-type doped 

region and the anionic species drift toward the anode forming a p-type doped region. The p–n 

junction contains the undoped electron–hole recombination zone, which is ideally formed in 

the middle of the active layer (Figure 1.2).[46,47] In a well-functioning LEC, the p–n junction 

ensures an efficient charge recombination without additional interlayers or low-work function 
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cathode metals, but the electrochemical stability of the active layer material plays an important 

role in the device performance, as discussed later in this thesis. 

 

Figure 1.2. (a) LEC device architecture. (b,c) Schematic representation of the formation of 

the p–n junction doping structure during the initial turn-on process, and schematic energy 

level diagram illustrating the injection of electrons (filled circles) and holes (empty circles) 

through the energy barriers of the n-type doped (yellow) and p-type doped (white) regions. 

The evolution of photoresponse devices is connected to the electroluminescent devices, and 

the early versions of photodetectors were based on similar Ga, Ge, and Si semiconductors.[48-

51] The devices converted incident light into free charge carriers under an external reverse bias 

voltage, and thus the photocurrent was strongly dependent on the electric field. Introduction 

of the concept of heterojunction, based on two semiconductor materials (Ge/GaAs, Si/GaP, 

GaAs/SiOx, etc.) in a crystalline double-layer, allowed better control of the band structure and 

thereby more efficient separation of charge carriers at the interface of the two materials.[52-54] 

An organic-inorganic heterojunction,[55,56] and the development of modern bulk heterojunction 

(BHJ), based on fully organic semiconducting electron donor and electron acceptor, increased 

the interfacial area and charge separation efficiency in the photoactive layer,[57-59] as illustrated 

in Figure 1.3. Performance of organic photodetectors (OPDs) will be discussed in more detail 

later in this thesis. Although the charge separation was efficient at the BHJ donor–acceptor 

interface, charge transport was somewhat limited compared to the above mentioned crystalline 

semiconductors, mainly because of the disordered morphology of the BHJ. This issue has been 

improved with a morphological control and a range of donor and acceptor materials available 

today.[60-65] In the current view, one of the main advantages of OPDs is the possibility to tune 

their spectral response with the chemical structure of the photoactive layer, and thereby target 

different applications, such as visible light communication (VLC),[66] night vision,[67,68] photo 

and video imaging,[69-71] and biosensing.[72,73] 
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Figure 1.3. Schematic representation of an OPD comprising (a) heterojunction and (b) bulk 

heterojunction photoactive layer, and (c) the corresponding device operation at reverse bias: 

formation of the electron–hole pair (black dashed circle) via incident light absorption at the 

donor–acceptor interface (black wavy arrow) and separation of the electrons (filled circles) 

and holes (empty circles) into free charge carriers. 

1.2. Design Considerations, Aim and Outline of the Thesis 

Given the strong motivation for the use of solution-processable active layer materials in the 

optoelectronic devices, this thesis focuses solely on the synthesis of conjugated polymers and 

small molecules and their application for NIR-OLEDs, NIR-LECs, and OPDs for visible (red) 

detection. For NIR-OLEDs, the general approach is to use a wide energy gap polymer as the 

host matrix and a low energy gap molecule as the NIR emitter, which is either blended with 

the polymer or incorporated into the polymer backbone. Both approaches are to aim at high 

emission efficiency. However, the commercial polymer matrices are usually not ideal for NIR-

OLEDs because of the mismatch of their energy levels and poor spectral overlap with the NIR 

molecules. The former is important for charge trapping at the NIR emitting sites and exciton 

formation specifically at their locations, whereas the latter is related to the efficiency of energy 

transfer from the host polymer to the NIR emitter. An interplay of these two mechanisms is 

ultimately connected to the NIR emission efficiency. For a functional NIR-OLED, one needs 

a host polymer that exhibits (i) good charge transport properties for low-voltage operation, (ii) 

suitable frontier orbital energy levels for charge injection selectively at the NIR molecule, (iii) 

high fluorescence efficiency, also in the solid state, and (iv) emission wavelength that overlaps 

with the absorption of the NIR molecule to facilitate an efficient energy transfer. With these 

criteria in hand, the remaining questions are: 

 What is the most feasible approach to mix the NIR emitter into the polymer matrix, 

that is, by blending or copolymerization? 
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 How much does the selection of host polymer impact the NIR performance, and are 

there true alternatives for the well-known commercial polymer matrices? 

For the application of polymeric NIR emitters for LECs, it is of great importance to study 

if conjugated polymers can improve the commonly poor NIR-LEC performance via (i) good 

electrochemical stability, (ii) balanced electrochemical p-type and n-typed doping capacities 

and (iii) compatibility with the electrolyte salt for a well-behaving p–n junction formation, and 

(iv) good long-term device stability, also in ambient air. Thus, two questions arise: 

 Can the NIR light-intensity be improved with the polymer approach, in comparison to 

the previously reported materials, by fulfilling the above form-factor requirements? 

 What is the optimal type of polymer emitter, that is, should the active layer consist of 

a single NIR-emissive polymer or can the inclusion of a wide-gap host and a low-gap 

NIR emitter deliver better performance in the strongly doped driving conditions? 

The applications of emissive polymers are not limited to light-emitting devices but they can 

be also useful for light-harvesting applications, such as OPDs in this thesis. Well-functioning 

polymer emitters commonly exhibit good electron- or hole-dominated mobilities or ambipolar 

charge transport properties. Therefore, they can be used either as electron donor or electron 

acceptor materials in a conversion of light into electrons and holes in the BHJ, and extraction 

of the charge carriers in an electric field. Considering applications for example in imaging and 

light communication, an OPD should ideally deliver a low dark current, high detectivity, and 

high frequency response, in other words, detect light from the noise even at low intensities and 

simultaneously operate at high speeds. A question arises: 

 What type of emissive polymer can be used as an active material to fulfill the OPD 

device requirements – is an efficient emitter also a strong absorber? 

The general considerations for the materials design and synthesis in this thesis are covered 

in Chapter 2. The same chapter also introduces the critical characteristics that are studied and 

optimized for the materials. These are the energy, wavelength, and efficiency of the absorption 

and emission processes, the reversibility and stability of the electrochemical oxidation (p-type 

doping) and reduction (n-type doping) processes, and the frontier orbital energy levels. The 

different device parameters are introduced in Chapter 3, in consideration of the requirements 

from a materials design perspective. Chapter 4 brings the preceding chapters into the context 

of NIR emitters and summarizes the study on NIR-OLEDs and how the device performance 
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can be improved significantly with materials design, covering papers I and II. Introduction of 

polymeric NIR emitters for LEC devices in Chapter 5 improves the general understanding of 

electrochemical doping in the active layer, ultimately resulting in an intense NIR emission, 

covering papers III and IV. Chapter 6 demonstrates that light-emitting polymers can be used 

for the fabrication of highly functional OPDs, whose performance is comparable to that of the 

conventional inorganic photodetectors. The efficiency of charge carrier separation and charge 

extraction both play an important role in the device performance. These processes are studied 

with polymer design and morphological control, covering papers V and VI. Overall, solution-

processing allows relatively easy and low-cost device fabrication procedure, but poses special 

requirements for the materials design, both physical and mechanical, which are discussed and 

effectively fulfilled in this thesis. 
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2. Conjugated Materials and Optoelectronic Properties 

This chapter gives a brief overview of different types of conjugated molecules, their structural 

design, electrochemical properties, and light absorption and emission characteristics. These 

properties are relevant in that they can be tuned with changes in the chemical structure, thereby 

defining the performance of the materials in different electronic and photonic applications.  

2.1. Definition and Design of Conjugated Molecules 

 
Scheme 2.1. Chemical and resonance structures of different types of conjugated polymers. 

As studied in organic chemistry, in a molecule with at least two adjacent sp2 hybridized carbon 

atoms the sp2 hybrid orbitals form a single (σ) bond, whereas the overlap of the non-hybrid p-

orbitals contribute to a double (π) bond between the carbon atoms.[74] In an extended molecular 

structure, the double bond electrons can diffuse (delocalize) along the neighboring p-orbitals, 

which is referred to as a conjugated system. Scheme 2.1 shows a simple conjugated polymer 

structure, a polyene, which consists of an undefined number of alternating single bonds and 

double bonds. Since the π-electrons are shared along the entire polymer backbone, the double 

bonds can “flip” freely between the carbon atoms, and this is drawn as a resonance between 

the two structures. Both of these mesomeric forms are energetically identical.[75] The polymer 

can also consist of a series of cyclic conjugated (aromatic) carbon rings, or other than carbon 

atoms containing heteroaromatic structures, such as the sulfur atom containing thiophenes in 

poly(thiophene). The thiophene rings are connected by σ-bonds to obey the rule of alternating 

double bonds. Different from the planar and rigid π-bonds, the σ-bonds can rotate freely along 

their axis. This allows certain freedom for the polymer backbone to twist between the repeating 

thiophene units. In the case of poly(thiophene), the resonance results in the double bonds being 

flipped between the thiophenes, known as a quinoid structure, which restricts the molecular 
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motion and planarizes the polymer backbone.[76,77] This added stability means that the two 

resonance structures (aromatic and quinoid) are no longer energetically comparable. 

 

Figure 2.1. Energy level diagram of (a) an imaginary dimer comprising two identical 

monomers and (b) a D–A structured dimer comprising a donor and an acceptor monomer. 

In a conjugated molecule, say, a dimer that comprises two monomers (Figure 2.1a), the π-

electrons of the molecular orbitals of both monomers are shared in the new molecular orbitals 

of the dimer. Depending on the spatial overlap of the wavefunctions of the non-hybrid p-

orbitals (the ones that are involved in the π-bond of the two monomers), they can either form 

a low-energy bonding molecular orbital or a high-energy antibonding molecular orbital.[74] 

The π-electrons from both monomers fill the lower-energy (bonding, π) molecular orbitals, 

leaving the higher-energy (antibonding, π*) molecular orbitals unoccupied.[76,78] Thus, the 

naming highest occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital 

(LUMO) and, accordingly, HOMO–1 and LUMO+1, to describe the electron occupation and 

relative energy of the orbitals. For organic semiconductors, HOMO and LUMO are the two 

most relevant orbitals, since their energy positioning (relative to the vacuum level) define the 

energy that is needed to remove or add an electron at the molecule, respectively, and their 

separation, the energy gap (Eg), is also related to the energies of the optical transitions. 

By means of materials design, the Eg can be decreased by stabilizing the quinoid structure 

over the aromatic form,[79,80] but introduction of different electron donor and electron acceptor 

monomers is an even more versatile approach.[75,81] A donor can be described as a molecule 

with high-lying HOMO and LUMO energy levels, whereas an acceptor exhibits low-lying 

energy levels, as illustrated in Figure 2.1b.[82] Covalent bonding of these two monomers results 

in the π and π* orbitals of the donor–acceptor (D–A) structured dimer being shifted in energy, 
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given the contribution from two differential monomers. Importantly, the selection of the donor 

and acceptor (and their corresponding energy levels) determine the HOMO and LUMO levels 

of the D–A dimer, effectively decreasing its Eg in comparison to the example in Figure 2.1a. 

The D–A approach[83] and its multiple variations, such as D–A–A, D–A1–D–A2, D–A–D, A–

D–A, and so on,[84-89] allow almost unlimited possibilities not only for the tuning of the HOMO 

and LUMO and the Eg values, but also for changing the electrochemical and optical properties 

of the molecule. The conjugation length is another factor that affects the orbital energies. The 

Eg can be systematically decreased by extending the conjugation, that is, by adding more of 

the energetically split π and π* orbitals, which result in the HOMO and LUMO approaching 

each other.[90] Although this is effective only to a certain extent,[91-93] the Eg is usually smaller 

for polymers than for similarly structured small molecules (monomers, dimers, etc.).[94-97] 

2.2. Electrochemical Characterization 

 

Figure 2.2. Schematic representation of (a) the fundamental energy levels, and (b) the 

electrochemically and (c) optically accessible energy levels of an imaginary molecule. 

The IUPAC definition for Eg is “the energy difference between the bottom of the conduction 

band and the top of the valence band in a semiconductor”,[98] which describes the conventional 

inorganic semiconductor crystals. In the case of conjugated molecules, this can be rephrased 

as the difference in energy needed to remove an electron from the HOMO in gas phase, the 

vertical ionization potential (IP), and the energy gained by adding an electron to the LUMO 

in gas phase, the vertical electron affinity (EA).[99,100] These transitions are illustrated in Figure 

2.2a. The fundamental energy gap (Efund) between the IP and EA can be estimated via density-

functional theory (DFT) calculations,[101,102] albeit with a great deal of approximations,[103-106] 

or measured experimentally with ultraviolet photoelectron spectroscopy (UPS) and inverse 

photoemission spectroscopy (IPES) techniques.[107-109] However, in the solid state, which is 
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the state of interest for organic semiconductors, differential molecular orientations (disorder) 

and intermolecular interactions (π–π stacking and polarization)[100] both influence the overall 

energy structure of the material. Therefore, the measured values (in the solid state) may be 

considerably different from the Efund. 
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Figure 2.3. Linear (a) forward and (b) reverse potential scans. (c) CV traces of a reversible 

Fc/Fc+ redox couple (black line), a quasi-reversible polymer (red line), and an irreversible 

polymer (blue line), all at a scan rate of 100 mV/s. Determination of the oxidation (Eox) and 

reduction (Ered) onset potentials, the anodic (Ep
a) and cathodic (Ep

c) peak potentials, and the 

anodic (ip
a) and cathodic (ip

c) peak currents. The arrows indicate the scan direction. 

Cyclic voltammetry (CV) is a practical method for the estimation of the HOMO and LUMO 

energy levels via electrochemical doping, that is, by removing an electron from the molecule 

(oxidation, p-type doping) or by adding an electron to the molecule (reduction, n-type doping), 

respectively.[110-112] These electron transfer reactions can be studied by depositing the material 

on a working electrode surface as a solid-state thin film, and then immersing it in a supporting 

electrolyte solution (or alternatively dissolving the material in the electrolyte solution). A 0.1 

M solution of tetrabutylammonium hexafluorophosphate (TBAPF6) in anhydrous acetonitrile 

is a commonly used electrolyte.[113] Conveniently, polar acetonitrile does not usually dissolve 

the films of conjugated polymers and small molecules. The CV data is collected by applying 

a positive (forward, Figure 2.3a) or negative (reverse, Figure 2.3b) linear potential scan to the 

electrode. At a certain pre-set voltage, the scan is switched to an opposite direction at the same 
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scan rate. An anodic wave appears upon oxidation of the material on the forward scan, and a 

cathodic wave appears during the reverse scan, as illustrated in Figure 2.3c.[114] 

For a redox couple exhibiting fast single electron transfer, referred to as a reversible couple 

(Figure 2.3c, black line), (i) separation of the anodic (Ep
a) and cathodic (Ep

c) peak potentials, 

i.e., ΔEp = |Ep
a – Ep

c|, is 57 mV, (ii) the anodic (ip
a) and cathodic (ip

c) peak currents are 

approximately the same, thus |ip
a/ip

c| = 1, (iii) the position of the peak potentials (Ep
a, Ep

c) 

remain constant regardless the scan rate, but (iv) the peak currents (ip
a, ip

c) are proportional to 

the square root of the scan rate,[115] i.e., they increase with increasing scan rate.[114,116] For a 

quasi-reversible electrochemical reaction (Figure 2.3c, red line), the oxidation and reduction 

are still relatively fast, but a certain energy barrier for the electron transfer requires a higher 

applied potential for the oxidation/reduction to occur. Therefore, the value of ΔEp becomes 

larger than 57 mV, changing as a function of the scan rate, and the peak currents are no longer 

proportional to the square root of the scan rate. For a slow or unstable electrochemical reaction, 

referred to as an irreversible redox couple (Figure 2.3c, blue line), CV trace lacks the reverse 

reaction completely (that is, during the scan at the opposite direction of the forward or reverse 

scan).[117] Chemical reversibility refers to stability of the material during oxidation/reduction, 

and whether or not it can be re-reduced/re-oxidized.[118] 

It is important to note that the oxidation and reduction of a conjugated polymer (or small 

molecule) at the electrode surface leads to conformational reorganization,[112] such as changes 

between the aromatic and quinoid resonance structures.[80] Therefore, the redox properties are 

characterized from the oxidation (Eox) and reduction (Ered) onset potentials (see Figure 2.3c). 

Eox describes the lowest energy needed to remove an electron from the HOMO,[119] and Ered 

refers to the energy of adding an electron to the LUMO,[120] which are observed as increasing 

anodic and cathodic currents in the CV traces, respectively. The HOMO and LUMO can be 

assessed by measuring the onset potentials. However, the CV method does not provide direct 

indication of their energy in the vacuum scale (as in the case of IP and EA). It necessitates the 

use of a reference redox couple with a known, standard potential. [Fe(Cp)2]/[Fe(Cp)2]
+ couple, 

known as ferrocene/ferrocenium (Fc/Fc+) couple, is a common standard with a redox potential 

of 0.63 V against the normal hydrogen electrode (NHE) in acetonitrile at 25 °C,[121] and the 

NHE in turn has an electrode potential of –4.5 V in the vacuum scale.[115] This allows an 

indirect evaluation of the HOMO and LUMO energies by measuring the Eox and Ered versus 

the Fc/Fc+ redox couple at 0 V, respectively, and by using the following equations: 
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𝐸HOMO = −(𝐸ox + 5.13)  (eV)   (2.1) 

𝐸LUMO = −(𝐸red + 5.13)  (eV)   (2.2) 

With these approximations, it is evident that the electrochemically accessible values of the 

HOMO and LUMO energies in the vacuum scale, or the Eg, are not directly comparable to the 

fundamental IP and EA in the gas phase, nor to the Efund. However, they do give an excellent 

indication of the p-type and n-type doping processes (i.e., hole and electron injection), their 

energies, and the electrochemical reversibility and stability, which are highly relevant for the 

performance of the materials in the optoelectronic devices. 

2.3. Characterization of the Light Absorption and Emission 

The characterization techniques in the previous section did not take into account the electron–

hole pair binding energy (EB).[122] Upon absorption of a photon (i.e., excitation) an electron–

hole pair (i.e., exciton) is formed. EB describes the additional energy required to overcome the 

attractive Coulomb force and dissociate the electron and hole into free charge carriers.[123,124] 

Thus, the lowest accessible vertical excitation, the optical energy gap (Eopt), is generally lower 

than the electrochemically measured Eg (or the Efund), as schematically illustrated in Figure 

2.2c.[100,125] Eopt is obtained experimentally from the low-energy absorption onset (λonset) of the 

material, either in solution or solid-state thin film, given the Planck relation:[126] 

𝐸opt = ℎ𝜈 = ℎ𝑐/𝜆 ≈ 1240/𝜆onset  (eV)   (2.3) 

where h is Planck constant (6.626 × 10–34 J s, or 4.135 × 10–15 eV s),[127] ν is the frequency, c 

is the speed of light in vacuum (2.998 × 108 m/s), and λ is the wavelength. Estimation of λonset 

in nanometers (10–9 m) thus relates to the Eopt in eV, as shown in Figure 2.4.[128] Interpretation 

of the rest of the absorption spectrum is less straightforward. Where Eopt describes the vertical 

excitation from the ground state (S0) to the lowest-energy singlet excited state (S1), the overall 

absorption of conjugated molecules is a sum of transitions from the S0 state to the different 

electrically and vibrationally excited (S1, S2, etc.) states.[74,126,129] This leads to a broadening 

of the absorption band, as shown in Figure 2.4 and further schematically illustrated in Figure 

2.5. The energy differences between the vibrational levels (Figure 2.5a, grey lines) are, in 

general, smaller than those of the electronic levels (Figure 2.5a, black lines). Therefore, the 

classical electronic transitions (S0 → S1, S0 → S2, etc.) require the high energy of UV-visible 
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photons, or that of the injected electrons, while the vibrational transitions can be induced with 

low-energy infrared, or even NIR photons.[74] 
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Figure 2.4. Absorption and PL spectra of an imaginary conjugated polymer. 

Absorption of light by the molecule can be assessed with Lambert–Beer law, which states 

that the light passing through the sample is diminished by three physical factors: (i) the amount 

of absorbing material that the light must travel through, i.e., its concentration, (ii) the distance 

the light must travel through the sample, i.e., the path length, and (iii) the probability that the 

photon of a given energy is absorbed, i.e., the absorption coefficient of the sample. Then, if an 

incident light of an intensity of I0 passes through the sample, a certain (lower) intensity of It is 

transmitted through. The law assumes that the proportion of light absorbed by the molecule is 

independent of the magnitude of I0. Thus, if the sample (solution or thin film) is homogeneous, 

the probability of light absorption is linearly dependent on the intensity, and each successive 

layer of the sample absorbs an equal fraction of light across a finite length scale. This means 

that the magnitude of It decreases exponentially with increasing path length, or with increasing 

concentration (for solution). The relation of I0 to It is defined as absorbance (Abs, or Aλ):
[74,126] 

𝐴𝜆 = log (𝐼0/𝐼𝑡) = 𝜀 𝑐 𝑙   (2.4) 

where ε is the molar absorptivity (i.e., extinction coefficient) with units M–1 cm–1 (or L g–1 cm–

1), c is the solution concentration in M (or g/L), and l is the path length in centimeters. The 

constant ε depends on the material, describing its ability to absorb light. The absorption spectra 

of conjugated molecules are usually measured over a wavelength range, as in Figure 2.4, either 

in a solution of low concentration (in a quartz cuvette with 1 cm path length) or as a thin film 

with thickness of ~100 nm.[130-132] In the latter case, Equation (2.4) becomes:[133] 

𝐴𝜆 = 𝛼 𝑙   (2.5) 
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where α describes the absorption coefficient of the material in thin film, with a unit cm–1, and 

l is the film thickness (i.e., path length) in centimeters. The absolute value of α (or ε) depends 

strongly on the wavelength, and is therefore reported as a plot versus wavelength, or as a value 

connected to a specific wavelength (typically that of the absorption peak maximum). 

 

Figure 2.5. Jablonski diagram of an imaginary molecule, illustrating the low-lying energy 

levels involved in the excitation of an electron via absorption of a photon, some nonradiative 

relaxation pathways (black arrows), and radiative relaxation as (a) fluorescence, (b) 

phosphorescence, and (c) thermally activated delayed fluorescence. 

Fluorescence spectroscopy measures the emitted photons in relation to the absorbed ones, 

which emission is generally referred to as photoluminescence (PL). Conjugated molecules can 

exploit the energy of excited electrons as radiative relaxation back to the S0 state (apart from 

the specific case of exciton dissociation in the BHJ, see Chapter 1). Figure 2.5a represents a 

conjugated molecule, whose S0 state electron is optically excited to the low-energy Sn (where 

n = 1, 2, etc.) electronic state or vibronic state. Countless possibilities of internal conversion 

(IC) and vibrational relaxation (VR) to the lower energy levels ultimately lead to a relaxation 

from the S1 state to different electronic and vibronic S0 state energy levels. The latter process 

is termed fluorescence. Similarly to the absorption process discussed above, the combination 

of different energy transitions to the S0 state leads to a broadening of the emission band (see 

Figure 2.4). Various nonradiative decay processes can take place, such as vibronic coupling 

of the S0 and S1 states, as schematically illustrated on the left side of Figure 2.5a, or intersystem 

crossing (ISC) to a lower-lying triplet excited (Tn) state and further nonradiative relaxation to 

the S0 state (not included in Figure 2.5a). These undesired transitions decrease the fluorescence 

efficiency, which is defined as photoluminescence quantum yield (PLQY, or Φf):
[126,129,134] 
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𝛷𝑓 = 𝑘𝑟/(𝑘𝑟 + 𝑘𝑛𝑟) = 𝑁emitted/𝑁absorbed   (2.6) 

where the kr is the radiative rate constant, and knr is the nonradiative rate constant describing 

the above mentioned dark decay processes. Φf can be obtained experimentally by measuring 

the relative number of the absorbed and emitted photons, Nabsorbed and Nemitted, respectively, in 

comparison to a dye with a known, standard Φf,
[135] while the absolute values of Nabsorbed and 

Nemitted can be measured with an integrating sphere.[136,137] The latter method is desired due to 

its accuracy and applicability for both solution and thin film samples. 

The average time a molecule remains excited before spontaneous emission via relaxation 

from the S1 state to the S0 state is termed fluorescence lifetime (τf):
[129] 

𝜏𝑓 = 1/(𝑘𝑟 + 𝑘𝑛𝑟)   (2.7) 

which is typically in the order of 10–9 s for fluorescent molecules (for comparison, Sn → S1 IC 

and VR processes are even faster, in the order of 10–10–10–14 s).[126,134] τf can be measured 

experimentally with a time-correlated single-photon counting (TCSPC) technique.[138] Thus, 

kr and knr can be derived from Equations (2.6) and (2.7) as following: 

𝑘𝑟 = 𝛷𝑓 (𝑘𝑟 + 𝑘𝑛𝑟) = 𝛷𝑓 (1/𝜏𝑓) = 𝛷𝑓/𝜏𝑓   (2.8) 

𝑘𝑛𝑟 = 1/𝜏𝑓 − 𝑘𝑟   (2.9) 

which allows a direct evaluation of the two competing processes in a fluorophore. 

In further discussion of optical excitation and emission processes, it is worth taking a closer 

look into the electronic spin states. An electron can be described as having an intrinsic angular 

momentum, a spin quantum number of s = 1/2, with the notion that it does not behave like a 

negatively charged particle rotating around its axis. Instead, the alignment of the spin (a vector 

along a reference direction, an arbitrarily chosen axis) is identified as a spin magnetic quantum 

number ms = +1/2 or –1/2.[74,139] These two possible values of ms are commonly represented 

as spin-up, or ↑, and spin-down, or ↓, respectively, as for example in Figure 2.1. If there are 

multiple electrons to be taken into account, the total spin angular momentum quantum number 

(the resultant spin) is given by S = s1 + s2, s1 + s2 – 1, …, |s1 – s2|, where si is the spin of ith 

electron. Considering two coupled electrons in a molecule, S can be either 1 or 0, and there 

are four possibilities for the arrangement of their spin configurations, given by the multiplicity 

M = 2S + 1, one corresponding to singlet state (M = 1) and three corresponding to triplet state 

(M = 3).[139,140] In fact, multiplicity tells the number of allowed values of the total spin 
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magnetic quantum number Ms = S, S – 1, …, –S for a given value of S, in other words, the 

possible orientations (spin vectors in space) that the total spin can adopt.[74,101,139] 

 

Figure 2.6. Schematic representation of the electron spin (ms = ±1/2ħ). Individual electron 

spins are shown as vectors (blue arrows) lying in cones along the z-axis and the total spin is 

shown as a vector (red arrow) lying between two coupled electrons. (a) A singlet has zero 

total spin angular momentum (S = 0): whenever one spin vector lies on its cone, the other 

points to an opposite direction, cancelling the overall spin. (b) A triplet has three ways of 

achieving a nonzero total spin angular momentum (S = 1): the spin vectors lie either in the 

same cone (Ms = ±1ħ) or in opposite cones but in phase (Ms = 0 along the z-axis). 

In Figure 2.6, the individual spins ms and their resultant Ms are shown as vectors precessing 

about an arbitrarily chosen z-axis. In the case of S = 0, M = 1, there is only one possible spin 

orientation, Ms = 0, thus the naming singlet: the electron spins are paired (opposite/antiparallel) 

and there are no net spin. When S = 1, M = 3, there are three possible spin orientations, Ms = 

+1, 0, or –1, and thus the naming triplet: the two electrons are unpaired (parallel/in phase) and 

the net spin S = 1 in all cases.[74,101,139] 

The above description gives an intrinsic singlet–triplet exciton formation ratio (ηST), often 

termed “spin statistics”,[74,141,142] since the same spin vectors apply to the excited states.[140,143] 

However, virtually all conjugated molecules exhibit a singlet ground state configuration, i.e., 

all electrons are paired, and absorption of a photon results in excitation from the S0 state to the 

corresponding Sn state with no change in the electron spin.[74,139] This is known as spin-allowed 

transition. The ISC process allows the occupation of the triplet excited Tn states, and ultimately 

the fraction of excitons located at the singlet state is 25%, while 75% of the excitons are formed 

as triplets. Relaxation from excited T1 state to S0 ground state requires the spin of the electron 
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to flip or rephase, and is therefore spin-forbidden.[74,139] Moreover, kr for the T1 → S0 transition 

is relatively low, in the order of 101–103 s–1, whereas knr for the triplet exciton is significantly 

higher, typically in the range of 105–106 s–1.[126,144-146] This means that the nonradiative decay 

dominates the triplet state, i.e., the triplet excitons are dark, thereby intrinsically limiting the 

emission of the fluorescent molecules to the radiative S1 → S0 transition. Despite the fact that 

ηST is given by default, a low knr (via assumed, slow S1 → S0 IC and Sn → Tn ISC processes) 

and a high kr (via fast, radiative S1 → S0 relaxation) can improve the PLQY of a fluorescent 

dye up to 100%.[147,148] This and many additional factors, such as (i) backbone planarity and 

rigidity in connection to vibrational and rotational energy losses, (ii) π–π interactions and 

aggregation, and (iii) spatial overlap between the S1 state electron and hole wavefunctions 

ultimately define the emission properties, as discussed in the later chapters. 

Introduction of a (heavy) transition metal to the conjugated structure induces strong spin–

orbit coupling between the singlet and triplet states, known as heavy atom effect, allowing a 

fast Sn → Tn ISC process and spin-forbidden radiative relaxation from the T1 excited state to 

the S0 ground state as phosphorescence.[144,145,149,150] This process is illustrated in Figure 2.5b. 

Phosphorescent materials can utilize larger amount of excitons than the fluorescent ones, but 

kr for T1 → S0 transition is still somewhat lower than that for the S1 → S0 transition due to the 

spin flip necessary in the former case.[126] The low decay rate of phosphorescent emitters may 

result in exciton quenching, saturation, and triplet–triplet annihilation, which are detrimental 

to the performance of light-emitting devices.[150-152] However, different Pt and Ir complexes 

have been reported to exhibit kr up to the order of 106 s–1 or even higher, which importantly 

exceed the typical knr of triplet excitons.[153-158] 

The singlet–triplet energy gap (ΔEST) can be substantially large if the ground state HOMO 

and LUMO wavefunctions overlap, e.g., in a nearly coplanar D–A–D structured molecule, as 

the electron configuration is generally maintained at the excited states, referred to as locally 

excited states (LE). This is often the case in highly fluorescent molecules. In contrast, spatial 

separation of the HOMO and LUMO wavefunctions by the design of orthogonal donor and 

acceptor units leads to charge-transfer excitation (CT) character and small ΔEST.[159,160] The 

latter has been used for the transfer of dark triplet excitons back to the radiative singlet state 

via reverse intersystem crossing (RISC), ultimately for the attainment of emission as delayed 

fluorescence. This emission mechanism is known as thermally activated delayed fluorescence 

(TADF),[161-164] which name comes from the original understanding that the RISC process is 
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mediated by thermal energy to raise the triplet excitons to a vibrational level that corresponds 

energetically to the singlet state, as presented in Figure 2.5c. However, thermal energy and the 

simplified Jablonski diagram do not provide full picture of the TADF mechanism. It involves 

vibronic coupling between the lowest local excitation triplet state (3LE) and the lowest charge-

transfer triplet state (3CT) to promote spin–orbit coupling and spin flip to the lowest charge-

transfer singlet (1CT) state.[165-171] The key difference to the fluorescent (and phosphorescent) 

molecules is that the TADF mechanism allows harvesting of up to 100% of the dark triplet 

excitons as higher energy radiative singlet excitons, thereby surpassing the 25% singlet exciton 

yield (and the 75% triplet exciton yield) without the inclusion of heavy metals.[172-174] TADF 

emitters benefit from higher yield of emissive excitons than the fluorescent or phosphorescent 

ones, but decay rate of the delayed fluorescence is somewhat lower than that of the fluorescent 

ones due to the involvement of the long-lived triplet excitons. The rate of the RISC process 

(kRISC) is critical for the TADF lifetime, and delayed fluorescence is generally attainable thanks 

to the substantially higher kRISC (106–107 s–1 or even above) compared to the kr and knr of the 

triplet states.[175] 

All the three emission mechanisms described above (and shown in Figure 2.5) have their 

specific challenges when Eg (and thereby Eopt) is decreased, due to vibronic coupling between 

the ground state and the different excited states. Organic (metal-free) fluorescent emitters bear 

some important benefits from an application point of view, which are discussed in detail in the 

following chapters. 
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3. Organic Optoelectronic Devices 

This chapter describes the application of conjugated materials as semiconductors for different 

optoelectronic devices: organic light-emitting diodes, light-emitting electrochemical cells, and 

organic photodetectors. The parameters that define the device performance are discussed with 

some key considerations, keeping in mind that the design of materials for these applications 

are discussed in depth in the later chapters.  

3.1. Organic Light-Emitting Diodes 

The positioning of HOMO and LUMO levels of the active material define the recombination 

site of the injected holes and electrons, and the concomitant generation of radiative photons as 

electroluminescence (EL), as schematically represented in Figure 1.1 (Chapter 1).[176-178] The 

overall efficiency of this process can be characterized as an external quantum efficiency (EQE, 

or ηExt) of the OLED, that is, the number of emitted photons (Nph,out) divided by the number of 

injected charges (Nel,in):
[150,179] 

𝜂Ext = 𝑁ph,out/𝑁el,in = 𝛷𝑓 × 𝜂ST × 𝜂Rec × 𝜂Out = 𝜂Int × 𝜂Out   (3.1) 

where Φf is the PLQY of the emitter, given by Equation (2.6), and ηST = 0.25 for fluorescent 

emitters, which obey the same spin selection rule as discussed in the case of optical excitation 

in Chapter 2.3. The key difference between optical and electrical excitation is, however, that 

in the latter case both singlet excitons and dark triplet excitons can be formed directly at the 

electron and hole captures.[141,143,145] ηRec is the charge balance factor, i.e., exciton formation 

efficiency. It describes the fraction of recombining charge carriers relative to the total number 

of injected carriers. In an ideal case, all injected electrons and holes recombine and ηRec = 1. 

However, the charge balance depends strongly on the current density, and imbalanced charge 

transport and saturation of the emissive sites at high currents can decrease ηRec << 1. A low 

decay rate of the emitter is disadvantageous for the performance of the device, as the emitter 

is saturated already at low current densities. This is observed as EQE roll-off when the current 

density is increased, thus strongly limiting the device operation.[150,180-183] The high decay rates 

of fluorescent emitters typically allow operation at relatively high currents with little EQE roll-

offs. The above three factors together describe the internal quantum efficiency (IQE, or ηInt) 

of the device, which can be described as the number of generated photons (but not leaving the 

device) per the number of injected charges.[150,179] 
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The remaining factor, ηOut, is the optical outcoupling efficiency, i.e., the fraction of photons 

passing through the substrate, anode, and possible interlayers relative to the photons generated 

in the active layer. ηOut is typically ~0.2 due to waveguiding in the glass substrate and different 

device layers and reflections at the interfaces.[184,185] Majority of the photons are either trapped 

inside the substrate/device or emitted from the edges of the device.[37] In a fluorescent OLED, 

the theoretical maximum EQE is therefore limited to ~5%.[179] As observed, ηOut is a significant 

source of efficiency loss, and various engineering approaches have been applied to improve 

the light outcoupling. This is usually done by minimizing the waveguiding effect with different 

nanostructures,[186] microcavity structures,[187,188] and microlenses in the device,[189,190] which 

extract the trapped light out of the device.[191,192] 

Another way to characterize the OLED performance is the current efficiency (cd/A), which 

represents the ratio of luminance to the applied current density. Luminous efficiency (lm/W) 

describes the ratio of luminous flux to the electric power input. Both of these parameters take 

into account the sensitivity of human eye to different wavelengths of visible light, known as 

photopic response, with a maximum sensitivity at 555 nm.[150,178,179,193] The current efficiency 

and the luminous efficiency are not ideal quantities for OLEDs emitting in the NIR region, for 

which EQE is commonly used.[150] Moreover, since luminance (often referred to as brightness, 

in cd/m2) is related to the photopic response and emission in the visible spectral range, radiance 

(R, in mW/cm2) is more practical measure for the intensity of NIR emission. 

A plot of current density and radiance versus voltage (J–V–R) is used for further evaluation 

of the device performance: current density (J, in mA/cm2), i.e., the ratio of current to the area 

of the device, and radiance are measured with respect to an increasing applied voltage (V, V). 

Turn-on voltage (VON) describes the minimum voltage to turn on the device, that is, to reach 

certain increase of radiance (or current) from the baseline.[37,89,194] 

3.2. Light-Emitting Electrochemical Cells 

The performance of LECs is characterized largely with the same parameters as described for 

OLEDs in the previous section. However, in an LEC the electrolyte ions form the p-type and 

n-type doped regions in the active layer, and in these regions the electric field can be extremely 

high.[195] This results in bending of the energy levels near the electrode/active layer interfaces, 

as schematically illustrated in Figure 1.2 (Chapter 1). When the applied voltage is large enough 

to overcome the energy barrier, injection of electrons and holes will take place. The p–n doping 
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process can be described as the injected electrons being stabilized by uncompensated cationic 

electrolyte species at the cathode side of the active layer and the injected holes being stabilized 

by uncompensated anionic electrolyte species at the anode side, thus the naming n-type and p-

type doped regions, respectively.[195-197] Because of this stabilization, it is possible to inject a 

large number of charge carriers into the active layer. The two doped regions grow in time and 

eventually contain the electron–hole recombination zone, given that the doping is balanced, in 

the middle of the active layer and far from the exciton quenching electrodes.[44,198-200] 

When the LEC is driven with a constant current density, the formation of the p–n junction 

doping structure is observed as increasing radiance (or luminance) and decreasing voltage with 

time during the initial turn-on process. A well-functioning device thus reaches the steady-state 

operation rapidly. The time to reach certain radiance is reported as the turn-on time.[201-203] At 

the steady-state operation, the p–n junction ensures efficient recombination of electrons and 

holes in the active layer, and ηRec = 1 also at high current densities.[46,204-206] The result may be 

that the electrolyte ions separate completely at the electrode/active layer interface during the 

continuous long-term operation, which deteriorates the p–n doping structure, and is observed 

as decreasing radiance (or luminance).[43,206-209] One way to circumvent this is to apply a pulsed 

or alternating current, which limits the motion of the electrolyte ions.[210,211] It is desirable that 

the active layer itself ensures a stable p–n junction by containing the ions, through the design 

of the active material and the electrolyte, and allows the operation also under constant current. 

3.3. Organic Photodetectors 

In an OPD, the photogenerated free charge carriers are driven to their respective electrodes by 

the alignment of the HOMO and LUMO energy levels of the donor and acceptor materials (an 

internal built-in potential) and even more by the external reverse bias, as represented in Figure 

1.3 (Chapter 1).[59,212-214] EQE describes the fraction of the incident photons that contribute to 

the photocurrent, which is measured as the number of photogenerated charges at the electrodes 

(Nel,out) divided by the number of incident photons (Nph,in) at a given wavelength: 

EQE = 𝑁el,out/𝑁ph,in   (3.2) 

Responsivity (R, in A/W) is a measure of sensitivity of an OPD to light (in the conversion 

of optical power to electrical current), which can be characterized as the ratio of photocurrent 

density under illumination (Jph, A/cm2) to the incident light intensity (LLight, W/cm2) as:[59,215] 
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𝑅 = 𝐽ph/𝐿Light   (3.3) 

It may not be obvious from Equation (3.3) that responsivity varies with the wavelength of the 

incident light. An alternative expression for responsivity can be derived from EQE as:[212,213] 

𝑅 = EQE × 𝜆𝑞/ℎ𝑐   (3.4) 

where λ is the wavelength, q is the elementary charge (1.602 × 10–19 C),[127] h is the Planck 

constant (6.626 × 10–34 J s), and c is the speed of light (2.998 × 108 m/s). Equation (3.4) shows 

how EQE relates to the responsivity. It is important to obtain high EQE for the attainment of 

high responsivity. In general, the responsivity can be increased by ramping up the reverse bias, 

since a higher electric field increases the charge collection efficiency.[61,215] 

Noise equivalent power (NEP, W) is the minimum optical power that an OPD distinguishes 

from the noise, that is, an incident light power that generates a photocurrent equal to the noise 

current (in, in A):[59,215,216] 

NEP = 𝑖n/𝑅 = √(𝐴𝛥𝑓)/𝐷*   (3.5) 

where A is the surface area of the device in cm2, Δf is the electrical bandwidth in Hz, and D* 

is the specific detectivity in cm Hz1/2 W–1 (Jones). 

On the other hand, specific detectivity describes the sensitivity of an OPD in relation to the 

surface area, the frequency bandwidth, and the noise current, which can be described as: 

𝐷* = √(𝐴𝛥𝑓)/NEP = 𝑅√(𝐴𝛥𝑓)/𝑖n   (3.6) 

The literature commonly describes three different sources of noise that contribute to in: (i) shot 

noise (or dark current noise) due to statistical fluctuation of the current when operating in the 

biased mode, (ii) Johnson noise (or thermal noise) due to random thermal motion of the charge 

carriers, and (iii) Flicker noise, which is inversely proportional to the frequency, whereas the 

other two are frequency independent.[59,212,213] In a typical OPD operation, under reverse bias, 

the shot noise from dark current is assumed to have the dominant contribution.[13,72] Therefore, 

in = (2qIdΔf)
1/2 and D* can be calculated as following:[212-214,217] 

𝐷* = 𝑅√𝐴/√(2𝑞𝐼d) = 𝑅/√(2𝑞𝐽d)   (3.7) 

where Id is the dark current in A and Jd is the dark current density in A/cm2. The latter form of 

Equation (3.7) is convenient for the characterization of specific detectivity, since responsivity 

can be obtained from EQE using Equation (3.4). Measurement of current density at increasing 
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applied reverse bias (a J–V plot) in dark and under illumination reveal the values of Jd and Jph 

at a chosen voltage, respectively. Equation (3.7) shows that D* is determined not only by the 

responsivity (photocurrent) but also by the noise (dark current).[13,218] The BHJ should ideally 

deliver as low Jd as possible, since it is a major limiting factor for the detectivity. Additional 

electron and hole blocking layers can be used to increase the barrier for charge injection from 

the anode and cathode, respectively, thereby reducing the dark current under reverse bias. The 

thickness of the BHJ layer is another factor that affects the dark current. A thicker film usually 

exhibits lower Jd, but the thickness also influences the EQE and the responsivity of the device, 

often contrary to the desired change in dark current.[61,212,217,219-221] 
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4. Synthesis of Conjugated Polymers and Small Molecules for NIR-

OLEDs  

The major challenges in the design of efficient NIR emitters are (i) aggregation quenching of 

the emission in solid state, (ii) pronounced coupling of the excited state and the ground state 

vibronic energy levels toward decreasing energy gap, known as the “energy gap law”,[222,223] 

and (iii) intrinsic limitation of the yield of emissive excitons from the singlet excited state. A 

number of strategies have been introduced to overcome these challenges and to improve the 

performance of organic (metal-free) compounds in the NIR range.[224,225] Aggregation-induced 

emission (AIE) enhances the solid-state emission yield by restricting intramolecular motion 

(rotation and/or vibration) of the emitter.[226-228] Ledwon et al.[229] reported a top-performing 

AIE-active benzothiadiazole small molecule and an OLED emitting at 688 nm. TADF harvests 

the commonly dark triplet excitons in organic compounds (Chapter 2.3).[164,168,230-234] In recent 

years, examples of TADF emitters and various TADF-AIE hybrid systems have been reported 

to exceed a peak wavelength of 700 nm and an EQE of ~10%.[235-241] In such triplet harvesting 

compounds the exciton recombination dynamics typically fall in the hundreds of nanoseconds 

or even in the microsecond range. This limits the operational bandwidth when integrated in 

devices for telecommunication. Fluorescent polymers and small molecules are preferred for 

Li-Fi applications,[24,26] since the fluorescence lifetime of these materials is typically in the 

order of few nanoseconds or less, allowing data transmission rates up to Gb/s. 

To redshift the emission of a fluorophore into the NIR region, one needs a planar structure 

with strong electron donating and accepting moieties. Such planar structures benefit from the 

concomitant extended conjugation and decreased energy gap but, at the same time, suffer from 

strong intermolecular π–π stacking, which is known as aggregation. Therefore, the NIR emitter 

is usually diluted in a solid-state polymer or small molecule matrix, referred to as a host/guest 

system.[88,165,242] The host matrix should physically separate the emitters from each other to 

avoid strong aggregation, yet allow efficient energy transfer and charge trapping at the NIR 

emissive sites for an ideal OLED performance. In this chapter, two different approaches are 

discussed with the aim of designing organic host and guest materials for an efficient NIR 

emission, covering papers I and II. 
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4.1. Random Copolymers Comprising BTT as the Emitter 

4.1.1. Design Strategy 

Phase separation of the host matrix and the NIR emitter may become a significant problem in 

the host/guest type OLEDs. Diluting the emitter within a host polymer backbone can be an 

ideal way to obtain a solution-processable homogeneous blend and prevent the NIR molecules 

forming phase separated aggregates.[194,243] The design of host polymer and guest emitter 

generally requires (i) spectral overlap of the host emission and guest absorption to ensure 

efficient energy transfer, (ii) careful optimization of the host and guest band alignment to allow 

charge injection and trapping specifically at the NIR sites, and (iii) suitable energy levels with 

regard to the electrodes and interlayer materials available for device fabrication. In this study, 

two wide gap polymers were chosen as host matrices: poly[3,3'-ditetradecyl-2,2'-bithiophene-

5,5'-diyl-alt-5-(2-ethylhexyl)-4H-thieno[3,4-c]pyrrole-4,6(5H)-dione-1,3-diyl] (P2TTPD) 

and poly[3,3'-ditetradecyl-2,2':5',2'':5'',2'''-quaterthiophene-5,5'''-diyl] (P4T). The amount of 

NIR emitter is highly related to the performance of the OLEDs and the optimum concentration 

needs to be studied for each new system. The low-gap NIR molecule 6-(2-butyloctyl)-4,8-

di(thiophen-2-yl)-[1,2,3]triazolo[4',5':4,5]benzo[1,2-c][1,2,5]thiadiazole (BTT, Scheme 4.1 

and 4.2) was copolymerized into the host polymer backbone with the concentration varying 

from 0.5 to 10%. In all cases, the NIR emitter was dispersed in the host polymer backbone, 

allowing cost-efficient fabrication of the devices from a single active layer material. 

4.1.2. Material Synthesis and Characterization 

 

Scheme 4.1. Synthesis of the BTT monomer. 
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Scheme 4.2. Synthesis of the random copolymers. 

The BTT monomer was synthesized via a six-step synthesis route, starting from nitration of 1 

in excess of fuming nitric acid to obtain 2 (Scheme 4.1). This type of nitration necessitates the 

use fuming triflic acid as the solvent, since the reaction in concentrated sulfuric acid instead 

resulted in a mono-nitrated compound. Pd-catalyzed Stille coupling introduced the thiophene 

donor groups on molecule 3. For the ring-closing reaction, the nitro groups were reduced with 

iron powder in acetic acid. A simple post-reaction procedure by extraction with diethyl ether 

ensured full removal of the iron and yielded the diamine 4, which was used directly to the next 

step due to the instability of similar aromatic diamines in air. Alkylation of the triazole 5 in 

basic conditions yielded compound 6, with the side chain on the central nitrogen atom as the 

major product. The good selectivity at the central nitrogen atom, with respect to the previously 

published procedures,[244-247] is probably driven by the steric hindrance between the thiophenes 

and the bulky side chain. In fact, the branched 2-butyloctyl side chain was selected to avoid 

strong aggregation of the NIR emissive sites in the solid state. The final bromination step and 

purification with column chromatography yielded BTT as the NIR monomer. 

The polymers were synthesized by varying the amount of the commercial 2,2'-bithiophene 

(2T) and 3,3'-ditetradecyl-2,2'-bithiophene (2TR) donor monomers and 5-(2-ethylhexyl)-4H-

thieno[3,4-c]pyrrole-4,6(5H)-dione (TPD) and BTT acceptor monomers in Pd-catalyzed Stille 

polycondensation polymerization (Scheme 4.2). For simplicity, both 2T and 2TR are referred 
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to as 2T in the polymer abbreviations. P2TTPD, P2TTPD-0.5, P2TTPD-1.0, P2TTPD-2.5, and 

P2TTPD-10 contain 0, 0.5, 1.0, 2.5, and 10% of BTT in the polymer backbone, based on the 

initial molar feed. Similarly, P4T-1.0 contain 1% of BTT. Characterization of the exact molar 

ratios is demanding, especially in the case of low (≤ 2.5%) BTT concentration. However, it is 

noteworthy that matrix assisted laser desorption ionization-time of flight (MALDI-TOF) 

technique has been successfully applied for the characterization of small differences in the 

chemical structures of other copolymers.[248,249] In this study, the number-average molecular 

weights (Mn) of the polymers were comparable, 10.2 kg/mol (polydispersity index, PD 1.9) 

for P2TTPD, 9.2 kg/mol (2.0) for P2TTPD-0.5, 10.8 kg/mol (1.9) for P2TTPD-1.0, 10.4 

kg/mol (1.8) for P2TTPD-2.5, and 16.7 kg/mol (1.7) for P2TTPD-10, as characterized with 

analytical gel permeation chromatography (GPC). The Mn increased to 33.4 kg/mol (2.2) for 

P4T-1.0, probably due to better reactivity of the brominated sites of the electron donating 2T 

compared to the electron withdrawing TPD. The polymers showed good thermal stability in 

thermogravimetric analysis (TGA), and the degradation onset temperature was >380 °C in all 

cases. Differential scanning calorimetry (DSC) measurements did not reveal any detectable 

peak in the temperature range of 0–350 °C, although DSC is not very sensitive method for the 

detection thermal transitions of conjugated polymers. 

-2.0 -1.5 -1.0 -0.5 0.5 1.0 1.5

Ered -0.99 V

Eox 0.70 V

Ered -1.15 V

C
u
rr

e
n

t 
(a

.u
.)

Potential vs. Fc/Fc+ (V)

 BTT

 P2TTPD

(a)

Eox 1.08 V

 

-6.5

-6.0

-5.5

-5.0

-4.5

-4.0

-3.5

-3.0

-2.5

(a)
Ca

Al

Ca

B
T

T P
4
T

P
2
T

T
P

D

P
E

D
O

T
:P

S
S

ITO

-4.1

-2.9

-4.8

-5.2

-5.8

-4.1

-6.2

-4.0

-5.7

-3.3

E
n
e
rg

y
 v

s
. 
V

a
c
u
u
m

 (
e
V

)

(b)

 

Figure 4.1. (a) CV traces of P2TTPD polymer and BTT monomer. (b) NIR-OLED device 

architecture and energy levels of P2TTPD and P4T host polymers and BTT monomer. 

Electrochemical properties of the polymers and the BTT monomer were studied with CV 

measurements. P2TTPD host polymer showed irreversible oxidation and reduction processes 

when measured at a scan rate of 100 mV/s (Figure 4.1a). However, it was possible to determine 

the HOMO and LUMO energy levels from the oxidation and reduction onset potentials, 

respectively. As shown in Figure 4.1b, both HOMO and LUMO of P2TTPD were deeper than 
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the previously reported values for a similarly structured polymer without any side chains on 

the 2T donor (–5.4/–3.1 eV).[250] Tail-to-tail alkylation of the 2T moiety in an analogous 

polymer lowered the LUMO to –4.0 eV,[251] which is in line with that of P2TTPD. The low-

lying HOMO of P2TTPD is ascribable to the head-to-head side chains, which induce torsion 

to the polymer backbone and somewhat reduce the effective conjugation. The backbone 

torsion was further confirmed by DFT calculations in paper I. Significantly, the HOMO and 

LUMO of BTT were encompassed by those of the P2TTPD host, as indicated by the red 

dashed line in Figure 4.1b. This type of band alignment should allow charge injection 

specifically at the NIR emissive BTT sites. In case of P4T host polymer, the HOMO was up-

lying by 0.1 eV compared to BTT. The addition of TPD to the P2TTPD backbone not only 

affected the LUMO but also lowered the HOMO level, so that the host polymer would not 

function as charge trap or inhibit charge transport to BTT. 

4.1.3. Optical Properties and NIR-OLEDs Performance 

 

Figure 4.2. Normalized (a) absorption and (b) PL spectra of the copolymer thin films (100 

nm, excitation with a 450 nm laser diode). (c) EL spectra measured at 9 V (P2TTPD), 15 V 

(P2TTPD-0.5), and 16 V (P2TTPD-1.0, P2TTPD-2.5, P4T-1.0). (d) NIR-OLED device 

characteristics: current density and radiance versus voltage. The device area is 3.5 mm2. 
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Absorption spectra of the polymers in thin films are shown in Figure 4.2a. The absorption 

profiles of the BTT containing polymers largely represent those of the P2TTPD and P4T host, 

peaking at 450 nm and 465 nm, respectively, but an additional absorption band is observed at 

~790 nm. The low-energy band is ascribable to the NIR emitter, as its intensity increases with 

increasing BTT feed. P2TTPD shows a PL peak maximum at 708 nm (Figure 4.2b). By taking 

into account the ratio between the photons emitted and the photons absorbed, a PLQY of 20% 

was calculated for P2TTPD. This is excellent value for a polymer emitter, given that most of 

the emission passes the NIR range at λ > 700 nm. The long PL wavelength of the host provided 

almost complete spectral overlap with the absorption of BTT, which should deliver efficient 

energy transfer in the BTT containing polymers. NIR emission was obtained already at 0.5% 

BTT feed but the residual peak from the host still dominated the PL of P2TTPD-0.5. This 

suggests that the energy transfer was not complete. The residual red emission from the host 

appears blueshifted with respect to P2TTPD, as the low-energy tail was efficiently quenched 

by the BTT moiety. Better spectral purity was obtained with higher BTT feed in P2TTPD-1.0, 

P2TTPD-2.5, and P2TTPD-10 but the increased concentration of BTT led to aggregation of 

the emitter, which was observed as redshift of the NIR PL from 874 nm to 897, 924, and 945 

nm, respectively. Strong aggregation is detrimental to the OLED performance, which is well-

known for conjugated systems in general and in the specific case of NIR emitters.[194,252-254] It 

was surprising that the PL of P4T-1.0 was comparable to P2TTPD-1.0, despite the poor 

spectral overlap between the P4T host emission and the BTT guest absorption. 

The NIR-OLED device architecture is shown in Figure 4.1b. ITO/PEDOT:PSS was used 

as the anode and Ca/Al as the cathode. The active layer comprised one of the polymers and 

the thickness was optimized to 100 nm by spin-coating. The EL spectra are shown in Figure 

4.2c and the results of the device performance are summarized in Table 4.1. P2TTPD exhibits 

an EL maximum at 690 nm (the operation of this device is shown in Figure 1.1c). The 20 nm 

blueshift with respect to the PL spectrum might be due to differential electronic processes in 

the active layer,[255] or thermochromism, i.e. decrease of the conjugation length upon a slight 

temperature raise when an electric current is applied.[256] Nevertheless, the EL remained 

unchanged and mostly in the NIR when the bias voltage was varied by ±5 V. The device 

reached an EQE of 0.49% and average maximum radiance (RMAX) of 0.19 mW/cm2, which are 

good values for a polymer emitter in such long wavelength region. The device exhibited VON 

at 2.4 V (Figure 4.2d), which is exceptionally low for conjugated polymers.[194,257-259] 



Chapter 4 – Synthesis of Conjugated Polymers and Small Molecules for NIR-OLEDs 

31 
 

Table 4.1. Summary of the NIR-OLED performance. 

polymer BTT (%) VON (V) 
RMAX 

(mW/cm2) 
EQE (%) 

EL peak 

(nm) 

P2TTPD 0 2.4 ± 0.3 0.19 0.49 ± 0.12 690 

P2TTPD-0.5 0.5 4.3 ± 0.3 0.13 0.15 ± 0.01 680, 880 

P2TTPD-1.0 1 4.3 ± 0.6 0.07 0.08 ± 0.05 684, 896 

P2TTPD-2.5 2.5 6.4 ± 1.3 0.02 0.010 ± 0.001 909 

P2TTPD-10 10 4.6 ± 0.5 0.001 0.004 ± 0.001 930 

P4T-1.0 1 4.7 ± 0.5 0.02 0.06 ± 0.01 604, 864 

 

When BTT was added to the polymer backbone, the residual host emission was quenched 

more efficiently in the OLEDs compared to the PL experiments, and the NIR peak from BTT 

dominated the EL in all concentrations. This indicates the importance of the band alignment 

of the low-gap NIR emitter in the charge transport and charge trapping at these sites, which 

effectively leads to exciton formation at their locations. The device based on P2TTPD-0.5 as 

the emitter delivered an EQE of 0.15% and radiance of 0.13 mW/cm2. The emission from the 

host became more prominent at increased bias voltage. This indicates that the EL from BTT 

saturated at lower voltage compared to the P2TTPD host and increased the rate of exciton 

formation and recombination at the higher energy sites. An increased amount of BTT in 

P2TTPD-1.0 resulted in a vanishingly small fraction of emission coming from the host and 

virtually pure NIR EL peaking at 896 nm. However, the EQE dropped to 0.08% together with 

the radiance of 0.07 mW/cm2. Further increase of the BTT concentration redshifted the EL 

above 900 nm, without any detectable emission from the host, but also brought the EQE further 

down to 0.004% (for P2TTPD-10). The decrease of EQE can be attributed to the aggregation 

quenching of the emission at increased BTT content, as in the case of PL. Although the EQE 

values may appear low in comparison to visible light emitters, P2TTPD-0.5 and P2TTPD-1.0 

are among the best performing polymers emitting at ~900 nm.[194,243,258,260] P4T-1.0 exhibits 

an EL maximum at 864 nm, which is 30 nm blueshifted compared to P2TTPD-1.0. It is evident 

that the visible emission component from the host was significantly higher and blueshifted in 

P4T-1.0 as compared to P2TTPD-1.0. Although the EQE of 0.06% was comparable to that of 

P2TTPD-1.0, the actual portion of NIR emission from P4T-1.0 was at least 30% lower than 

that obtained from P2TTPD-1.0. This can be attributed to a less efficient charge transfer onto 

the NIR emitter in P4T-1.0. Pure NIR emission was obtained only when the energy and charge 
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transfer together allowed efficient energy funneling and charge trapping at the low-gap BTT 

sites in P2TTPD-1.0. 

To conclude, random copolymers comprising P2TTPD as the host and BTT as the emitter 

represent the few organic active materials for NIR-OLEDs that emit in the 900 nm region. 

Copolymerization allows solution-processing of devices from a single active material, which 

is beneficial for the fabrication of low-cost, flexible, and non-toxic biocompatible electronics. 

Although copolymers should ensure a homogeneous chemical structure in the active layer, 

they may contain structural defects that affect the device performance. Specifically, by taking 

into account the small loading of BTT emitter in the P2TTPD backbone and the limited length 

of the polymer chains (≤20 repeating units), statistically only a few of the polymer chains 

contained a NIR emitter. Hence, the shorter wavelength PL from P2TTPD-1.0 must originate 

not only from the host polymer segments that were too far from the BTT centers to allow 

intrachain energy transfer, but also from polymer chains that were purely that of the P2TTPD 

host and similarly far from the BTT sites to allow interchain energy transfer. Despite the 

incomplete energy transfer, the host emission was quenched almost completely in the EL 

spectra, as the injected charges could migrate more easily from one chain to another, ultimately 

favoring exciton formation and recombination at the low-gap sites. Further study revealed that 

low VON and pure NIR emission could be obtained only by using P2TTPD as the host, thanks 

to the combination of energy and charge transfer that allowed exciton formation selectively at 

the BTT sites. 

4.2. BTT* Small Molecule:Polymer Blends 

4.2.1. Small Molecule as the Emitter 

As discussed in the previous chapter, dilution of the NIR emitter into a host matrix is crucial 

for optimum device performance. Although copolymerization is an efficient way to separate 

the NIR molecules in the host matrix without causing phase separation, organic small molecule 

emitters can benefit from (i) control of the exact amount of the emitter in blend with the host 

matrix, (ii) precise tuning of the molecular orbital energy levels with respect to the host, and 

(iii) careful purification of the NIR molecule. Therefore, it was highly appealing to extend the 

study on BTT further and modify the structure to obtain a solution-processable small molecule 

NIR emitter. Poly(9,9-dioctylfluorene-alt-benzothiadiazole) (F8BT) has often been used as a 

standard host polymer in NIR-OLEDs, despite its poor spectral overlap with the dyes.[89,261,262] 
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Clearly, the host polymer should be selected so as to allow spectral overlap between the host 

photoluminescence and the NIR dye absorption, as well as good charge transport properties 

for charge recombination selectively at the NIR sites. In this study, a BTT-based NIR molecule 

and two new tailor-fit host polymers are synthesized and characterized for excellent NIR-

OLEDs performance. 

4.2.2. Material Synthesis and Characterization 

 

Scheme 4.3. Synthesis of the BTT* small molecule. 

The previously used BTT monomer was modified to obtain 6-(2-butyloctyl)-4,8-bis(5'-(2-

butyloctyl)-[2,2'-bithiophen]-5-yl)-1H-[1,2,3]triazolo[4',5':4,5]benzo[1,2-c][1,2,5]thiadiazole 

(BTT*) small molecule (Scheme 4.3). The commercial 2-butyloctyl substituted thiophene 7 

was functionalized with a trimethylstannyl group to obtain compound 8. BTT* was obtained 

in a satisfactory yield via Stille coupling and multiple column chromatography purifications. 

As a design motif, the additional thiophenes were introduced to decrease the energy gap of the 

D–A–D structured molecule and thus further redshift its emission into the NIR region. The 

branched side chains were selected on the central BTT acceptor and the thiophene donors to 

ensure good solubility and miscibility with the host polymer matrices. 
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Scheme 4.4. Synthesis of the PIDT-TPD and PIDT-2TPD host polymers. 

The PIDT-TPD and PIDT-2TPD host polymers were synthesized via Stille coupling of 

indacenodithiophene (IDT) donor and thieno[3,4-c]pyrrole-4,6-dione (TPD) or bithieno[3,4-

c]pyrrole-4,4',6,6'-tetrone (2TPD) acceptor monomers, respectively (Scheme 4.4). The p-

hexylphenyl substituents were added on IDT to reduce the polymer chain aggregation, as the 

bulky groups align somewhat perpendicular to the planar IDT backbone.[263,264] Likewise, the 

2-octyldodecyl side chains on 2TPD were selected for good solubility and steric hindrance to 

prevent strong aggregation. From the two polymers, higher Mn was obtained for PIDT-2TPD 

(55.7 kg/mol, PD 2.4) as compared to PIDT-TPD (26.3 kg/mol, PD 2.1) due to the long side 

chains attached on 2TPD. TGA indicated that both the PIDT-TPD and PIDT-2TPD host 

polymers and BTT* molecule exhibited high thermal stability, without significant weight loss 

until 400 °C. The polymers did not show any detectable thermal transition on DSC 

measurements. For BTT*, two distinctive phase transitions were observed, corresponding to 

exothermic crystallization (Tc) at –1 °C and endothermic melting (Tm) of the crystallized phase 

at 87 °C. These transitions were not observed in the blends with PIDT-TPD and PIDT-2TPD 

host polymers. 
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Figure 4.3. (a) CV traces of PIDT-TPD and PIDT-2TPD host polymers and BTT* molecule 

and the corresponding (b) CV and (c) DFT-calculated HOMO and LUMO energy levels. 

Both density-functional theory (DFT) calculations and CV measurements were employed 

to study the electronic properties of the two host polymers and BTT* molecule (see Chapter 

8.3 for detailed DFT methodology). The calculated HOMO and LUMO energy levels are 

shown in Figure 4.3c, where the dashed boxes illustrate the energy gap of PIDT-TPD and 

PIDT-2TPD and the solid box that of BTT*. The calculations suggest that the energy gap of 

BTT* is fully contained in either of the two host polymers. This was fully supported by the 

results from CV (Figure 4.3b), despite the numerical discrepancies between the DFT 

calculations in ideal gas phase and the CV measurements in solid-state thin films. Both PIDT-

TPD and PIDT-2TPD exhibited good electrochemical stability and quasi-reversible oxidation 

and reduction processes, as the ΔEp values deviated slightly from a fully reversible redox 

couple at a scan rate of 100 mV/s (Figure 4.3a). The HOMO and LUMO of BTT* increased 

by 0.40 and 0.26 eV, respectively, compared to the previously discussed BTT monomer. This 

corresponds to a 0.14 eV reduction of the energy gap, as expected from the extended 

conjugation of the BTT* backbone. Further DFT calculations on BTT*, in paper II, showed 
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that the electron and hole wavefunctions exhibit partial overlap at the lowest excited singlet 

S1 state, which suggests sufficient singlet exciton yield in the molecule.[105,265,266] 

4.2.3. Optical Properties 

 

Figure 4.4. (a,c) Absorption of the host polymers and blends containing 0.5, 1.0, and 2.5% 

of BTT* in thin films (100 nm). (b,d) PL spectra of the corresponding films (excitation with 

a 520 nm laser diode). Grey lines represent the absorption (dashed) and PL (solid) of BTT* 

in toluene solution. PL of BTT* measured by using excitation with a 670 nm laser diode. 

Absorption and PL spectra of the two polymers and blends incorporating 0.5, 1.0, and 2.5% 

of BTT* in thin film, and BTT* in dilute toluene solution, are shown in Figure 4.4. BTT* 

exhibited two absorption bands in solution peaking at 410 and 730 nm (grey dashed line). The 

entire PL spectrum of BTT* was in the NIR (>700 nm), with a PLQY of 29%, which is among 

the highest values reported for a metal-free NIR emitter.[135] 

The absorption spectra of PIDT-2TPD and PIDT-TPD films peaked at 620 and 580 nm, 

respectively. Increasing the amount of BTT* in the blends was observed as another NIR 

absorption band at ~750 nm, as indicated by the insets in Figure 4.4a,c. PL of PIDT-2TPD and 

PIDT-TPD peaked at 700 and 660 nm (black line in Figure 4.4b,d), respectively, which means 
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that both polymers offered almost complete spectral overlap with the absorption of BTT*, and 

that is especially good if compared to the commonly used host polymers like F8BT.[89,261,262] 

PIDT-2TPD exhibited a PLQY of 18%, which an excellent value for a polymer emitter 

considering that half of the photons are emitted in the NIR, as discussed for P2TTPD in the 

previous chapter. PIDT-TPD exhibited a lower PLQY of 5%. However, the spectral overlap 

ensured that the PL of the blends with both hosts peaked at 830 nm, which is consistent with 

the PL of BTT* in solution. The fraction of photons that emitted in the NIR was 95% for the 

0.5% blends, with an overall PLQY of 17 and 18% for PIDT-2TPD and PIDT-TPD blend, 

respectively. The spectral purity increased to 99% for the 1.0% blends, with PLQY remaining 

>15%. Importantly, such PLQY values are the highest reported for a metal-free emitter (either 

singlet or triplet harvesting) in the solid state and emitting in this long spectral range.[241] 

It is interesting that both blends with 0.5% BTT* showed similar PLQYs, despite the very 

different PLQYs of the two host polymers. Assuming that the PLQY of BTT* in the blends 

(if only BTT* is excited) is same as that in the solution, 29%, a host-to-guest energy transfer 

efficiency (i.e., quantum yield, ηET) can be calculated as a ratio of the fluorescence efficiency 

of the blend and BTT* in solution, that is, ηET = Φf,blend/Φf,BTT*. This gives ηET of 56% and 

59% for PIDT-2TPD and PIDT-TPD blends, respectively. In fact, ηET describes the fraction 

of photons absorbed by the host and further transferred to the BTT* guest, which fraction is 

given by:[129] 

𝜂ET = 𝑘ET/(𝑘ET + 1/𝜏𝑓,host)   (4.1) 

where kET is the energy transfer rate and τf,host is the fluorescence lifetime of the host. The latter 

was 0.5 × 10–9 s for PIDT-2TPD and 0.8 × 10–9 s for PIDT-TPD, which values were obtained 

from TCSPC measurements in paper II. With Equation (2.7), ηET can be described as: 

𝜂ET = 𝑘ET/(𝑘ET + 𝑘𝑟,host + 𝑘𝑛𝑟,host)   (4.2) 

where, using Equation (2.8), kr,host of 0.36 × 109 s–1 and 0.062 × 109 s–1 were calculated for 

PIDT-2TPD and PIDT-TPD, respectively. Equation (2.9) then gives knr,host of 1.64 × 109 s–1 

and 1.24 × 109 s–1 for the two respective polymers. Alternatively, the energy transfer efficiency 

can be calculated from the fluorescence lifetime of the host polymer in the absence (τf,host) and 

in the presence of BTT* (τf,host:BTT*):
[129] 

𝜂ET = 1 − (𝜏𝑓,host:BTT∗/𝜏𝑓,host)   (4.3) 

and, accordingly, the energy transfer rate can be calculated under these same conditions: 
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𝑘ET = (1/𝜏𝑓,host:BTT∗) − (1/𝜏𝑓,host)   (4.4) 

Then, as calculated using Equations (4.3) and (4.4), kET was ~2.5 × 109 s–1 for PIDT-2TPD 

blend and ~1.8 × 109 s–1 for PIDT-TPD blend. Importantly, kET was about 1.5 times higher 

than knr with both host polymers, which explains the similar PLQYs of the two blends: the 

energy transfer process effectively competes with the nonradiative processes, thereby 

overcoming the significantly lower kr of PIDT-TPD compared to that of PIDT-2TPD. 

4.2.4. NIR-OLEDs Performance 

 

Figure 4.5. (a,b) EL spectra and (c,d) J–V–R of the NIR-OLEDs incorporating PIDT-2TPD, 

PIDT-TPD, and 0.5% blends of BTT*. EL spectra measured at 4 V (PIDT-2TPD devices) 

and 10 V (PIDT-TPD devices). 

NIR-OLEDs were fabricated from the PIDT-2TPD and PIDT-TPD host polymers and 0.5, 1.0, 

and 2.5% BTT* blends by spin-coating, using ITO/PEDOT:PSS anodes and Ca/Al cathodes. 

EL spectra of the devices incorporating the two host polymers and the 0.5% blends as the 

active layer are shown in Figure 4.5. The emission of neat PIDT-2TPD and PIDT-TPD devices 

were far in the red/NIR range, with approximately half and one third of the photons emitting 

in the NIR, respectively. The percentage of emission in the NIR for different devices are 

summarized in Table 4.2. PIDT-2TPD exhibited an ultra-low VON of 1.7 V, which is slightly 
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lower than that of PIDT-TPD at 1.9 V, thus strongly indicating that the additional TPD group 

affords optimum charge transport and injection properties in the host matrix. Notably, the EL 

spectra of PIDT-2TPD device was measured at lower bias (4 V) compared to PIDT-TPD 

device (10 V). PIDT-2TPD device also exhibited a high radiance of 2.3 mW/cm2 and one of 

the highest EQEs (1.55 %) obtained from a red/NIR-emitting metal-free polymer, as reported 

by Adachi et al.[241] 

The best NIR performance was obtained with a blend of PIDT-2TPD and 0.5% of BTT*. 

The EL peaked at 840 nm, with a maximum EQE of 1.16% (average 1.09%) and radiance of 

1.55 mW/cm2. Remarkably, the device showed very little EQE roll-off and it could be operated 

at currents up to 200 mA/cm2 while maintaining the EQE above 0.5%. Efficient energy and 

charge transfer in the blend facilitated almost complete quenching of the emission of PIDT-

2TPD by the BTT* molecule and virtually pure (98%) EL in the NIR. The average radiative 

turn-on voltages of the blend devices remained the same as that of the neat PIDT-2TPD device 

(1.7 V) at all concentrations, confirming that most charge injection/transport occurred via the 

host polymer. Such values are the best reported for a purely organic (metal-free) NIR-OLED 

emitting above 800 nm,[241] thanks to the new PIDT-2TPD matrix, which delivered optimum 

spectral overlap and charge transport properties in blend with BTT*. 

Table 4.2. Summary of the NIR-OLED performance. 

active layer VON (V) RMAX (mW/cm2) EQE (%) EL in NIR (%) 

PIDT-2TPD 1.7 ± 0.1 2.3 ± 0.5 1.55 ± 0.10 46 

0.5% BTT* 1.7 ± 0.1 1.5 ± 0.4 1.09 ± 0.05 98 

1.0% BTT* 1.7 ± 0.1 1.3 ± 0.3 0.88 ± 0.04 98 

2.5% BTT* 1.7 ± 0.1 0.3 ± 0.1 0.87 ± 0.06 99 

PIDT-TPD 1.9 ± 0.1 0.9 ± 0.2 0.36 ± 0.02 34 

0.5% BTT* 2.0 ± 0.2 1.4 ± 0.3 0.48 ± 0.01 94 

1.0% BTT* 1.8 ± 0.1 1.7 ± 0.3 0.43 ± 0.03 96 

2.5% BTT* 2.3 ± 0.1 0.3 ± 0.1 0.31 ± 0.11 96 

 

The PIDT-TPD blend devices exhibited turn-on voltages close to that of the neat host 

(Table 4.2), indicating that also in this case the device performance was influenced by the host 

matrix. However, in comparison to PIDT-2TPD devices, the PIDT-TPD devices showed less 

efficient quenching of the host emission and significantly lower EQE of 0.36%. The EQE 
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improved upon addition of the BTT* molecule (for 0.5 and 1.0% blends) but remained below 

0.5%. By considering the lower PLQY of PIDT-TPD host (5%) compared to PIDT-2TPD host 

(18%), the difference in the device performance is probably due to a higher density of 

nonradiative charge/exciton recombination centers or traps in the PIDT-TPD host compared 

to the PIDT-2TPD host. 

In summary, NIR-OLEDs emitting at 840 nm with unprecedented EQEs exceeding 1.15% 

were obtained only through the design of a new matrix polymer PIDT-2TPD and a highly 

fluorescent NIR molecule BTT* (PLQY 29%). PIDT-2TPD exhibits significantly improved 

characteristics if compared to previously reported matrices, such as F8BT, which has been a 

commonly used host for a number of NIR-OLEDs, despite its poor spectral overlap with the 

NIR molecule. For comparison, P2TTPD (see Chapter 4.1) was also used as a host in blend 

with BTT*. P2TTPD provided good spectral overlap with BTT* and pure NIR PL peaking at 

840 nm, but the devices showed a complete lack of emission from BTT* and the EL resembled 

that of the host. This is probably due to a relatively slow energy transfer in EL (the only active 

in PL) being overruled by charge trapping at P2TTPD and thereby dominant radiative and/or 

nonradiative decay from the host. Although such processes would require detailed study on 

the fluorescence lifetimes to assess the decay rates of the blend, similar observation with the 

random copolymers comprising small amount of BTT emitter (Chapter 4.1.3) further suggests 

that only the intrachain energy transfer and charge trapping was sufficient to ensure NIR EL. 

In contrast, PIDT-2TPD host and BTT* molecule delivered highly functional devices, which 

are solution processable, emitting above 800 nm in the NIR, and the active layer is free of 

heavy/toxic metals. These properties are combined with the ability to operate the devices at 

high currents, while maintaining high EQEs and VON as low as 1.7 V, making the NIR-OLEDs 

appealing for application in light communication and wearable/biocompatible electronics.
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5. Synthesis of Conjugated Polymers for NIR-LECs  

The previous chapter covered two different approaches to obtain efficient NIR emission in the 

solid state for high-performance NIR-OLED devices. An LEC differs from OLED in that the 

active layer contains an additional electrolyte salt, often referred to as an ionic liquid, which 

allows the device fabrication without the low-work function cathode metals that tend to be air-

sensitive.[47,267,268] Such devices are attractive in that they can deliver high performance and 

high stability at low voltage and low fabrication cost through solution-processing.[10,269] In this 

chapter, polymeric NIR emitters are designed on the basis of donor–acceptor interactions in 

the polymer backbone for balanced redox processes and good electrochemical stability, as well 

as compatibility with the electrolyte for an ideal NIR-LEC performance, covering papers III 

and IV. 

5.1. IDTT-Based Copolymer as the Single Emitter 

5.1.1. Background and Motivation 

LEC offers a simplified device structure with the active layer sandwiched between two air-

stable electrodes, which is ideal for scalable fabrication methods.[46,270,271] Despite this, only a 

few reports have been published so far on functional NIR-LECs. Pal et al.[272] used an Ir-

complex as the emitter, which exhibited EL peaking at 705 nm with a relatively high radiance 

of 0.47 mW/cm2. The device performance was boosted with a 1 kHz pulsed driving current. 

Similarly, Pertegás et al.[273] applied a 1 kHz pulsed current to obtain a stable radiance of 0.17 

mW/cm2 peaking at 700 nm from a metal-free cyanine dye. Importantly however, for portable 

battery-driven applications the high-frequency power mode is not practical.[210] Bideh and 

Shahroosvand[203] obtained a luminance of 742 cd/m2 at 690 nm from an LEC comprising a 

Ru-complex as the emitter, by driving the device at a constant current density of 222.4 mA/cm2 

(see Chapter 3.1 for different light intensity units). Unfortunately, the operational lifetime of 

the device was less than 20 min. It is highly desirable to design metal-free emitters for stable 

NIR performance. In this regard, copolymers comprising indacenodithieno[3,2-b]thiophene 

(IDTT) as the electron-rich donor, coupled with different electron-deficient acceptors, are 

synthesized and characterized for NIR-LEC devices, which show good operational stability – 

also under ambient air. 
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5.1.2. Polymer Design, Synthesis, and Characterization 

 

Scheme 5.1. Synthesis of the IDTT-based copolymers. 

The polymers were synthesized using monomers that were either commercially available or 

previously synthesized at Chalmers.[274-276] The polymerizations were carried out via Stille 

polycondensation of p-/m-hexylphenyl-substituted indacenodithieno[3,2-b]thiophene (IDTT-

p/m) donor with one of the six acceptor monomers, as shown in Scheme 5.1 and listed below, 

to obtain six different D–A structured copolymers. 

 PIDTT-BT: IDTT-p + benzo[c][1,2,5]thiadiazole (BT) 

 PIDTT-BTF: IDTT-p + 5,6-difluorobenzo[c][1,2,5]thiadiazole (BTF) 

 PIDTT-Q: IDTT-p + 2,3-diphenylquinoxaline (Q) 

 PIDTT-QF: IDTT-p + 6,7-difluoro-2,3-diphenylquinoxaline (QF) 

 PIDTT-TQ: IDTT-m + 2,3-diphenyl-5,8-di(thiophen-2-yl)quinoxaline (TQ) 

 PIDTT-TQF: IDTT-m + 6,7-difluoro-2,3-diphenyl-5,8-di(thiophen-2-yl)quinoxaline 

(TQF) 
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Table 5.1. Physical and electrochemical characterization of the polymers. 

polymer 
Mn 

(kg/mol) 
PD 

torsion, 

DFT (φ) 

Eg, DFT 

(eV) 

Eopt 

(eV) 

Eg, CV 

(eV) 

PIDTT-BT 102.2 5.0 0.3 1.84 1.78 1.86 

PIDTT-BTF 11.8 2.5 0.2 1.84 1.78 1.83 

PIDTT-Q 33.2 2.9 6.8 1.99 1.80 2.04 

PIDTT-QF 14.1 2.2 7.0 2.01 1.80 2.10 

PIDTT-TQ 97.0 5.7 13.8 2.00 1.82 2.01 

PIDTT-TQF 152.4 2.7 12.3 1.98 1.82 2.07 

 

The IDTT donor was endowed with the bulky substituents to improve solubility and reduce 

π–π stacking of the polymers in solid state, with the latter being associated with the undesired 

emission quenching, as discussed in previous chapter. BT and BTF are the smallest acceptors 

in this study, and they are distinguished by the replacement of two H atoms by two F atoms in 

the latter (colored pink in Scheme 5.1). Similarly, the two H atoms in Q and TQ acceptors are 

replaced by two F atoms in QF and TQF. The electron-withdrawing F atoms were expected to 

downshift the energy structure of the polymers and affect the intra/intermolecular hydrogen 

bonding. The bulky m-octyloxyphenyl substituents in Q, QF, TQ, and TQF were expected to 

introduce steric hindrance between the donor and acceptor, which would result in rotation of 

the polymer backbone and reduction of the π–π stacking. Furthermore, the effect of proximity 

of the donor and acceptor units was studied with the two thiophene spacers in TQ and TQF. 

Lastly, the alkyl side chains of the hexylphenyl substituents on IDTT were changed from para 

to meta-position in PIDTT-TQ and PIDTT-TQF, since previous studies have shown that such 

side chain engineering can further reduce the polymer chain aggregation.[264,277] 

Molecular weights of the polymers are listed in Table 5.1. The variation in Mn is probably 

due to the lower reactivity of the fluorinated BTF and QF acceptors in the Stille coupling with 

respect to their non-fluorinated counterparts BT and Q. The low reactivity can be due to steric 

reasons or possible competitive non-dissociative coordination of the F atoms to the Pd-catalyst 

(see Scheme 8.1, Chapter 8.1 for the generic catalytic cycle). Although this assumption cannot 

be directly supported by dedicated studies on Pd-catalyzed coupling reactions of fluorinated 

molecules,[278-280] the thiophene spacers in TQ and TQF seemed to cancel out such reactivity 

difference entirely. Nevertheless, it is important to note that all six polymers featured sufficient 

viscosity in solution for the deposition of uniform and pinhole-free thin films by spin-coating. 
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DFT calculations were employed to study the backbone torsion, the HOMO and LUMO 

energy levels, and the corresponding energy gaps of the polymers. The detailed methodology 

is described in Chapter 8.3. The addition of F atoms to the acceptor systematically downshifted 

the HOMO and LUMO levels by ~0.1 eV, as expected, but it was not possible to discern any 

further effect on the polymer characteristics. Instead, the acceptor unit has a significant effect 

on the polymer conformation. The calculated backbone torsion (φ) of the polymers are listed 

in Table 5.1. The BT and BTF acceptors both resulted in a highly coplanar conformation, 

whereas the Q and QF acceptors introduced torsion to the polymer backbone, and the TQ and 

TQF acceptors resulted in even larger torsion of 12–14°. Extensive calculations in paper III 

demonstrated that such backbone torsion indeed is a result of steric hindrance induced by 

simultaneous alkylation of the hexylphenyl substituents at the meta-position on IDTT, 

inclusion of the m-octyloxyphenyl substituents on the acceptor, and introduction of the 

thiophene spacers between the donor and the acceptor. 

 

Figure 5.1. (a) CV traces of the IDTT-based copolymers at a scan rate of 100 mV/s. 

Absorption spectra of the polymers (b) in dilute toluene solution and (c) in solid-state thin 

film (80 nm). The corresponding PL spectra (d) in solution and (e) thin film. PL was 

measured by using a 540 nm excitation beam. 

CV measurements were done out to study the electrochemical properties of the synthesized 

copolymers. As can be seen form Figure 5.1, all polymers exhibited reversible/quasi-reversible 

electrochemical oxidation (i.e., p-type doping), while the reduction (i.e., n-type doping) varied 
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substantially depending on the selection of the acceptor. PIDTT-BT and PIDTT-BTF featured 

most balanced p-type and n-type doping processes, while the capacity for n-type doping was 

markedly weaker in PIDTT-TQ and PIDTT-TQF. It is evident that the n-type doping capacity 

was, in general, weaker for the F-substituted polymers, as compared to the H-substituted ones. 

The CV results were in good agreement with the DFT calculations, as the addition of F atoms 

to the acceptor downshifted both the HOMO and LUMO of the polymers by ~0.1 eV (Figure 

5.2a) and the energy gaps derived from DFT and CV were essentially identical (Table 5.1). 

Both DFT and CV indicated that PIDTT-BT and PIDTT-BTF exhibited the lowest energy 

gaps in this study, which is desirable regarding long-wavelength emission in the NIR. 

The absorption and PL of the polymers in solution and thin film are presented in Figure 

5.1b–e. In general, the addition of F atoms to the acceptor had a negligible effect on the 

absorption in both states. The only exception was PIDTT-BTF, which showed a slightly more 

structured absorption than PIDTT-BT, probably as a result of the increased ordering through 

hydrogen bonding. The PIDTT-BT/PIDTT-BTF pair exhibited the most redshifted absorption, 

as expected from the DFT calculations and CV characterization. The Eopt were determined 

from the low-energy absorption onsets in thin film, and the data are summarized in Table 5.1. 

PIDTT-BT and PIDTT-Q exhibited the most redshifted emission in solution, as compared 

to the other four polymers, but the PL redshifted by ~50 nm in going from solution to thin film 

in all cases. This implies that some degree of aggregation was common in the solid state. The 

polymers featured relatively high PLQYs in solution, in the range of 14–34%, with the general 

observation being that the F-substituted polymers exhibited higher PLQYs compared to their 

H-substituted counterparts. However, the PLQYs dropped drastically in thin films, as the 

PIDTT-BT/PIDTT-BTF pair exhibited the lowest PLQYs of 0.9 and 0.4%, respectively, and 

the PIDTT-TQ/PIDTT-TQF pair the highest at 3.6% (Table 5.2). Such PL quenching further 

suggests that polymer chain aggregation was prominent in the solid state. Interestingly, the 

relative change in PLQY was smallest for PIDTT-TQ/PIDTT-TQF and largest for PIDTT-

BT/PIDTT-BTF, which is in good agreement with the fact that aggregation-induced quenching 

of the PL increases with increasing planarity of the conjugated backbone. 
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5.1.3. Performance of the NIR-LECs 

 

Figure 5.2. (a) Energy levels of the polymers and electrochemical window of THABF4 

electrolyte (dashed line), as derived from CV. (b) EL spectra of the NIR-LECs comprising 

the polymer:THABF4 blend as the active layer. Temporal evolution of (c) the radiance and 

(d) the voltage of the same devices during one day of continuous operation. The devices 

were driven with a constant current density of J = 74.5 mA/cm2. 

The NIR-LEC device characteristics are shown in Figure 5.2. The active layer was optimized 

by blending the NIR polymer and an electrolyte salt tetrahexylammonium tetrafluoroborate 

(THABF4) in 10:1 ratio (thickness 80 nm), which was sandwiched between the air-stable 

ITO/PEDOT:PSS anode and the Al cathode contact. For a stable LEC performance, it is 

fundamental that the electrolyte is electrochemically inert within the potential range of the p-

type and n-type doping of the emissive polymer. Therefore, the HOMO and LUMO energy 

levels of the polymers are presented in Figure 5.2a with respect to the electrochemical stability 

window of THABF4, as derived from CV measurements, showing that the polymers can be 

electrochemically doped without interference from the electrolyte. 

EL of the devices are peaked between 681–706 nm (Figure 5.2b, Table 5.2), which is 5–25 

nm blueshifted with respect to their corresponding thin-film PL. The general observation is 
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that the F-substituted polymers exhibit blueshifted EL, by ~20 nm, as compared to their H-

substituted counterparts. Figure 5.2c,d represent the typical characteristics of the NIR-LECs, 

i.e., the temporal evolution of the radiance and voltage during driving with a constant current 

density of J = 74.5 mA/cm2. All devices displayed well-functioning LEC operation, which can 

be seen as an increase of radiance and decrease of voltage with time during the initial turn-on 

process when the p–n junction doping structure is formed in the active layer. This is consistent 

with the fact that all polymers can be both p-type and n-type doped, albeit with differential 

doping capacities (Figure 5.1a), and that the active layer constituents were electrochemically 

stable. PIDTT-TQ delivered the highest radiance of 0.13 mW/cm2 (or 129 µW/cm2, Table 5.2) 

at an EQE of 0.10%. The peak radiance was obtained at 705 nm and a steady-state driving 

voltage of 3.4 V. Thus far, this is the highest radiance reported for a metal-free NIR-LEC 

driven with a constant bias. 

Results of the LECs performance are summarized in Table 5.2. The H-substituted polymers 

invariably delivered higher performance compared to the F-substituted ones, despite the fact 

that the PLQY in solid state was relatively independent of the substitution. The differential 

device performance is probably due to the polar character of the F-substituted polymers, which 

affected the compatibility with the THABF4 electrolyte, and the hydrogen bonding induced by 

the F atoms, which hindered the electrolyte ion ingress during the p–n doping. Nevertheless, 

all NIR-LECs exhibited good stability. The radiance and voltage of PIDTT-TQ was essentially 

constant during one day of continuous operation under N2 atmosphere (Figure 5.2c,d). The 

radiance output of a corresponding nonencapsulated device only dropped by 27% during one 

day of continuous operation under ambient air (reported in paper III). 

Table 5.2. Optical properties and NIR-LEC device performance. 

polymer 
PLQY, 

film (%) 

RMAX 

(µW/cm2) 
EQE (%) XIdeal (factor) 

EL peak 

(nm) 

PIDTT-BT 0.87 47 0.038 0.88 706 

PIDTT-BTF 0.42 24 0.018 0.85 681 

PIDTT-Q 1.96 23 0.018 0.18 695 

PIDTT-QF 2.75 16 0.009 0.07 679 

PIDTT-TQ 3.60 129 0.10 0.56 705 

PIDTT-TQF 3.59 67 0.050 0.28 690 
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The EQE of an LEC can be described by the following equation: 

EQE = 𝜂Rec × 𝜂ST × 𝛷𝑓 × 𝜂Out × 𝑋Ideal   (5.1) 

where ηRec is the exciton formation efficiency, ηST is the fraction of excitons formed as singlets, 

by spin statistics,[141,142] Φf is the PLQY of the emissive polymer (Table 5.2), and ηOut is the 

outcoupling efficiency of the device, as described in Chapter 3.1 and Equation (3.1). Then, the 

additional losses due to various nonradiative decay processes, e.g., exciton–polaron, exciton–

exciton, exciton–electrolyte, and exciton–electrode quenching, are presented by an ideality 

factor (XIdeal). The exciton quenching may be unfavorably induced by the high density of 

polarons in the p-type and n-type doping regions,[281] whereas exciton–exciton interactions can 

be expected as a large number of excitons is formed in the recombination zone. Impurities and 

defects in the active layer, related to quenching by the electrolyte and the electrodes, may 

cause further reduction of the radiative fraction.[208,282] 

The XIdeal of the devices were assessed to better understand the quality of the p–n junction 

doping structure. A well-functioning LEC ensures a stable recombination zone between the p-

type and n-type doping regions and ηRec close to unity,[282] which is confirmed by the stable 

device characteristics in Figure 5.2c,d. Thus, by setting ηRec and ηST to 1 and 0.25, respectively, 

and assuming that ηOut through the glass substrate/ITO anode is ~0.2,[184,185] the XIdeal could be 

calculated and the results are summarized in Table 5.2. Interestingly, the highest radiance and 

EQE were measured for PIDTT-TQ and PIDTT-TQF, but the highest XIdeal was calculated for 

the devices comprising PIDTT-BT and PIDTT-BTF as the emitter. The latter two polymers 

exhibited the most balanced p- and n-type doping processes in the CV measurements, as shown 

in Figure 5.1a. Balanced electrochemical doping can be anticipated to result in a centered p–n 

junction in the NIR-LECs,[283] resulting in a minimal quenching of the excitons by the above 

discussed processes. The more balanced p- and n-type doping also explains the higher XIdeal of 

the H-substituted polymers over their F-substituted counterparts. Obviously, an optimum NIR 

emitter should exhibit balanced electrochemical doping capacity for high XIdeal and high solid-

state PLQY for high-intensity emission. 

In this study, polymeric NIR emitters were applied to LECs for the first time. A detailed 

study on IDTT-based donor–acceptor copolymers revealed that the choice of acceptor strongly 

affected the PLQY, solid-state aggregation, and electrochemical doping of the polymers. All 

these factors directly influenced the device performance. PIDTT-TQ delivered a record-high 

radiance of 0.13 mW/cm2 at 705 nm, while the device was operated at a low voltage of 3.4 V. 
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The excellent stability of the devices, also under ambient air, clearly highlights the benefits of 

using polymer-based emitters in NIR-LECs. 

5.2. Random Copolymers Incorporating D–A–D Segments as the Emitter 

5.2.1. Design of the Random Copolymers 

One significant observation in the previous chapter was that the solid-state PLQY of a NIR-

emissive polymer could be improved by introducing thiophene spacers between the donor and 

acceptor units. On the other hand, the combination of IDTT donor and BT acceptor delivered 

balanced electrochemical doping processes, and thereby high XIdeal from the NIR-LECs, with 

the emission peaking slightly beyond 700 nm. This chapter seeks to combine these properties, 

so as to obtain more intense and red-shifted emission, by using the same IDTT donor and BT 

acceptor but incorporating different electron-rich spacer units: either a small thiophene (T), a 

polar 3,4-ethylenedioxythiophene (E), or a large 4,4-bis(2-ethylhexyl)-4H-silolo[3,2-b:4,5-

b']dithiophene (S). Alkyloxy side chains were also introduced to the BT acceptor, giving rise 

to a total of six different donor–acceptor–donor (D–A–D) segments. Unlike the alternating 

copolymers in Chapter 5.1, in this case the D–A–D segments were incorporated only in a low 

concentration (0.5%) into the IDTT host polymer backbone, as guest emitters. Motivated by 

the earlier work in Chapter 4, dilution of the NIR emissive centers within the polymer matrix 

is expected to reduce the aggregation-induced luminescence quenching. 

5.2.2. Material Synthesis and Characterization 

The chemical structures and abbreviations of the six different D–A–D segments are presented 

in the upper and middle part of Scheme 5.2. For the central acceptor was employed either BT 

(indicated by purple color) or its 5,6-bis(dodecyloxy)-substituted analogue (indicated by blue 

color), here abbreviated as B and BR, respectively. The three donor units T, E, and S were 

selected on the merit of their differential electron-donating strength and conformation when 

coupled with the acceptors,[82] which is expected to tune the D–A–D emission wavelength. 

The detailed synthesis routes for the D–A–D segments are presented in Scheme A1 of the 

Appendix. The key step involved coupling of the donor (T, E, or S) with the 4,7-dibromo-

substituted acceptor (B or BR). EBE and EBRE were synthesized in satisfactory yields by direct 

arylation coupling reaction, using pivalic acid as an additive, thanks to the high reactivity of 
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the E donor at the 2- and 5-positions.[284-288] To prevent copolymerization with the acceptor 

monomer, the E donor monomer was used in excess. However, the remaining starting material 

could be collected by column chromatography and reused. Similar reaction conditions resulted 

in significantly lower yields for the other four D–A–D structures, and they were instead 

synthesized via Pd-catalyzed Stille coupling of the acceptor (B or BR) and the monostannylated 

(T or S) donor monomer. DFT calculations in paper IV indicated that five of the D–A–D 

segments (TBT, TBRT, EBE, SBS, and SBRS) featured a flat conformation with a small 

average torsion angle of φ = 0–8° between the donor and acceptor units, while EBRE displayed 

a highly twisted conformation with φ = 47°. 

 

Scheme 5.2. Chemical structures of the D–A–D units and the corresponding copolymers. 

The chemical structures and abbreviations of the polymers are presented in the lower part 

of Scheme 5.2. Poly[indacenodithieno[3,2-b]thiophene-2,8-diyl] (PIDTT) host is anticipated 

to facilitate an efficient charge transport due to its planar backbone,[289-291] and DFT 

calculations in paper IV further confirmed an average torsion of φ = 10° between the IDTT 

repeating units. PIDTT was synthesized via Pd-catalyzed Stille polycondensation of the 

bis(trimethylstannyl)-substituted IDTT monomer and dibromo-substituted IDTT monomer, as 

shown in Scheme A2 of the Appendix. The random copolymers incorporating the six different 

guest emitters were synthesized by replacing small amount of the dibromo-substituted IDTT 

monomer with the dibromo-substituted D–A–D monomer, so as to include 0.5% of D–A–D 
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in the polymer, based on the initial molar feed. All of the synthesized polymers featured high 

Mn >100 kg/mol (Table 5.3), which is highly relevant in terms of ensuring that majority of the 

polymer chains contained a D–A–D emitter (see Chapter 4.1.3 for related discussion). 

 

Figure 5.3. (a) CV traces of the polymers at a scan rate of 100 mV/s. (b) Absorption and (c) 

PL spectra of the polymers in dilute toluene solution. The corresponding (d) absorption and 

(e) PL spectra in thin film (100 nm). PL was measured with a 510 nm excitation beam. 

Electrochemical properties of the individual D–A–D monomers and the copolymers were 

studied by CV measurements, and the results of the latter are shown in Figure 5.3a. The CV-

derived energy gaps of the D–A–D segments were invariably lower than that of the PIDTT 

homopolymer (2.55 eV). Therefore, exciton recombination is anticipated to occur selectively 

at the low-gap emitter in the random copolymers. The SBS and SBRS monomers exhibited the 

lowest energy gaps of 2.11 and 2.35 eV, respectively. The CV of the random copolymers 

incorporating the D–A–D segments (colored lines) resembled that of the PIDTT homopolymer 

(black line), as expected, since the polymers were composed 99.5% of IDTT host and only 

0.5% of the guest emitter. Nevertheless, all of the polymers displayed reversible/quasi-

reversible oxidation and reduction processes, thereby indicating balanced p-type and n-type 

doping capacities. Space-charge-limited current (SCLC) mobility measurements in paper IV 

demonstrated that PIDTT featured two orders of magnitude higher hole mobility (5.5 × 10–4 

cm2 V–1 s–1) than electron mobility (1.4 × 10–6 cm2 V–1 s–1). 
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Absorption spectra of PIDTT and the random copolymers in solution and solid-state thin 

films are presented in Figure 5.3b,d, respectively. The absorption profiles of the copolymers 

were essentially identical to that of the PIDTT homopolymer in both solution and solid state, 

which is ascribable to low D–A–D concentration. The major difference was the 0–0 transition 

at ~550 nm being more prominent than the 0–1 transition at ~510 nm in solution, whereas in 

the solid state the two peaks appeared similar in magnitude. 

PL of the corresponding solutions and thin films are shown in Figure 5.3c,e, respectively. 

PL spectra of the copolymers were highly reminiscent of that of PIDTT homopolymer in 

solution (Figure 5.3c), although the PLQY increased slightly, from 47% (for PIDTT) to 50–

57% (for the copolymers) upon incorporation of the guest emitter. Assuming that the polymer 

chains were well-separated in the dilute solution, the lack of additional low-energy PL peak 

clearly implies that the intramolecular energy transfer to the D–A–D emitter within a single 

polymer chain was inefficient. 

The PL behavior was markedly different when going from solution to the solid-state (Figure 

5.3e). PIDTT displayed slightly less structured PL in the solid state, as compared to the PL in 

solution, and the PLQY dropped from 47% in solution to 2.8% in thin film (Table 5.3). The 

latter observation must be related to significant intermolecular interactions in the solid state, 

which is consistent with the DFT calculations, as PIDTT adopts a flat conformation that allows 

dense and ordered stacking in the solid state. Four of the random copolymers (PIDTT-TBT, 

PIDTT-TBRT, PIDTT-SBS, and PIDTT-SBRS) featured a drastic change in the PL shape and 

smaller drop in the PLQY during the transition from solution to solid state. It is likely that the 

random copolymers experience similar significant intermolecular interactions and stacking in 

the solid state as the PIDTT homopolymer. However, the differential PL spectra and the higher 

PLQY in the solid state indicate that the close-packing of the polymers opened a new channel 

for intermolecular energy transfer from the IDTT host to the low-gap D–A–D sites. The PL of 

PIDTT-EBE and PIDTT-EBRE were more reminiscent of the PL of the PIDTT homopolymer, 

especially in the case of the latter polymer, which can be explained by the observation that the 

EBRE segment adopts a highly twisted conformation. Presumably, the twisted structure is not 

compatible with the flat PIDTT backbone, and consequently the host-to-guest energy transfer 

is suppressed also in the solid state. In terms of NIR emission, it is notable that PIDTT-SBS 

and PIDTT-SBRS delivered the most redshifted PL in the solid state, peaking at 709 nm. This 

is consistent with the lowest CV energy gaps measured for the SBS and SBRS monomers. 
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5.2.3. Performance of the NIR-LECs 

Table 5.3. Physical properties and NIR-LEC device performance. 

polymer 
Mn 

(kg/mol) 
PD 

PLQY, 

film (%) 

J 

(mA/cm2) 

turn-

on (s) 

RMAX 

(µW/cm2) 

EQE 

(%) 

EL peak 

(nm) 

PIDTT 137.5 3.1 2.8 74.5 27 177 0.12 580, 620 

PIDTT-

TBT 
208.9 2.9 6.6 74.5 116 422 0.30 694 

    300 2 1372 0.24 694 

PIDTT-

TBRT 
235.4 2.6 9.4 74.5 195 235 0.18 692 

PIDTT-

EBE 
102.8 3.2 2.8 74.5 7 208 0.17 720 

PIDTT-

EBRE 
108.6 3.8 3.0 74.5 20 152 0.11 621, 675 

PIDTT-

SBS 
140.3 3.7 4.4 74.5 540 263 0.21 725 

    300 2 944 0.19 724 

    500 1 1458 0.17 725 

PIDTT-

SBRS 
207.1 2.6 5.4 74.5 3 248 0.18 690 

 

The NIR-LEC device characteristics are summarized in Table 5.3 and further illustrated in 

Figure 5.4. The active layer comprised a blend of the polymer and the THABF4 electrolyte, 

sandwiched between ITO/PEDOT:PSS anode and Al cathode. The devices were optimized for 

efficient and strong NIR emission, and the best performance was obtained with an electrolyte 

concentration of 5 w-% and an active layer thickness of 100 nm. 

Figure 5.4a presents the steady-state EL spectra of the devices, when driven with a constant 

current density of J = 74.5 mA/cm2. The PIDTT device displayed an EL spectrum that is highly 

reminiscent of the solid-state PL spectrum (Figure 5.3e), peaking at 620 nm, but with a tail 

extending far in the NIR region. From the random copolymers, only PIDTT-EBRE exhibited 

an EL spectrum (open blue circles) that is dominated by the emission from IDTT host. This 

can be rationalized by that the twisted conformation of the EBRE segment hindered both the 

energy transfer from the host to the guest emitter and the direct charge trapping at the low-gap 

EBRE sites. The five other random copolymers featured highly redshifted and featureless EL 
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spectra, as compared to their corresponding PL in the solid state, and more than 50% of the 

photons were emitted in the NIR region. The device based on PIDTT-SBS exhibited the most 

redshifted EL peaking at 725 nm, as expected from the lowest energy gap measured for the 

SBS monomer. Interestingly, also PIDTT-EBE featured a similar EL centered at 720 nm. The 

general observation is that the high-energy emission component peaking below 600 nm, as 

observed for all polymers in the solid-state PL (Figure 5.3e), was almost completely quenched 

in the EL spectra. This indicates that charge trapping at the NIR-emissive D–A–D segment 

must have been efficient during the LEC operation, with the only exception being the PIDTT-

EBRE device. Such good spectral purity with only 0.5% D–A–D feed can be addressed to the 

planar conformation of the five guest units (TBT, TBRT, EBE, SBS, and SBRS) and to the high 

Mn of the polymers that ensured incorporation of the emitter in majority of the polymer chains. 

Moreover, the EL remained unchanged throughout the measurement period, i.e., 14 h for the 

PIDTT device and 24–72 h for the other devices. 

 

Figure 5.4. (a) EL spectra of the NIR-LECs comprising the polymer:THABF4 blend as the 

active layer, driven with a constant current density of J = 74.5 mA/cm2. Temporal evolution 

of (b) the radiance and (c) the voltage of the same devices during the first day of continuous 

operation. The inset in (c) displays the extended operation of the PIDTT-SBS device. (d) The 

temporal evolution of the PIDTT-TBT and PIDTT-SBS devices at a higher current density. 
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Figure 5.4b,c presents the increase of radiance and decrease of voltage of the LECs during 

the initial turn-on process, thereby confirming that all polymers can be p- and n-type doped 

and that the p–n junction is formed in situ in the active layer. The turn-on time to a radiance 

of 100 µW/cm2 was only a few seconds for the PIDTT-EBE, PIDTT-EBRE, and PIDTT-SBRS 

devices, while the other three NIR-LECs turned on in a minute range (Table 5.3). However, a 

second-fast turn-on could be obtained for all devices simply by ramping up the drive current. 

LECs with a 10 w-% electrolyte concentration were also tested in paper IV, and the devices in 

general exhibited faster turn-on, but they consistently showed a lower radiance and EQE than 

those reported in Table 5.3. This is probably due to an increased exciton–polaron quenching 

(see the related discussion in Chapter 5.1.3). For a general interest, OLEDs comprising the 

same NIR-emissive polymers without the electrolyte were fabricated, with the device structure 

of ITO/PEDOT:PSS/polymer/Ca/Al. These OLEDs invariably featured a lower radiance and 

EQE compared to the LECs, presumably because of the hole-dominated transport within the 

IDTT host, which led to a positioning of the recombination zone close to the cathode, and thus 

severe exciton–electrode quenching. Such defects were effectively eliminated in the optimized 

LECs, where the p- and n-type doping regions contained the excitons to the p–n junction. 

In terms of NIR performance, the highest radiance of 0.42 mW/cm2 (or 422 µW/cm2, Table 

5.3) and EQE of 0.30% at J = 74.5 mA/cm2 was obtained from the PIDTT-TBT device, while 

the PIDTT-TBRT, PIDTT-SBS, and PIDTT-SBRS devices also delivered impressive radiances 

of ~0.25 mW/cm2 at the same current. Thanks to the electrochemical stability of the polymers, 

it was possible to increase the current and record very high radiance values of 1.4 mW/cm2 at 

J = 300 mA/cm2 from the PIDTT-TBT device and 1.5 mW/cm2 at J = 500 mA/cm2 from the 

PIDTT-SBS device (Figure 5.4d). These are the highest radiance values reported from metal-

free NIR-LECs. 

Overall, copolymers based on the B acceptor delivered higher radiances at lower voltages 

than the copolymers comprising the dodecyloxy-substituted BR acceptor. Incorporation of the 

T and S donor units in the copolymer improved the device performance over the copolymers 

bearing the E donor. The most efficient NIR-LECs were also observed to be the most stable 

during a long-term operation. As shown in the inset of Figure 5.4c, the radiance output from 

the PIDTT-SBS device remained constant at 0.26 mW/cm2 during three days of continuous 

operation at a J = 74.5 mA/cm2. The device also exhibited a close to unity XIdeal of 0.95, as 
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calculated by using Equation (5.1) in the previous chapter, which further indicates a stable and 

well-balanced doping structure. 

      

Figure 5.5. Photograph of a (6.7 × 6.7 cm) large-area NIR-LEC comprising PIDTT-SBS 

during emission, recorded (a) with no filter and (b) through a λ < 800 nm cutoff filter. 

One major advantage of polymer-based NIR emitters is that they are highly fit for a scalable 

and low-cost solution processing. Motivated by this, a large-area NIR-LEC of a size of 6.7 × 

6.7 cm (~45 cm2) was fabricated by spray-coating under ambient air,[10,292] using a blend of 

PIDTT-SBS and THABF4 as the active material at a thickness of 200 nm. Emission of the 

device, as driven by a low constant voltage of 4.5 V, is shown in Figure 5.5a. In Figure 5.5b, 

the same device is photographed through a cutoff filter that allows only wavelengths longer 

than 800 nm to pass through. The low-voltage driven large-area NIR-LEC featured a strong 

and uniform emission peaking at 725 nm. 

In summary, random copolymers comprising IDTT as the host and six different D–A–D 

units as the guest emitter featured balanced electrochemical p- and n-type doping capacities, 

which ensured functional NIR-LEC operation with in situ p–n junction doping formation. The 

intermolecular energy transfer and direct charge trapping at the emitter functioned efficiently, 

given that the emitter was compatible with the planar host polymer backbone. An optimized 

LEC based on PIDTT-SBS as the emitter featured a fast turn-on and good long-term stability, 

a low voltage of 6 V, strong NIR emission peaking at 725 nm with a radiance of 1.5 mW/cm2, 

and a stable EQE of 0.2% also at high currents. Importantly, PIDTT-SBS was also applicable 

to a solution-based fabrication of a large-area NIR-LEC. 
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6. Application of Conjugated Polymers for OPDs  

It is important and appealing to study the characteristics and possible applications of the newly 

synthesized materials in a broad perspective. For example, the matrix polymers used in light-

emitting devices commonly show excellent charge transport properties, which is of significant 

importance also in the light-harvesting applications. In OPDs, the photogenerated charges are 

extracted in the external bias, and charge transport in the active layer ultimately defines the 

response rate of the device.[64,293,294] Conjugated polymers are attractive photoactive materials 

for OPDs, since their spectral response and transport properties can be tuned with subtle 

changes in the polymer structure, depending on the target application.[69,70] PIDT-TPD and 

PIDT-2TPD delivered good performance in NIR-OLEDs, as discussed in Chapter 4.2, but the 

two polymers showed very different optical and electronic properties. In this chapter, PIDT-

TPD and PIDT-2TPD are used in two different types of OPD devices, both delivering high 

performance, and covering papers V and VI. 

6.1. High-Speed OPDs Based on PIDT-TPD Donor Polymer 

6.1.1. Aim at High Performance 

The frontier orbital energy levels and absorption wavelength of D–A structured polymers are 

commonly tuned by changing the backbone planarity and conjugation structure, and a range 

of different electron-rich donor and electron-deficient acceptor units have been developed for 

this purpose.[75,81,295] In general, polymers incorporating IDT as the donor have shown strong 

light absorption and high charge mobilities in organic photovoltaic (OPV) and organic field-

effect transistor (OFET) applications.[296-300] The rigid and planar backbone of the IDT-based 

polymers ensured strong intermolecular interactions in the solid state, which further facilitated 

high charge mobilities. Hence, PIDT-TPD was considered a promising candidate for solution-

based fabrication of fast-response OPDs as well. 

Previously, OPDs have been reported with high 3 dB bandwidth cutoff frequencies up to 

50 MHz in the visible and NIR regions, but the dark current density Jd values at high reverse 

bias were not lower than the order of 10–6 A/cm2 (i.e., µA/cm2).[66,72,301] Although the Jd of 

OPDs has been further reduced down to the order of 10–9 A/cm2 (i.e., nA/cm2),[64,293,294] the 

EQEs of the devices were not higher than 30%. The Jd and EQE are the two main factors that 

limit the sensitivity of the OPDs. Therefore, it is of crucial importance for the copolymers that 
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they deliver high performance by keeping simultaneously a low Jd, high EQE, and high speed 

even at low irradiance power. These are the ideal properties for imaging and communication 

applications. Apart from the polymer structure, also the BHJ morphology plays an important 

role in the device performance. An interpenetrating network of the donor and acceptor material 

should ensure efficient exciton dissociation and successful charge extraction at the electrodes. 

The BHJ morphology is greatly affected by the donor/acceptor blend ratio, concentration, and 

interactions of the two materials with each other.[62,302] In this study, PIDT-TPD is used as the 

donor and [6,6]-phenyl-C61-butyric acid methyl ester (PC61BM) as the acceptor, which blend 

delivered high-performing OPDs in terms of low Jd, high EQE, and high cutoff frequency. 

6.1.2. Characterization of the PIDT-TPD/PCBM Blend 
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Figure 6.1. (a) Chemical structures of PIDT-TPD and PC61BM. (b) Absorption coefficients 

of the neat polymer and PIDT-TPD/PC61BM blends, as measured in thin films. 

PIDT-TPD was synthesized according to the procedure described earlier in Chapter 4.2, and 

collected with a Mn of 27.0 kg/mol (PD 2.7), referred to as a medium Mn polymer in paper V. 

Figure 6.1 shows the chemical structures of PIDT-TPD and PC61BM, as well as the absorption 

coefficient versus wavelength curves of the neat polymer (green line) and PIDT-TPD/PC61BM 

blends in 1:1 (black squares), 1:2 (blue circles), and 2:1 (red triangles) ratio. For PIDT-TPD, 

an Eopt of 2.0 eV was estimated from the low-energy onset of absorption in thin film. The 

polymer exhibited a peak maximum at 580 nm, but addition of PC61BM to the blend revealed 

another absorption band peaking at 332 nm. All blends exhibited a complementary absorption 

ranging from 300 to 650 nm, but the relative contribution of PIDT-TPD and PC61BM to the 

absorption spectrum varied according to their respective concentration. 
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Figure 6.2. Energy levels of PIDT-TPD (green) and PC61BM (red), as derived from CV, and 

working mechanism of the OPD in dark (left panel), in dark at reverse bias (middle panel), 

and under illumination at reverse bias (right panel). 

Energy levels of PIDT-TPD and PC61BM were determined with CV measurements. PIDT-

TPD was chosen as the donor because it exhibited relatively high HOMO and LUMO energy 

levels with respect to the PC61BM acceptor. The HOMO–HOMO and LUMO–LUMO offsets 

were both 0.6 eV, as shown in the left panel of Figure 6.2. Without a doubt, this facilitates an 

efficient exciton separation in the BHJ. PL measurements of the PIDT-TPD/PC61BM blends 

in paper V further indicated their suitability as the photoactive layer, since the strong emission 

of PIDT-TPD was completely quenched in all three blends. 

Morphological characterization of the blends was carried out with atomic force microscopy 

(AFM, Figure 6.3a-c) and transmission electron microscopy (TEM, Figure 6.3d-f). The PIDT-

TPD/PC61BM 2:1 blend (Figure 6.3a,d) exhibited a smooth surface with a root mean square 

(RMS) roughness of 1.12 nm. The 1:1 blend (Figure 6.3b,e) had more uniform phase domain 

distribution and lower RMS surface roughness of 0.79 nm. In contrast, the 1:2 blend (Figure 

6.3c,f) presented a substantially different morphology with a high RMS roughness of 4.10 nm 

and visible aggregates in large isolated domains. Further morphological characterization with 

dynamic mechanical thermal analysis (DMTA) in paper V revealed a thermal transition in the 

1:2 blend that is ascribable to a substantial crystallization of the PC61BM-rich phase. The 2:1 

blend lacked such transition completely, suggesting that PC61BM was fully dispersed in the 

BHJ without desirable phase separation. However, the 1:1 blend showed thermal transitions 

evident from both the polymer-rich (2:1) and the PC61BM-rich (1:2) blend, which tentatively 

indicates an ideal degree of phase separation in the 1:1 blend for an efficient charge transport 

in the OPD devices. 
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Figure 6.3. Tapping mode AFM topography images (5 × 5 µm) of the PIDT-TPD/PC61BM 

blend films in (a) 2:1 ratio, (b) 1:1 ratio, and (c) 1:2 ratio. Bright-field TEM images of the 

corresponding blend films in (d) 2:1, (e) 1:1, and (f) 1:2 ratio. 

6.1.3. Performance of the OPDs 

Figure 6.2 illustrates the OPD device architecture and performance in dark conditions at 0 V 

(left panel), in dark at reverse bias (middle panel), and under illumination at reverse bias (right 

panel). The BHJ comprising the blend of PIDT-TPD/PC61BM was sandwiched between the 

ITO/interlayer and the Al contact. In this study, 6,13-bis(triisopropylsilylethynyl)pentacene 

(TIPS pentacene) was selected as the interlayer because of its relatively high LUMO energy 

level of –3.1 eV, which makes it an electron blocking layer that effectively reduces the Jd of 

the OPDs at reverse bias (see Figure 6.2, middle panel), as reported earlier by Montenegro 

Benavides et al.[303] Under illumination, the photogenerated electrons and holes are driven by 

the external bias and thereby drifted to the respective electrodes (see Figure 6.2, right panel). 

Typical optoelectronic characterization of the OPDs is shown in Figure 6.4a,b and the most 

relevant device characteristics are summarized in Table 6.1. The best performance is obtained 

with the PIDT-TPD/PC61BM 1:1 blend, as expected at this stage. The device exhibited a very 

low Jd, which remained stable at 1 nA/cm2 even at a high reverse bias of –5 V (Figure 6.4a). 

The corresponding device also delivered a high EQE of 52% at 610 nm in the far-orange/red 

spectral region (Figure 6.4b). Importantly, maintaining a high performance at high reverse bias 

(–5 V) is desired for the integration of the OPD as the light-sensitive component into real-life 

imaging and communication applications.[69,304] 

a) b) c)

d) e) f)
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Figure 6.4. (a) J–V characteristics of the OPDs comprising PIDT-TPD/PC61BM blend in 1:1 

(black squares), 1:2 (blue circles), and 2:1 ratio (red triangles) in the dark (solid symbols) 

and under green light at 532 nm at 780 µW/cm2 (open symbols). (b) EQE of the devices. (c) 

Frequency response of the device comprising the 1:1 blend, as driven at –5 V. (d) Linearity 

plot of the device comprising 1:1 blend under different intensities of green light at 532 nm. 

The device based on the 2:1 blend had a much higher Jd (290 µA/cm2) and only a negligible 

photocurrent as compared to the optimal 1:1 blend, while the 1:2 blend led to electrical short 

circuits. Also the EQEs obtained from the latter two blends were consistently lower than that 

of the 1:1 blend. These results are in line with the morphological characterization. The absence 

of well-interconnected domains in the 2:1 blend and the presence of large agglomerates in the 

1:2 blend clearly suppressed the charge separation and transport in the BHJ. SCLC mobility 

measurements in paper V further confirmed that the 1:1 blend exhibited the highest and most 

balanced electron (µe) and hole mobility (µh) from the three different blends (see Table 6.1). 

Figure 6.4c presents the frequency response of the best performing device based on PIDT-

TPD/PC61BM 1:1 blend, and the average 3 dB cutoff frequency at –5 V bias was recorded at 

100 kHz. This is an impressive value for a red (610 nm) OPD, although the cutoff frequencies 
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reported for other polymer-based OPDs have reached the order of MHz.[66,72,301] However, the 

PIDT-TPD/PC61BM 1:1 blend exhibited a low Jd of 1 nA/cm2 even at high reverse bias of –5 

V, thereby outperforming the devices presented previously.[64,66,72,293,294,301] The detectivities 

of the devices were calculated using Equation (3.7) in Chapter 3.3, given the assumption that 

the noise was dominated by the shot noise from dark current.[59] Thanks to the low Jd of the 

OPD comprising the 1:1 blend, a high D* of 1.44 × 1013 Jones was calculated at –5 V and 610 

nm. Moreover, figure 6.4d demonstrates the good linearity of the photocurrent over 6 decades 

of different intensities of green light at 532 nm. The lowest detectable signal was 34 nW/cm2, 

as defined at Jph = 2 × Jd (dashed line). 

Table 6.1. SCLC mobilities and OPD device performance at –5 V bias. 

polymer/ 

PC61BM 

ratio 

 µh 
a 

(cm2/V s) 

µe 
b 

(cm2/V s) 

Jd 
c 

(mA/cm2) 
EQE, 610 

nm c (%) 

D* c  

(Jones) 

cutoff 

freq. c 

(kHz) 

1:1 4.5 × 10–5 3.2 × 10–5 
1.09 [1.26] 

× 10–6 
52.5 [52.0] 

1.44 [1.27] 

× 1013 
200 [100] 

1:2 3.1 × 10–6 1.5 × 10–5 d 9.2 [9.0] d d 

2:1 4.2 × 10–5 6.0 × 10–6 0.29 [0.40] 14.3 [14.0] 
2.26 [1.92] 

× 109 
e 

aHole-only device structure: ITO/PEDOT:PSS/active layer/MoO3/Al. bElectron-only device 

structure: ITO/ZnO/active layer/LiF/Al. cValue for the best performing device. Average value 

for 16 devices (1:1 blend) or 4 devices (1:2 and 2:1 blend) given in brackets. dShort-circuiting 

devices. eNot measured. The active layer thickness was 400 nm. 

In summary, OPDs in this study cover a wide spectrum from ultraviolet to the visible red 

region. An ideal intermixing of the donor and acceptor material was necessary for an efficient 

charge extraction in the OPD device. The optimum PIDT-TPD/PC61BM 1:1 blend fulfilled the 

form factor requirements that are desired for the application of the photodetector into real-life 

applications: a high EQE (52%), an ultra-low dark current (1 nA/cm2), a relatively high 3 dB 

cutoff frequency (100 kHz), and a high detectivity (1.44 × 1013 Jones) that are maintained at 

high reverse bias (–5 V). In comparison, poly(3-hexylthiophene) (P3HT) is a widely used and 

top-performing donor polymer in modern solution-processed OPDs.[69,70,305] A P3HT-based 

OPD with a corresponding device architecture was reported to exhibit a detectivity of 1.63 × 

1013 Jones, which is comparable to that obtained from PIDT-TPD, but it had a markedly lower 

cutoff frequency (32 kHz) compared to the PIDT-TPD device.[303] Conventional silicon-based 
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photodetectors typically exhibit detectivities of ~3–4 × 1013 Jones or higher,[213,215] which is 

very close to the performance of the PIDT-TPD device in this study. The device comprising 

PIDT-TPD as the donor also showed a linear photoresponse even at low irradiance power. 

Overall, these results are among the best reported in literature for visible solution-processed 

OPDs based on a D–A copolymer. An interesting figure of merit then is that the detectivity of 

(dark adapted) human eye is estimated to be of the order of 1017 Jones at 500 nm,[306] which is 

a remarkable value compared to any of the man-made photodetectors. 

6.2. PIDT-2TPD as the Acceptor for All-PPDs 

6.2.1. The D–A–A Design Motif 

The previous chapter introduced a highly functional polymer/fullerene blend for OPD devices. 

Fullerene derivatives can deliver good charge transport properties and high efficiencies for the 

photoresponse devices, but they exhibit a rather weak light absorption, especially toward the 

low-energy spectral region, and low long-term stability of the BHJ morphology.[307-309] These 

disadvantages intrinsically limit the performance of the photoresponse devices. Therefore, it 

is desirable to develop photoactive materials that can retain the high performance over a long 

period of time, exhibit strong and complimentary absorption for broad spectrum detection, and 

allow flexibility for the tuning of the electronic properties – both of the donor and the acceptor. 

The use of both p-type donor and n-type acceptor polymers is a versatile method that allows 

precise engineering of the optical and electronic properties of the BHJ. However, thus far only 

a few examples have been reported where polymer/polymer blends have been used in all-

polymer photodetectors (all-PPDs). Wang et al.[310] used P3HT as the donor and a ladder-

structured polypyrrone as the acceptor and obtained an EQE of ~20% and a D* of 1.3 × 1011 

Jones at 610 nm. Introduction of the naphthalene diimide (NDI)- and perylene diimide (PDI)-

based acceptor polymers, with various combinations of donor polymers, delivered detectivities 

in the order of 1012 Jones and spectral responses extending up to 1100 nm.[311-314] These values 

are comparable to the fullerene-based OPDs, but the relatively low absorption coefficients of 

the NDI- and PDI-based acceptors partially limited the EQEs of the devices below 25%. This 

sets a strong motivation to develop polymeric acceptors with strong light absorption. 

From molecular design point of view, the acceptor polymer should ideally have (i) strong 

and complementary absorption with the donor polymer and (ii) low-lying LUMO energy level 
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to obtain sufficient LUMO–LUMO offset and driving force for charge extraction in blends 

with the donor. The combination of IDT as the electron-rich unit and the interconnected 2TPD 

as the electron-deficient unit in PIDT-2TPD, i.e., using the so-called D–A–A design strategy, 

delivered these properties when used as an acceptor in blend with P3HT donor. The all-PPDs 

fabricated from the P3HT/PIDT-2TPD blend showed strong photoresponse and nearly planar 

detectivity over the entire visible spectral range, thereby indicating that PIDT-2TPD is a highly 

functional new type of n-type material for BHJ devices. 

6.2.2. Characterization of the P3HT/PIDT-2TPD Blend 
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Figure 6.5. (a) Chemical structures and (b) energy levels of P3HT donor and PIDT-2TPD 

acceptor in comparison to PC61BM, as derived from CV. 

The chemical structures of P3HT and PIDT-2TPD are shown in Figure 6.5a. The former was 

commercially available and the synthesis of the latter polymer is described in Chapter 4.2. The 

HOMO and LUMO energy levels of the polymers were measured by CV. Connecting the two 

TPD units stabilized the LUMO and decreased that energy level, both of the 2TPD monomer 

and the PIDT-2TPD copolymer, and made it suitable as acceptor, as illustrated in comparison 

to PC61BM in Figure 6.5b. The HOMO–HOMO and LUMO–LUMO offsets were both 0.8 

eV, which is – without a doubt – sufficient for exciton separation in the photoactive layer. 

Figure 6.6a presents the absorption coefficient versus wavelength curves of the polymers 

in solution. PIDT-2TPD showed slightly stronger absorption peaking at 609 nm, as compared 

to the absorption maximum of P3HT at 458 nm. When going to the solid-state thin films 

(Figure 6.6b), the absorption profile of PIDT-2TPD remained similar to that in solution. P3HT 

showed a broadened and red-shifted absorption with the peak maximum at 516 nm, which is 

ascribable to its characteristic π–π stacking in the solid state.[315-317] As a result, the absorption 

coefficient of P3HT increased in comparison to PIDT-2TPD in the solid state. It is important 

to note that the absorption of PIDT-2TPD was significantly stronger than the values reported 
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previously for NDI- and PDI-based acceptors (i.e., in the range of 1–4 × 104 cm–1).[318-320] Both 

P3HT and PIDT-2TPD exhibited an Eopt of 1.9 eV, as estimated from the onset of absorption 

in thin films. The absorption coefficient versus wavelength curves of the P3HT/PIDT-2TPD 

blends in 2:1, 1:1, and 1:2 ratio are included in Figure 6.6b. All three blends exhibited strong 

complementary absorption from 350 to 680 nm, but the absorption from P3HT dominated in 

the 2:1 and 1:1 blends, as expected from the neat polymer films. PL measurements in paper 

VI indicated that the high intensity emission of PIDT-2TPD was completely quenched in the 

2:1 and 1:1 blends. Even the acceptor-rich (1:2) blend showed only a weak trace of emission 

from PIDT-2TPD, which further confirmed an efficient exciton separation taking place in the 

photoactive layer. 
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Figure 6.6. (a) Absorption coefficients of P3HT and PIDT-2TPD in chlorobenzene solution. 

(b) Absorption coefficients of the neat polymers and polymer/polymer blends in thin films. 

AFM imaging was employed to study the surface morphology of the blends (Figure 6.7). 

All three blends exhibited relatively smooth surfaces but the RMS roughness was highest for 

the P3HT/PIDT-2TPD 2:1 blend (2.11 nm, Figure 6.7a). The RMS roughness decreased to 

1.44 nm for the 1:1 blend (Figure 6.7b) and further to 1.06 nm for the 1:2 blend (Figure 6.7c). 

This was in line with the expectation that the more amorphous PIDT-2TPD would be highly 

miscible and interfere with the more crystalline P3HT domains. DMTA temperature scans in 

paper VI indicated that the 2:1 and 1:1 blends exhibited thermal transitions ascribable to both 

P3HT-rich and PIDT-2TPD-rich phases, whereas the 1:2 blend showed a dominant thermal 

transition of the PIDT-2TPD-rich phase. This suggests that P3HT was effectively dispersed in 

the acceptor-rich (1:2) blend without desirable phase separation. In contrast, the donor-rich 

(2:1) blend showed signatures of a continuous and interpenetrating network of P3HT-rich and 

PIDT-2TPD-rich phases, which is ideal for efficient charge extraction in the devices. 
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Figure 6.7. Tapping mode AFM topography images (5 × 5 µm) of P3HT/PIDT-2TPD 

blends in (a) 2:1 ratio, (b) 1:1 ratio, and (c) 1:2 ratio. 

6.2.3. Performance of the All-PPDs 

 

Figure 6.8. (a) J–V characteristics of the all-PPDs comprising P3HT/PIDT-2TPD blend in 

2:1 (red circles) and 1:1 ratio (pink triangles) in the dark (solid symbols) and under green 

light at 532 nm at 780 µW/cm2 (open symbols). (b) EQE, (c) responsivity, and (d) specific 

detectivity of the device based on the 1:1 blend at different bias voltages. 

The all-PPDs were fabricated by using the P3HT/PIDT-2TPD blend in 2:1, 1:1, or 1:2 ratio as 

the active layer, which was sandwiched between the ITO/TIPS pentacene and the Al contact. 

TIPS pentacene was used as an electron blocking interlayer, as described in Chapter 6.1. The 

active layer thickness was optimized to 400 nm. The best device performance was obtained 

with the 2:1 blend, which exhibited a Jd of 6.42 × 10–5 mA/cm2 at –5 V bias (Figure 6.8a). It 
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is worth noting that this is among the lowest dark currents reported for all-PPDs at high –5 V 

negative bias and also comparable to the devices based on the P3HT donor and the fullerene 

acceptor.[305,311,314,321] The Jd could be further decreased to 6.83 × 10–6 and 2.85 × 10–6 mA/cm2 

with the 1:1 and 1:2 blends, respectively, but the Jph was three times lower for the 1:1 blend 

compared to the 2:1 blend (Table 6.2). The 1:2 blend did not show any photocurrent response 

under green light (therefore not shown in Figure 6.8a). SCLC mobility measurements in paper 

VI indicated that all of the three blends exhibited somewhat balanced charge transport, but the 

2:1 and 1:1 blends delivered the highest mobilities. This result is in good agreement with the 

morphological characterization and the all-PPD device performance. A general observation is 

that the P3HT/PIDT-2TPD blend facilitated an efficient exciton separation in all of the studied 

concentrations, as observed from the PL quenching in paper VI, but the low charge mobility 

and lack of photocurrent response in the 1:2 blend can only be explained by its homogeneous 

morphology. The 2:1 blend exhibited a desired degree of phase separation for efficient charge 

extraction in the devices, and it was considered as the optimum active layer. 

Table 6.2. SCLC mobilities and all-PPD device performance at –5 V bias. 

P3HT/PIDT-

2TPD ratio 

 µh 
a 

(cm2/V s) 

µe 
b 

(cm2/V s) 

Jd 

(mA/cm2) 

Jph 

(mA/cm2) 

2:1 9.2 × 10–5 4.0 × 10–5 6.42 × 10–5 4.57 × 10–2 

1:1 6.0 × 10–5 9.1 × 10–5 6.83 × 10–6 1.56 × 10–2 

1:2 6.4 × 10–6 9.8 × 10–6 2.85 × 10–6 c 

aHole-only device structure: ITO/PEDOT:PSS/active layer/MoO3/Al. bElectron-only device 

structure: ITO/ZnO/active layer/LiF/Al. cNo photocurrent response. 

Based on the above results, further all-PPDs characterization was focused solely on the 2:1 

blend. The active layer exhibited excellent electrochemical stability, which can be seen from 

the systematic increase of EQE with increasing negative bias in Figure 6.8b. As a result, the 

EQE reached over 30% at –5 V. Responsivity and detectivity of the corresponding device were 

calculated using Equations (3.4) and (3.7) in Chapter 3.3. R increased linearly when the reverse 

bias was increased from 0 V to –5 V, reaching 0.16 A/W at 610 nm, as shown in Figure 6.8c. 

Interestingly, the EQE and R graphs resembled the absorption of the blend film (Figure 6.6b), 

which indicated that both the P3HT donor and the PIDT-2TPD acceptor contributed to the 

photoresponse, and thereby validated the D–A–A design motif. Thanks to the low dark current 

at –5 V, the D* was 1.1 × 1012 Jones at 610 nm (Figure 6.8d). This value is in the same order 
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of magnitude with the best performing all-PPDs and, perhaps even more importantly, higher 

than the values reported so far for all-PPDs comprising P3HT as the donor.[310-314] Moreover, 

the D* remained nearly planar from 370 to 660 nm, which is essentially over the entire visible 

range. This clearly confirmed the functionality of PIDT-2TPD as the acceptor in the BHJ. The 

3dB cutoff frequency was recorded at 1.5 × 103 Hz in paper VI, which is substantially lower 

than that obtained for the PIDT-TPD/PC61BM blend in Chapter 6.1. The lower photoresponse 

rate is probably due to a less efficient charge extraction that is common for all-polymer BHJ 

devices versus fullerene-based devices.[307] 

In this study, PIDT-2TPD proved to be a highly functional new type of acceptor polymer 

for all-PPDs. The P3HT/PIDT-2TPD blend in 2:1 ratio showed a stable device performance 

in terms of delivering an EQE of ~30% and nearly planar detectivity essentially over the entire 

visible spectral range, when driven at a high reverse bias of –5 V. The analogy between the 

absorption profile of the blend and the photoresponse of the all-PPD device confirmed that the 

acceptor polymer had a strong contribution to the overall light absorption, which is critical for 

the performance of any all-polymer BHJ device. 

 

  



Chapter 7 – Conclusion and Outlook 

69 
 

7. Conclusion and Outlook 

Taking into account the limited yield of emissive excitons from the lowest excited singlet state 

(set by the spin statistics) and the increase of nonradiative decay rate with decreasing energy 

gap (given by the energy gap law), an EQE of 1.1% from the OLED comprising BTT* as the 

NIR emitter is probably close to the performance limit of a solution-processable fluorescent 

organic molecule in the >800 nm region. Therefore, any significant improvement in the EQE 

necessitates the involvement of triplet excitons in the emission process. One example of such 

system could be introduction of a TADF molecule as an “assistant dopant” in the well-defined 

blend of PIDT-2TPD host and BTT* emitter. As discussed in Chapter 4.2 and paper II, the 

fluorescence efficiency of the host matrix had a significant influence on the NIR-performance 

of BTT* molecule. This can be described as an “exciton pumping” effect of the host matrix, 

and it is plausible that the exciton feed could be further enhanced with the use of an additional 

TADF dopant, ultimately delivering NIR emission selectively from BTT*. Of course, to make 

such a ternary blend of polymer host, TADF assistant dopant, and NIR small molecule work 

in an OLED it would require careful optimization of the singlet and triplet energy levels of the 

TADF molecule with respect to the host and the NIR emitter, along with many other aspects 

discussed in the literature[169-171,322] and throughout this thesis. Similar assistant dopant concept 

has been introduced previously by Adachi et al.,[32,164,230,241] but so far not applied successfully 

for solution-processed OLEDs nor for materials emitting beyond 800 nm. 

Successful introduction of triplet excitons in the emission process leads to an improvement 

of EQE, but with a concomitant penalty of prolonged exciton lifetime in the order of hundreds 

of nanoseconds or even in the microsecond range. This limits the applicability of such emitters, 

for example in Li-fi networks, where fluorescent molecules can be integrated for a high-speed 

data transfer. In that perspective, the fast decay (2.5 ns) of the blend of PIDT-2TPD and 0.5% 

of BTT* makes it highly appealing for the engineering of NIR optical networks. 

Another important aspect of NIR emitters is their stability in the light-emitting devices. 

LECs, in general, can deliver high-intensity emission and good long-term stability thanks to 

the p–n junction doping structure, which ensures efficient electron and hole recombination and 

allows device fabrication without the use of air-sensitive cathode metals. The p- and n-type 

doping is believed to be responsible of exciton quenching by polarons, which effectively 

reduces the EQE of the devices, as studied in detail by van Reenen et al.[281,282] However, LECs 

comprising IDTT-based random copolymers as NIR emitters systematically delivered higher 
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radiances and EQEs than the corresponding OLED devices, as discussed in Chapter 5.2 and 

paper IV. This is a good indication of the benefits of polymeric emitters, related to their 

electrochemical stability and charge transport properties for an ideal formation of the p–n 

junction structure. 

Two questions may arise when considering the development of NIR-LECs: (i) if the 

emission can be redshifted further in the NIR region while maintaining the device performance 

and (ii) if a blend of polymer matrix and small molecule as the NIR-emissive material can 

somewhat improve the device performance. Both of these questions could be addressed by 

synthesizing a low-gap small molecule comprising a fluorescent acceptor core, coupled with 

strong donor units, and finding a suitable host polymer with good charge transport properties. 

However, care must be taken in the design of small molecules, so that the electrochemical 

stability of the active layer, which is one of the major benefits of polymeric emitters, is not 

compromised when the LEC is driven with a high current density.[323] On the other hand, 

introduction of the electrolyte salt as a third component in the host/guest blend sets further 

requirements for efficient intermolecular host-to-guest energy/charge transfer, so as to obtain 

emissive excitons selectively at the NIR molecule and avoid “leaking” of emission both from 

the host and the guest sites, as reported previously by Tang et al.[204,324,325] 

The performance of polymeric emitters is closely connected to their charge transport 

properties, and this was demonstrated with the photodetectors comprising either PIDT-TPD 

as the donor or PIDT-2TPD as the acceptor. The strong light absorption that is common for 

donor polymers was retained with the D–A–A structured acceptor polymer, which motivates 

the use of similar design strategy for other high-performance all-PPDs operating at different 

wavelengths. Similarly to the light-emitting devices, the application of photodetectors depend 

on their maximum bandwidth and wavelength range. Where visible red photodetectors can be 

used, e.g., for VLC networks and photo and video imaging, for biomedical applications one 

needs materials that can convert the low-energy NIR light, e.g., that of the BTT* OLED at 840 

nm, into a detectable current at high speeds. At the moment, there are only few examples of 

polymers that can deliver high photoresponse (and high speed) at this specific wavelength, the 

diketopyrrolopyrrole-based donors reported by Hendriks et al.[63] being one of such materials. 

Naturally, this is a strong motivation for further development of polymer donors and acceptors 

for the application in NIR photodetectors. 
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On a personal note, the most common questions I get asked in a non-scientific field on my 

research, as a synthetic chemist, are (i) can I tell about the applications of NIR emitters, (ii) 

who is going to build such devices, (iii) who is going to need such devices, and (iv) when, if 

ever, they will be available for consumers. These questions, among many others, have not only 

made me think about my work in a broad perspective, but also raised my self-awareness that 

is helpful for positioning the research in this thesis within the related scientific field. To grasp 

the latter issue, the research on organic NIR emitters has progressed tremendously since the 

beginning of my PhD project. The literature entitled as “far-red/NIR emitters”, presumably to 

highlight the (literally) invisible barrier of NIR region, albeit often reporting only a marginal 

device performance, has developed into titles such as “highly efficient”, “improved emissive 

state”, “small efficiency roll-off”, and “efficient nondoped NIR-OLED”, just to mention some 

examples. This is a clear indication that organic emitters are indeed attractive because of their 

benign environmental impact and applicability for biomedical and even implantable devices. 

However, many of the above mentioned titles still do not promise emission envelopes purely 

in the NIR, and further research is needed in that regard. 

To further comment on the above questions, the technology is already available for anyone 

to implement into commercial purposes, and in the current view the development of organic 

NIR emitters and other optoelectronic materials will be faster than ever before. Yet the long-

term stability of organic materials and their efficiency of converting electricity into light, or 

light into electricity, remain great challenges. Another is the effectiveness of mass production 

of the conjugated polymers and small molecules, and keeping their performance comparable 

to the small lab-scale batches. A major leap in these aspects is probably the factor that triggers 

the large-scale public interest toward organic optoelectronics. 
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8. Methods 

This chapter provides additional information about the methodology that is discussed, but not 

described in detail earlier in this thesis, including Pd-catalyzed cross-coupling (Chapters 4–6), 

DFT calculation (Chapters 2, 4, and 5), and AFM and TEM imaging (Chapter 6). In particular, 

Stille coupling and its alternative, direct arylation, have been broadly applied throughout this 

thesis, and are therefore worth taking a closer look. For the same reason, although Pd-catalyzed 

Suzuki–Miyaura reaction is another famous cross-coupling method,[326] it is omitted from this 

chapter. DFT is a helpful tool to better understand the conformational and electronic structure 

of the synthesized (or planned) polymers and small molecules, but it is also a popular topic of 

debate,[327] as discussed shortly in this chapter. The AFM and TEM methods are described for 

an easy access to the conditions of the images presented in this thesis. 

8.1. Stille Coupling 

 

Scheme 8.1. A generic catalytic cycle of Pd-catalyzed Stille coupling. 

The Pd-catalyzed Stille cross-coupling is an efficient method for the coupling of aromatic (or 

aliphatic) halides and corresponding organotin reagents (i.e., organostannanes).[328,329] Scheme 

8.1 represents a simplified catalytic cycle of the Stille reaction proceeding as a Pd coordination 

complex. The key steps in the cycle are (i) oxidative addition of the aryl halide, (ii) addition 

of the secondary aryl group via transmetalation, followed by isomerization, and (iii) formation 
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of the new carbon–carbon bond via reductive elimination. Oxidative addition on Pd(0) occurs 

efficiently in coordination to electron-rich phosphine ligands.[330] Transmetalation is a critical 

step in the catalytic cycle, and the reaction is proposed to proceed either via a cyclic or an open 

transition state, as shown on the bottom of Scheme 8.1.[331-333] A third possible transmetalation 

pathway has been proposed to go through an ionic transition state.[332] The cyclic mechanism 

requires a good bridging anionic ligand (a halide), and more electronegative halides make the 

Pd(II) center more electrophilic, thus accelerating the transmetalation step.[334] Note, however, 

that the energy barrier for oxidative addition, step (i), increases accordingly, in the order I < 

Br < Cl < F.[335] The open (or ionic) transmetalation is favored for badly coordinating anionic 

ligands (other than halides), which create an electrophilic Pd(II) center (or a cationic Pd(II) 

center due to a complete dissociation of the anion), ultimately allowing a fast reaction through 

the step (ii). It is important to note that the transmetalation via either of the transition states is 

partly reversible, which means that if the final carbon–carbon bond formation, step (iii), is too 

slow, a number of undesired side reactions can take place via reverse transmetalations.[331-333] 

The reductive elimination step necessitates the carbon–carbon bond forming groups to be cis 

to each other (see the left side box in Scheme 8.1), thereby requiring isomerization of the trans 

intermediate after the transmetalation.[336,337] 

Pd2(dba)3 (dba = dibenzylideneacetone) is a widely used catalyst in the Stille coupling, and 

a source of Pd(0), while tri(o-tolyl)phosphine is used as an additional electron-donating ligand. 

This is a versatile catalytic system, which typically gives excellent yields and high molecular 

weights,[338,339] the latter in the case of polymer synthesis, but it is also reported to be selective 

between different halides in the aromatic structures.[340] On the other hand, one of the above 

mentioned side reactions is homocoupling of the aryl halides and the organostannanes, which 

is the main source of structural defects. In the coupling of, say, donor and acceptor monomers 

to obtain a D–A copolymer, homocoupling leads to the formation of undesired D–D and A–A 

coupling products.[341,342] Some of the homocoupling pathways have been proposed to initiate 

from the oxidation of Pd(0) in the presence of molecular oxygen, and others from aryl group 

exchange and reduction of the Pd(II) center to Pd(0) by reductive impurities.[342-345] Although 

some of these undesired reactions may be difficult to control, it is of crucial importance to run 

the Stille coupling under oxygen-free, inert nitrogen or argon atmosphere. 
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8.2. Direct Arylation 

 

Scheme 8.2. Transition state in the Pd-catalyzed and pivalate-assisted direct arylation. 

What was not mentioned in the previous section is the toxicity of the organotin reagents used 

in the Stille coupling.[342,346] Direct arylation is an alternative, Pd-catalyzed coupling reaction 

that does not require the use of organometallic compounds as nucleophiles. Instead, it relies 

on the activation of weakly acidic (sp2)C–H bonds in aromatic structures.[347,348] The reaction 

mechanism of direct arylation is far less studied than that of Stille coupling (Scheme 8.1), but 

a commonly accepted pathway proceeds via a transition state involving concerted metalation–

deprotonation (CMD) of the aromatic structure, as presented in Scheme 8.2.[347,349] The CMD 

mechanism benefits from carboxylic acid as a cocatalyst in the presence of excess base, such 

as K2CO3. Pivalic acid (pivalate anion in the presence of base) has proven to be an excellent 

additive that increases the conversion and gives high yields.[347,350] After the oxidative addition 

of the aryl halide, the pivalate coordinates to the Pd(II) center making it highly electrophilic, 

and acts as a catalytic proton shuttle increasing the reactivity of the completely unactivated 

(hetero)aryl group.[347,351] In the CMD step, the pivalate deprotonates the secondary aryl group 

without the coordination of the proton to the metal center, while at the same time the C–Pd 

bond is formed.[349,351,352] After the dissociation of pivalic acid, a new carbon–carbon bond is 

formed via reductive elimination, as in the case of Stille coupling. However, another plausible 

mechanistic pathway involves the pivalate being coordinated to the Pd(II) center throughout 

the catalytic cycle.[347-349] 

Apart from the decreased toxicity and increased atom economy of direct arylation,[353] it is 

worth mentioning that most aromatic monomers contain multiple reactive C–H bonds. The 

selectivity depends on the energy barrier to reach the CMD transition state,[354,355] but in many 

cases the reaction can occur at various positions leading to structural impurities, such as cross-

linking, branching, and homocoupling.[342,349] This is particularly relevant for the synthesis of 

copolymers, for which the post-reaction purification is not as straightforward as for monomers 
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or small molecules. However, recent advances in the direct arylation have resulted in nearly 

defect-free polymers through the control of selectivity.[356-359] 

8.3. DFT Calculation 

 

Figure 8.1. DFT-calculated HOMO hole density, LUMO electron density, and backbone 

torsion of a PIDTT model compound comprising three repeating units. 

DFT calculation is, at the minimum, a supplementary approach to estimate the HOMO/LUMO 

(or IP/EA) energy levels, the corresponding orbitals distribution, and the structure (including 

conformation and backbone torsion) of the studied molecules. Combination of B3LYP hybrid 

functional and 6-31G(d,p) basis set is used for the optimization of the ground state geometry 

in gas phase.[360-362] As a common practice, the long alkyl side chains are truncated to shorter 

methyl (or methoxy etc.) groups to facilitate the calculations in a reasonable time scale. Instead 

of doing simulations on large polymer structures, smaller model compounds comprising 1–4 

repeating units are typically calculated. Then, extrapolation to an infinite chain length allows 

the estimation of larger “polymeric” HOMO and LUMO energy levels.[91-93] Since the change 

in energy, i.e., ΔEHOMO and ΔELUMO, of the large conjugated structures becomes diminishingly 

small after 3–4 repeating units, it is often practical to calculate a single structure comprising 

three repeating units as a representative model compound, as shown for PIDTT in Figure 8.1. 

Importantly, however, different combinations of cis and trans isomers and/or torsion potential 

energy surfaces are calculated to find the energetically most stable conformation.[363,364] 

One issue related to the relatively cheap B3LYP functional is that it tends to overestimate 

the torsion energy barrier, and thus the planarity of the conjugated (polymer) backbone.[365,366] 

Another, more general concern is that the HOMO hole and LUMO electron densities, and the 

corresponding energies, might be different in the solid state compared to the ideal gas-phase 
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conditions. However, the DFT-calculated HOMO and LUMO energies, and Eg values, were 

qualitatively similar with the CV-derived values throughout this thesis. Calculation of excited 

state energies and geometries, via time-dependent DFT calculations,[367] necessitate the use of 

long-range corrected functionals, such as ωB97XD,[368] which allow the tuning of the range-

separation parameter, ω, by minimizing the error between IP and HOMO energies and/or that 

of EA and LUMO energies.[105,106,369,370] The vertical IP is calculated as the difference between 

the ground-state energy of a neutral N electron system and a cationic N – 1 electron system, 

both at the optimized geometry of the N electron system. The vertical EA is calculated as the 

energy difference between the N electron system and an anionic N + 1 electron system at the 

optimized geometry of the N electron system.[371] 

8.4. AFM and TEM 

The AFM samples were prepared by spin-coating the active layer on a glass/PEDOT:PSS film 

(Chapter 6.1) or directly on a glass substrate (Chapter 6.2) from chlorobenzene solution. The 

concentration of PIDT-TPD (Chapter 6.1) and PIDT-2TPD (Chapter 6.2) were 15 mg/mL for 

all blends. Tapping-mode images were acquired with an NT-MDT NTEGRA Prima scanning 

probe microscope using NT-MDT NSG01 (single crystal silicon, reflective Au-coating) AFM 

probes at a resonant frequency of ~200 kHz. The TEM samples (Chapter 6.1) were prepared 

by immersing the above glass/PEDOT:PSS/active layer sample in water, where PEDOT:PSS 

dissolved and the active layer floated off. The active layer film was transferred to a supporting 

Cu grid for TEM imaging on a FEI Tecnai T20 (LaB6, 200 kV) instrument. 
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Appendix 

 

Scheme A1. Synthesis of the D–A–D segments discussed in Chapter 5.2.  
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Scheme A2. Synthesis of the IDTT-based copolymers discussed in Chapter 5.2. 

 


