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Abstract 

Organic light-emitting diodes (OLEDs) capable of emitting circularly polarized (CP) light 

have attracted significant interest from researchers due to their potential applications, such as 3D 

display and optical information storage. One of the effective approaches to fabricate CP-OLEDs 

is to construct chiral light-emitting layers by chiral induction, where chiral small molecules are 

doped as chiral inducers into achiral luminescent polymers. Due to the chiral transfer, strong 

circularly polarized luminescence (CPL) of the polymer can be achieved. While this method can 

yield high asymmetry factor g, the presence of chiral inducers within the films can decrease the 

device performance of the CP-OLEDs. To solve this problem, it may be important to remove the 

chiral inducers from polymer after chiral induction is complete.  

In this study, we doped the axially chiral inducers into thin films of the achiral conjugated 

polymers. Upon annealing the films, a clear circular dichroism (CD) signal from emitting polymer 

appeared, indicating the induction of chiroptical properties. Nuclear magnetic resonance (NMR) 

spectra of the samples before and after annealing confirmed the complete removal of chiral 

inducers by sublimation during annealing, resulting in the formation of neat polymer films. The 

red shift in absorption spectra and the fibrous morphology in atomic force microscope (AFM) 

after annealing indicated that the chiroptical properties were caused by intermolecular exciton 

coupling due to aggregation. The photoluminescence quantum yield (PLQY) of as-prepared films 

was remarkably low but after annealing it increased to that of neat films, suggesting that the 

removal of chiral inducers by high-temperature sublimation realized both high g factor and PLQY 

simultaneously. We applied this thin film to the emitting layer of CP-OLEDs. The device achieved 

a maximum external quantum efficiency (EQE) of 1.20%, The |gEL| of 7×10-3 was achieved 

without any optimization of the device structures. This study demonstrates for the first time a way 

to realize CP-OLEDs by sublimable chiral inducers. 

Furthermore, the generality of the sublimation-assisted chiral induction strategy was also 

investigated. We confirmed that BINOL is capable of inducing CPL not only in F8BT but also in 

PFO. Compared to F8BT, PFO exhibited a glum value one order of magnitude lower. In addition, 

the CPL emission of PFO could be further red-shifted after solvent vapor annealing, which 

induced the β-phase crystalline structure. The chiral F8BT system was further extended to realize 

circularly polarized Förster resonance energy transfer (C-FRET). By replacing BINOL with a 

more efficient chiral inducer, R5011, and doping the blend with a red-emitting molecule DBP as 

both the energy and chirality acceptor, red CPL emission was successfully achieved. Notably, we 

also discovered that R5011 contributed to a significant enhancement in the PLQY of the films. 

These studies provide a new method for the preparation of high-efficiency CP-OLEDs. 

Keywords: Chiral induction, Circularly polarized organic light-emitting diodes, BINOL, 

Polyfluorene, Circularly polarized fluorescence resonance energy transfer.  
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Chapter 1 

Introduction 

Chirality is a property wherein an object cannot be superimposed on its mirror image, 

is exemplified by the asymmetry between left and right-handed.1,2 As a fundamental 

characteristic of both nature and biological systems,3–5 chirality also plays a critical role 

in a wide range of chemical and physical systems.6,7 Chirality exists from subatomic 

particles to supramolecular assemblies, macroscopic objects, and even galactic 

formations.6 

The scientific significance of chirality research lies primarily in two key aspects. 

First, from the biological perspective, all amino acids that constitute proteins in living 

organisms adopt the L-configuration, while the ribose that form the backbone of DNA 

and RNA are in the D-configuration. Investigating the origin of such homochirality is 

vital for deepening our understanding of the origin of life. Second, from the application 

perspective, chirality at the molecular and supramolecular levels shows potential in a 

variety of fields, including asymmetric catalysis, enantioselective separation, chiral 

recognition and circularly polarized luminescent materials.8–10 
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1.1 Introduction to circularly polarized light 

Chiral light-emitting systems, including organic small molecules, polymers, or 

supramolecular assemblies, are capable of emitting asymmetrically polarized light known 

as circularly polarized (CP) light.11 CP light comprises two orthogonal linearly polarized 

lights that possess a phase difference of quarter wavelength. As a result, the magnitude of 

the electric field vector remains constant, while its direction rotates helically over time. 

The sense of this rotation determines the handedness of the CP light: if the electric field 

vector rotates counterclockwise when viewed in the direction of propagation, the light is 

designated as left-handed circularly polarized (LCP); conversely, if the rotation is 

clockwise, it is referred to as right-handed circularly polarized (RCP).12 

The emission of left- or right-handed circularly polarized light from chiral 

luminescent materials is referred to as circularly polarized luminescence (CPL). Owing 

to its unique optical characteristics, CPL holds significant potential for applications in 

diverse fields, such as quantum computing, 3D displays, and optical information 

storage.13–16 A common method for generating CPL involves converting isotropic light 

into linearly polarized (LP) light using a polarizer, followed by transformation into CPL 

via a quarter-wave plate (Fig. 1.1). However, this approach inevitably leads to at least 50% 

optical flux loss, thereby limiting its practical efficiency.17 In comparison, chiral 
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luminescent materials offer a more energy-efficient approach by directly emitting 

circularly polarized light upon excitation, eliminating the need for additional optical 

modulation.  

 

 

 

 

Fig. 1.1 The process of unpolarized light convers to CP light involves first passing it through a linear 

polarizer to produce linearly polarized light, which is then transformed into CP light using a quarter-

wave plate. 17 

 

A fundamental characteristic of chiral luminescent materials is their chiroptical 

activity, which manifests in both light absorption and emission processes. These 

properties are typically characterized by circular dichroism (CD) spectroscopy for 

ground-state absorption, and CPL spectroscopy for excited-state emission.18,19 
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Fig. 1.2 The schematic diagram of CD and CPL measurements.17 

 

CD spectroscopy probes the difference in absorption between LCP and RCP light, 

providing insight into the chiral structure of the ground state. When CP light passes 

through an optically active medium, the material exhibits differential absorption of LCP 

and RCP light, leading to CD signal (Fig. 1.2). The CD signal is defined as the differential 

absorbance: 

CD = 𝐴𝐿 − 𝐴𝑅    (1-1) 

Here, AL and AR represent the absorbance of LCP and RCP light, respectively. In 

most CD spectra, the difference in absorbance is typically expressed as the molar circular 

dichroism (Δε) as a function of wavelength, where: 
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𝛥𝜀 = 𝜀𝐿 − 𝜀𝑅 =
CD

𝑐∗𝑑
    (1-2) 

Here, ε represents the molar extinction coefficient, c represents concentration, and d 

represents the optical path length. To further quantify the strength of chiroptical activity, 

the absorption asymmetric factor gabs or gCD is introduced: 

𝑔𝐶𝐷 =
𝜀𝐿−𝜀𝑅

1/2(𝜀𝐿+𝜀𝑅)
= 2

𝜀𝐿−𝜀𝑅

(𝜀𝐿+𝜀𝑅)
   (1-3) 

For achiral materials, which absorb LCP and RCP light equally, gCD equals to zero. 

In contrast, for ideal chiral materials with complete circular polarization selectivity, gCD 

can theoretically reach +2 or –2. 

CPL spectroscopy evaluates the difference in emission intensity of LCP and RCP 

light from the excited state (Fig. 1.2). This technique provides valuable information about 

the excited-state configuration of optically active molecules. The intensity of circular 

polarized emission can be quantified by the luminescence asymmetric factor glum, defined 

as: 

𝑔𝑙𝑢𝑚 =
𝐼𝐿−𝐼𝑅

1/2(𝐼𝐿+𝐼𝑅)
= 2

𝐼𝐿−𝐼𝑅

(𝐼𝐿+𝐼𝑅)
   (1-4) 

Here, IL and IR represent the intensities of LCP and RCP light, respectively. The glum 

value of +2 corresponds to 100% left-handed CPL, whereas -2 corresponds to 100% right-

handed CPL. A higher absolute value of |glum| indicates better CPL performance. 
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Theoretically, glum is directly related to the vectorial relationship between the 

magnetic transition dipole (m) and electric transition dipole (μ) moments, as described by: 

𝑔𝑙𝑢𝑚 ≅ 4 cos 𝜃
|𝑚||𝜇|

|𝑚|2+|𝜇|2
   (1-5) 

Where θ represents the angle between m and μ. In systems where ∣m∣≪∣μ∣, this can 

be simplified as: 

𝑔𝑙𝑢𝑚 ≅ 4 cos 𝜃
|𝑚|

|𝜇|
    (1-6) 

This equation indicates that glum is positively correlated with the magnitude of the 

magnetic dipole moment and inversely correlated with the electric dipole moment. Chiral 

lanthanide complexes often exhibit relatively high glum values due to their small electric 

dipole transitions. However, the parity-forbidden nature of their f-f transitions typically 

leads to low photoluminescence quantum yields, limiting their practical application. In 

contrast, organic luminophores generally exhibit much smaller ∣m∣ compared to ∣μ∣, 

resulting in modest glum values. Moreover, high photoluminescence quantum yields (Φ) 

are usually associated with large electric dipole moments, since the radiative decay rate 

(kr) scales with ∣μ∣2. Therefore, achieving simultaneously high glum and high Φ remains 

one of the major challenges in CPL materials research. 

Since glum does not relate to emission efficiency, it is insufficient for evaluating the 
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overall performance of CPL materials in practical applications. A more comprehensive 

parameter luminescence brightness (B),20 defined as the product of the molar extinction 

coefficient (ελ) at the excitation wavelength (λ) and the photoluminescence quantum yield 

(Φ): 

𝐵 = ελ × 𝛷     (1-7) 

To further evaluate CPL materials holistically, the CPL brightness (BCPL) is defined 

as the product of brightness and the absolute value of glum, normalized by a factor of 2: 

𝐵𝐶𝑃𝐿 = 𝐵 ×
|𝑔𝑙𝑢𝑚|

2
= ελ × 𝛷 ×

|𝑔𝑙𝑢𝑚|

2
   (1-8) 

This parameter allows for a balanced assessment of both chiroptical intensity and 

emission efficiency of CPL-active materials.21 

 

1.2 Introduction to organic light emitting diodes (OLEDs) 

Organic light-emitting diodes (OLEDs) have been widely applied in display and 

lighting technologies, and they are good candidates for circularly polarized 

electroluminescence (CPEL). OLEDs are electroluminescent devices composed of 

multiple nanometer-scale organic thin films caught between a reflective metal cathode 

and a semi-transparent anode deposited on a transparent substrate (Fig. 1.3 a).22 The 
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development of OLEDs has progressed significantly over the past decades, leading to the 

adoption of heterojunction multi-layer structures designed to optimize charge injection, 

transport, exciton formation, and recombination, thereby enhancing device efficiency and 

stability.23 

 

 

 

 

 

 

Fig. 1.3 Schematic illustration of (a) typical OLED architecture and (b) charge injection, transport, 

exciton generation, radiative recombination, and emission pathway. 

 

As illustrated in Fig. 1.3 b, when a bias voltage is applied across the electrodes, holes 

are injected from the anode into the highest occupied molecular orbital (HOMO), while 

electrons are injected from the cathode into the lowest unoccupied molecular orbital 



9 

 

(LUMO).24 These charge carriers are transported through hole transport layers (HTLs) 

and electron transport layers (ETLs) by hopping mechanisms, converging in the emissive 

layer (EML), where they recombine to form excitons. To ensure recombination occurs 

primarily within the EML, hole-blocking layers (HBLs) and electron-blocking layers 

(EBLs) are employed. The subsequent radiative decay of excitons results in the emission 

of photons, a portion of which escape into free space after passing through the semi-

transparent electrode and substrate and being reflected by the metal cathode.25 

External quantum efficiency (EQE or ηext) is a critical parameter in OLED 

performance evaluation. It is defined as the ratio of the number of photons emitted in the 

forward viewing direction to the number of charge carriers injected into the device and 

can be expressed as: 

𝜂𝑒𝑥𝑡 = 𝜂𝑖𝑛𝑡 × 𝜂𝑜𝑢𝑡    (1-9) 

Here, ηint represents the internal quantum efficiency, denoting the ratio of generated 

photons to injected electrons, while ηout represents the outcoupling efficiency, denoting 

the fraction of photons that escape from the device.25–27 The internal quantum efficiency 

itself can be decomposed as: 

𝜂𝑖𝑛𝑡 = 𝛾 × 𝜂𝑒𝑥𝑐 × 𝜙𝑃𝐿    (1-10) 
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Where γ represents the charge balance factor, ηexc represents the exciton formation 

ratio for radiatively allowed states, and ϕPL represents the photoluminescence quantum 

yield (PLQY).28–30 In practice, ϕPL is significantly influenced by the optical environment 

within the device due to microcavity effects, including the Purcell effect, which alters the 

radiative decay rate. To account for this, the effective photoluminescence efficiency (ϕeff) 

is introduced: 

𝜂𝑒𝑥𝑡 = 𝛾 × 𝜂𝑒𝑥𝑐 × 𝜙𝑒𝑓𝑓(𝜙𝑃𝐿 , Γ) × 𝜂𝑜𝑢𝑡(Θ, Γ)  (1-11) 

Here, Γ represents the Purcell factor, which depends on parameters such as the 

emitter’s spatial location within the cavity, its distance from the reflective electrode, and 

the local electric field distribution. 

The outcoupling efficiency ηout is also affected by the orientation of the transition 

dipole moments (TDMs). The orientation factor Θ quantifies the fraction of horizontally 

aligned dipoles relative to the substrate plane, and can be described as: 

Θ =
𝑝∥

𝑝∥ + 𝑝⊥
⁄     (1-12) 

Here, 𝑝∥ and 𝑝⊥ represent the horizontal and vertical components of the emitting 

dipole, respectively.28,31,32 Since emission from horizontally oriented dipoles couples 

more efficiently to optical modes that can escape the device, a higher Θ leads to increased 
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ηout.  

Through advancements in materials and device engineering, internal quantum 

efficiencies approaching 100% have been achieved. Optimizing charge balance (γ) 

through tailored energy level alignment at electrode interfaces and mobility-matched 

transport layers enables near-unity charge recombination. The exciton formation ratio 

(ηexc) is determined by the nature of the emitter. Under electrical excitation, excitons are 

generated in a ratio of 1:3 between singlet and triplet states. Conventional fluorescent 

materials can only utilize singlet excitons, capping ηexc at 25%. In contrast, 

phosphorescent emitters, often based on metal-organic complexes, allowing both singlet 

and triplet excitons to emit radiatively, thereby achieving ηexc ≈ 100%.33,34 High ϕPL 

(almost 100%) has been achieved in thermally activated delayed fluorescent (TADF) 

materials through the reverse intersystem crossing (RISC) mechanism that up-converts 

triplets to singlet excitons,35,36 representing a significant advancement in the development 

of highly efficient OLED systems. 

Despite the high ηint, the outcoupling efficiency remains a significant limiting factor. 

For conventional bottom-emitting OLEDs with a reflective cathode, isotropic dipole 

distribution, and no external light extraction structures, the outcoupling efficiency can be 



12 

 

approximated as: 

𝜂𝑜𝑢𝑡 = 1 − √1 − (
1

𝑛𝑜𝑟𝑔
2 ) ≈

1

2𝑛𝑜𝑟𝑔
2    (1-13) 

Here, norg represents the refractive index of the emitting layer, typically ranging from 

1.7 to 1.8 for organic semiconductors. This gives a theoretical maximum ηout of 

approximately 20%,27,37–39 thus constraining the overall external quantum efficiency to 

this value even with perfect internal efficiency. Overcoming this bottleneck requires 

deliberate optical design and the integration of outcoupling enhancement strategies to 

approach the theoretical limits of OLED performance. 

 

1.3 Introduction to circularly polarized OLEDs (CP-

OLEDs) 

Traditionally, CPL can be generated from unpolarized light by sequentially passing 

through a linear polarizer to produce linearly polarized light, which is then transformed 

into CP light using a quarter-wave plate (Fig. 1.1). However, this indirect optical approach 

inherently leads to significant loss of brightness and increased system complexity due to 

the added optical components.  
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Fig. 1.4 Schematic diagram of conventional OLEDs and CP-OLEDs with the anti-glare filter.40 

 

Notably, when the emitting layer is replaced by a chiral luminescent material, CPEL 

can be achieved intrinsically, eliminating the need for external optical modulation. In 

OLED displays, anti-glare filters are indispensable components, serving to suppress 

ambient light reflections and enhance display contrast. However, the inherently 

unpolarized emission from standard OLEDs leads to at least 50% energy loss when 

passing through these filters. CP-OLEDs equipped with anti-glare filters and intrinsically 

polarized emission can operate without additional energy loss (Fig. 1.4).40 Therefore, the 

development of high-performance CP-OLEDs is practical for both energy-efficient and 
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polarization-selective optoelectronic applications. 

The performance assessment of CP-OLEDs has two aspects: (1) the general 

electroluminescent device performance, and (2) the CPEL-specific characteristics. 

The evaluation of general electroluminescent device performance is analogous to 

those of conventional OLEDs. The parameters include electroluminescence (EL) spectra, 

turn-on voltage (Von), luminance, efficiency roll-off, current efficiency (ηCE), power 

efficiency (ηPE), and operational lifetime. The key parameter is EQE as mentioned in 

chapter 1.2. Luminance means the luminous intensity emitted per unit area (typically 2 

mm × 2 mm). Von means the voltage required to achieve a luminance of 1 cd m⁻². It is 

influenced by charge transport efficiency and the energy gap of the emitting material. 

Current density means the electric current passing through a unit area of the device per 

unit time. ηCE means the ratio between luminance and current density under a given 

operating condition.  

To assess the CPEL-specific of devices and determine the electroluminescence 

asymmetric factor (gEL), a common measurement setup involves placing a quarter-wave 

plate and a linear polarizer in sequence between the CP-OLED and the detector. The angle 

between the fast axis of the quarter-wave plate and the transmission axis of the linear 
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polarizer is typically set as 45° or 135°. Upon electric excitation, the emitted CPL is 

converted into linearly polarized light. By measuring the transmitted intensity before and 

after rotating the polarizer by 90°, IL and IR can be determined (Fig. 1.5).41 

 

 

 

 

 

Fig. 1.5 Schematic diagram of CPEL measurement mechanism.41 

 

The gEL value is then calculated using the previously introduced equation: 

𝑔𝐸𝐿 =
𝐼𝐿−𝐼𝑅

1/2(𝐼𝐿+𝐼𝑅)
= 2

𝐼𝐿−𝐼𝑅

(𝐼𝐿+𝐼𝑅)
   (1-14) 

Commercial instruments such as the CPL-300 spectrometers can be used for direct 

and precise CPEL measurements by vertically mounting the electrically driven device 

onto the measurement stage. 
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gEL quantifies the degree of handedness in CPEL. A high gEL value is desirable for 

applications requiring circularly polarized emission. Therefore, CP-OLEDs with both 

high device efficiency and strong CPEL activity is essential for commercial viability. 

To comprehensively evaluate CPEL device performance, a practical figure of merit-

referred to as the Q-factor-has been introduced. It is defined as the product of the external 

quantum efficiency and the absolute value of the electroluminescence asymmetric factor: 

𝑄 = |𝐸𝑄𝐸 × 𝑔𝐸𝐿|   (1-15) 

The Q-factor serves as a single parameter that captures both brightness efficiency 

and chiroptical intensity. Theoretically, for an ideal CP-OLED with EQE=1 and ∣gEL∣=2, 

the Q-factor would reach a maximum of 2, providing a benchmark for future material and 

device design. 

 

1.4 Methods to realize CPEL 

A common method to realize CP-OLEDs is to construct the light-emitting layer of 

chiral luminescent materials. Luminescent materials encompass several systems, 

including conjugated polymers, metal complexes and organic small molecules. To endow 

these materials with chiroptical activities, the incorporation of chirality is typically 



17 

 

required. 

 

 

 

 

Fig. 1.6 Schematic diagram of four common chirality: point, axial, planar and helical chirality.42  

 

CPL-active molecules can be categorized into four classes: point, axial, planar and 

helical chirality (Fig. 1.6).42 Each of these chiral motifs imposes unique stereochemical 

constraints on the molecular structure, influencing the polarization characteristics of the 

emitted light. 

Several strategies have been developed to introduce chirality into emissive layers, 

including direct chemical synthesis of chiral emitters, construction of chiral frameworks, 

and chiral induction methods. These approaches offer diverse pathways to achieve CPL 

and have been extensively explored in the design of high-performance CPEL. 
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1.4.1 Chemical synthesis of luminescent chiral molecules 

Chemical synthesis is a common strategy to introduce chirality into organic 

molecules, including chiral small molecules and chiral conjugated polymers. Compared 

with chiral polymers and chiral metal complexes, chiral organic small molecules offer 

several advantages such as structural tunability, synthetic accessibility, high PLQY, 

solution processability, and the absence of costly metal components. These features make 

them attractive candidates for developing metal-free, low-cost, and efficient CP-OLEDs. 

Dhbaibi et al.43 reported a series of novel “push-pull” type 2,15-dialkynyl-

substituted helicene derivatives based on chiral carbo[6]helicenes. In these systems, the 

extended conjugated helicene core can act either as electron donors or acceptors. 

Experimental results and theoretical studies confirmed that the relative orientation 

between the electric and magnetic transition dipole moments in the excited state is a 

critical factor governing CPL intensity. Optimal orientation was achieved when the 

substituents on the helicene scaffold exhibited weak electron-donating or -withdrawing 

characteristics, leading to a glum value as high as 3-4 × 10⁻³. Top-emitting CP-OLEDs 

fabricated via vacuum deposition exhibited gEL of approximately 8 × 10⁻⁴. 
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Fig. 1.7 The synthesis process of polymer P1 and the structure of model compound 2.44  

 

TADF materials are particularly attractive for CPEL applications due to their 

potential to achieve theoretical internal quantum efficiencies (IQEs) of 100%, provided 

that the energy gap (ΔEST) between the lowest singlet and triplet states is sufficiently small. 

This allows RISC to efficiently up-convert non-radiative triplets into emissive singlet 

excitons.44 Recent advances in TADF-based CPEL emitters have primarily relied on 

chiral perturbation strategies, often involving point chirality or axial chirality. In contrast, 

Zhang et al.45 proposed a novel donor–planar chiral–acceptor (D–π–A*) design concept. 

They synthesized a pair of TADF enantiomers, R/S-PXZ-PT, by introducing donor and 

acceptor units at the 4,7-positions of a [2.2] paracyclophane core. This molecular design 

successfully suppressed racemization caused by σ-bond rotation during vacuum 

deposition, resulting in robust CPL activity, with |gPL| reaching 1.9 × 10⁻³. CP-OLEDs 
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based on R/S-PXZ-PT demonstrated high performance, with a EQEmax of 20.1%, current 

efficiency of 48.4 cd A⁻¹, and a |gEL| value of 1.5 × 10⁻³ at 557 nm. 

Despite their potential, most chiral small molecules exhibit very weak CPL activity, 

with typical glum ranging from 10⁻⁵ to 10⁻³. Chiral conjugated polymers were gradually 

selected as candidates for CPEL applications, due to their excellent thermal stability, low 

cost, and ease of processability.  

 

 

 

 

 

Fig. 1.8 Structure of PPV polymers with chiral alkyl side chains.46  

 

To directly achieve CPEL from CP-OLEDs using conjugated polymers, Peeters et 

al.46 first reported poly(p-phenylenevinylene) (PPV)-based polymers functionalized with 

chiral alkyl side chains (Fig. 1.8). The enantiomers of BMB-PPV exhibited both CD and 
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CPL in 1,2-dichlorobenzene solution, accompanied by aggregation phenomena. While no 

CPL was observed in the conventional MDMO-PPV, incorporation of the chiral side chain 

in BMB-PPV induced chirality in the copolymer BMB-PPV-co-BDMO-PPV, improving 

its solubility and enabling CP-OLED fabrication. Devices using this copolymer as the 

emissive layer displayed CP-EL emission with a maximum gEL of 1.7 × 10⁻³, thus creating 

a new path for solution-processed CP-OLEDs, although the overall device performance 

was modest. 

 

 

 

 

 

Fig. 1.9 Chemical structures of polyfluorene copolymers P1-P4.47  

 

In 2019, Kulkarni et al. developed a series of copolymers P1-P4 based on fluorene 

and dialkoxyphenyl derivatives (Fig. 1.9).47 The influence of the configuration and 
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position of side chains on the liquid crystalline order and chiroptical properties was 

systematically studied. Among these, P2-P4 exhibited strong CPL signals after thermal 

annealing, with glum of 0.33, 0.62, and 0.30, respectively. These results demonstrated that 

chiral alkyl side chains on the fluorene units was critical for forming ordered cholesteric 

liquid crystalline films and enhancing CD and CPL. CP-OLEDs fabricated from P2–P4 

via solution processing showed distinct CP-EL. Notably, the P2-based device achieved a 

gEL of ~0.2 at 400 nm, although device brightness and efficiency remained limited. 

Another important class of chiral conjugated polymers is based on polyfluorene 

backbones, which differ significantly from the earlier PPV derivatives reported by Meijer 

in 1997. These differences include: (1) the presence of thermotropic liquid crystallinity 

in the main chain, (2) the ability to form helical conformations, and (3) a dramatic 

enhancement of CD and CPL signals upon thermal annealing.48 Such properties favor the 

realization of high glum in the solid state. 
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Fig. 1.10 Chemical structures of polyfluorenes with chiral side chains.49  

 

Neher et al. reported a series of polyfluorene derivatives functionalized with chiral 

side chains.49 CD signals became evident only after annealing at 200 °C. Interestingly, 

despite both (S)-PF4/1 and (S)-PF4/1-co-PF8 sharing S-configured side chains, they 

exhibited opposite CD signs, suggesting a parity (odd-even) effect, possibly linked to the 

distance between the chiral center and the main chain. CP-OLEDs based on these 

materials demonstrated promising gEL values of 0.16 for (S)-PF4/1, 0.25 for (S)-PF8/1/1, 

and 0.25 for (S)-PF7/1. 
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Fig. 1.11 Schematic diagram of the molecular structure and device of c-PFBT and the gEL results.50 

 

Nuzzo et al.50 developed a donor-acceptor type chiral polyfluorene, c-PFBT, bearing 

chiral side chains. CP-OLEDs were fabricated using c-PFBT films of various thicknesses 

(100-400 nm) as the emitting layer (Fig. 1.10). Mueller matrix ellipsometry revealed 

strong optical anisotropy in annealed c-PFBT films, suggesting that the observed CPL 

originated primarily from selective scattering and birefringence associated with the film’s 

intrinsic alignment. By adjusting the EML thickness and applying pulsed voltages, the 

authors achieved enhanced CP-EL with gEL values as high as 0.8. However, due to the 

unusually thick EML, the device suffered from poor electrical performance, with a 

maximum luminance of only 80 cd m⁻². 
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1.4.2 Chiral framework 

The construction of intrinsically chiral molecular frameworks represents an effective 

strategy for developing CPL materials. Among the various emitters, lanthanide (Ln) 

complexes have long been an important part of CPL research, owing to their unique 

coordination chemistry and exceptional photophysical properties. These include well-

defined molecular structures, narrow-band emissions, long excited-state lifetimes, 

emission tunability across the visible spectrum, and even magnetic functionalities.51,52 

Due to the parity-forbidden nature of f-f transitions, which are electric dipole forbidden 

but magnetic dipole allowed, lanthanide complexes typically exhibit low absorption 

coefficients and low radiative rates. However, these same transitions confer relatively 

high glum, typically in the range of 0.05 to 0.5,53,54 making them ideal candidates for 

chiroptical applications despite their historically low PLQY and labile coordination 

geometries.55 

Zhou et al.53 reported the synthesis of enantiomeric tetrahedral lanthanide cages 

Eu₄L₄[(R/S)-BINAPO]₄. These cages exhibited strong CPL activity, with a maximum glum 

of 0.2 at 592 nm and a high QY of 81% in CHCl₃. Moreover, the complex still exhibited 

a PLQY of 68% and a glum of 0.11. 
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1.4.3 Chiral induction 

Beyond chemical synthesis and chiral framework, chiral induction is another 

effective alternative strategy for achieving CPEL, involves doping achiral conjugated 

polymers with chiral inducers. This method offers notable advantages, including synthetic 

simplicity, diverse material compatibility, and scalability, making it highly promising for 

practical CP-OLEDs fabrication. 

Among emitting polymers, poly(9,9-dioctylfluorene) (PFO), poly[(9,9-

dioctylfluorene-alt-benzothiadiazole)] (F8BT), and other fluorene-based derivatives have 

demonstrated excellent charge-carrier mobility and thermotropic liquid crystalline 

behavior at elevated temperatures. These features render them particularly suitable as 

emissive layers (EMLs) in OLEDs.56 Blending such polymers with chiral inducers 

provides a pathway to realize CP-OLEDs combining strong chiroptical activity and 

favorable electronic performance. 
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Fig. 1.12 (a) Molecular structures of 1-aza[6]helicene and (b) Molecular structures of F8BT. (c) 

Single-layer PLED device structure consisting of a 1-aza[6]helicene-doped F8BT emitting layer.57  

 

Yang et al.57 reported CP-OLEDs based on the chiral induction of F8BT by doping 

with helicene (Fig. 1.12). When 1-aza[6]helicene was blended into F8BT at a weight ratio 

of 7%, the resulting CP-OLEDs displayed a ∣gEL∣ value up to 0.2. In a subsequent study,58 

they investigated the influence of EML thickness on the CPL response. Notably, a sign 

inversion in glum was observed as the EML thickness increased from 100 nm to 200 nm. 

Specifically, glum decreased from +0.35 to 0 near 120 nm, and then reversed to –0.35 at 

200 nm. A corresponding sign inversion in gEL was also observed, with a peak gEL of –

1.05 at 160 nm thickness. While early CP-OLEDs achieved high gEL values, their 

brightness and efficiency remained poor. 
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Fig. 1.13 Schematic diagram of CP-OLED structure and molecular structure for F8BT and R5011. 

The twist angle increased with the blending concentration of R5011.59  

 

In another study, Lee et al.59used a strongly twisted chiral small molecule (R5011) 

as an inducer to create a chiral emissive blend with F8BT (Fig. 1.13). The resulting CP-

OLEDs exhibited an exceptionally high gEL of 1.13, attributed to the helical stacking of 

F8BT induced by R5011. Computational analysis revealed that the key parameters 

affecting high glum and gEL in such systems include delayed emission (related to film 

thickness), torsion angle, and degree of linear polarization. Additionally, they found the 

position of recombination zone within the EML is a critical factor contributing to 

differences between CPL and CPEL. This design led to a 60% improvement in luminous 

efficiency. 

Jung et al. further investigated the role of the recombination zone position on gEL.60 

By tuning the thickness of the electron injection TPBi, they shifted the recombination 

zone toward the cathode and enhanced gEL. However, excessive TPBi thickness (e.g. 

50 nm) caused a decrease in gEL due to parasitic emission from unpolarized TPBi. The 

ratio of unpolarized to polarized intensity, along with the spectral overlap between TPBi 
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and EML, was used to quantitatively describe this trade-off, providing a new route to 

optimize gEL and directly probe recombination zone dynamics. 

In addition to chemical doping, external physical stimuli can also induce chirality in 

otherwise achiral conjugated polymers. Polyfluorene derivatives exhibit thermotropic 

liquid crystalline phases and possess unstable chain conformations in the solid state, 

making them susceptible to structural perturbation by external fields. Cheng et al.61 

irradiated films of achiral F6BT with LCP or RCP light, triggering a transformation into 

a supramolecular chiral helical conformation (Fig. 1.14). The handedness and strength of 

the resulting CPL were dependent on the wavelength and polarization direction of the 

incident CPL. Devices fabricated using the irradiated F6BT films yielded CP-OLEDs 

with ∣gEL∣ = 4.16 × 10−3, confirming the viability of photoinduced chiral induction as a 

strategy for CPEL materials. 

 

 

 

Fig. 1.14 The schematic diagram of CP light triggered CPEL.61 
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1.5 Issues in chiral induced CPEL 

Chiral induction is a convenient and efficient approach to construct the emitting 

layer of CP-OLEDs by mixing achiral luminescent polymers with chiral small molecules, 

where the polymer luminescence can be affected by the chiral inducer to form CPL.62 

While this method can obtain high asymmetry factors, achieving high device performance 

still facing challenges.57,59 Yang et al. reported |gEL| above 1.05 using F8BT and chiral 

inducer 1-[aza]H, but the device performance was significantly limited with EQE lower 

than 1%.57,58 Despite their efforts to optimize device structure and dope ionic liquids, the 

performance remained inferior to that of neat F8BT OLEDs due to the chiral inducer 

aggregated close to the hole injection interface and acted as hole traps.63–66 Zhang et al. 

attempted to improve device performance by modifying chiral inducers to enhance the 

hole injection, but this approach resulted in relatively low asymmetry factors of 10-2 

level.67,68  

If the chiral inducer can be effectively removed after chiral induction, its impact on 

device performance can be minimized. In our previous research69, we reported that the 

axially chiral inducer BINOL could induce CD signal of F8BT, and BINOL was 

sublimated during the annealing process. This provides a viable approach for eliminating 

chiral inducers from the emitting layer. 
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1.6 Aims of research 

This study aims to find a way to realize CP-OLEDs by sublimable chiral inducers to 

avoid the negative impact of chiral inducers on the device performance.  

In chapter 2, we choose BINOL as the chiral inducer to induce the chiroptical 

properties of F8BT. After optimizing the experimental conditions to get the strongest CD 

and CPL signal, we explained the mechanism of chiral induction combined with the 

aggregation structure. Finally, we studied the influence of PLQY after the sublimation of 

chiral inducer.  

In chapter 3, we applied these chiral-induced F8BT films as the emitting layer of 

CP-OLEDs to realize high efficiency CPEL with the similar EQE to that of devices based 

on neat F8BT.  

In chapter 4, we applied BINOL to induce chiroptical signals in other polyfluorene 

derivatives, such as PFO. Solvent vapor exposure also be used to change the crystal phase 

of PFO. 

In chapter 5, The chiral F8BT system was further extended to realize circularly 

polarized Förster resonance energy transfer (C-FRET). By replacing BINOL with a more 



32 

 

efficient chiral inducer, R5011, and doping the blend with a red-emitting molecule DBP 

as both the energy and chirality acceptor, red CPL emission was successfully achieved. 

Notably, we also discovered that R5011 contributed to a significant enhancement in 

PLQY. 
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Chapter 2 

CPL of F8BT induced by BINOL 

2.1 Introduction 

CPL has attracted growing attention in recent years due to its potential applications 

in diverse fields. A practical and efficient strategy to realize CPL involves blending 

achiral emitting polymers with chiral small-molecule additives, which serve as chiral 

inducers. Among various emissive materials, F8BT has emerged as a promising candidate 

for application in chiroptical light-emitting layers, as its chiroptical activity can be 

effectively induced through such chiral induction methods. In this chapter, we applied the 

commercially available binaphthyl derivatives BINOL as the chiral inducer to interact 

with F8BT in thin films. BINOL, as the raw material of BINOL derivatives, can avoid 

the complicated chemical synthesis process. Upon annealing the films, the CD signal 

associated with BINOL disappeared and the clear CD and CPL signal from F8BT 

appeared, indicating the induction of chiroptical properties in F8BT.  

NMR spectra before and after annealing confirmed the complete removal of BINOL 

by sublimation during annealing, resulting in the formation of pure F8BT films. PLQY 

of as-prepared F8BT/BINOL films was remarkably low but after annealing it increased 
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to that of pure F8BT films, suggesting that the removal of chiral inducers by high-

temperature sublimation realized both high g factor and PLQY simultaneously.  

The red shift of F8BT in absorption spectra and the fibrous morphology in AFM 

after annealing indicated that the chiroptical properties of F8BT were caused by 

intermolecular exciton coupling due to J-aggregate.  

 

2.2 Experimental section 

2.2.1 Experimental materials 

R/S-BINOL (purity > 99%, Fig. 2.1a and 2.1b) were purchased from Tokyo 

Chemical Industry. F8BT (Mn < 25,000, Fig. 2.1c) and polymethyl methacrylate (PMMA; 

Mn = 46,000, Mw = 97,000) were purchased from Sigma-Aldrich. Toluene (purity > 

99.9%) was purchased from Kanto chemical. All materials and reagents were used 

without further purification.  

 

 

Fig. 2.1 Chemical structures of (a) R-BINOL, (b) S-BINOL and (c) F8BT. 
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2.2.2 Sample preparation 

F8BT/BINOL blend solutions were prepared at concentrations of 10 mg/mL and 

20 mg/mL, with BINOL doping levels ranging from 10 wt% to 50 wt% relative to F8BT. 

The solutions were stirred at 80 °C for 12 hours to ensure complete dissolution. Thin films 

were fabricated by spin-coating 100 μL of the solution onto quartz substrates at a spin 

speed of 1000 rpm for 90 s. The resulting film thicknesses were approximately 60 nm for 

the 10 mg/mL solution and 150 nm for the 20 mg/mL solution. Thermal annealing was 

performed at various temperatures ranging from 100 °C to 220 °C using both an oven and 

a hot plate. 

For comparison, PMMA/R-BINOL thin films were prepared following the same 

procedure, except that F8BT was replaced with PMMA and the concentration of R-

BINOL was fixed at 25 wt%. 

 

2.2.3 Characterization instruments 

CD spectra were recorded using a JASCO J-820 CD spectrometer, with UV–Vis 

absorption spectra acquired simultaneously during the measurements. CPL spectra were 
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measured using a JASCO CPL-300 spectrometer. Proton nuclear magnetic resonance (1H 

NMR) spectra were obtained using a Bruker Avance III 400 MHz spectrometer with 

DMSO-d₆ as the solvent. Surface morphologies of thin films were analyzed via atomic 

force microscopy (AFM; Hitachi AFM5100N/5000II) operated in dynamic-force mode 

with a silicon cantilever under ambient conditions. Phase images were captured in tapping 

mode. PLQY was measured using an absolute PL quantum yield measurement system 

(Hamamatsu C9920-02).  

 

2.2.4 Calculation of asymmetric factor g 

The asymmetric factor gCD indicates the different absorption capacity of LCP and 

RCP light of the sample. The fundamental principle is based on the differential absorption 

(ΔA) of LCP and RCP light, defined as: 

∆𝐴 = 𝐴𝐿 − 𝐴𝑅 = log (𝐼𝑅/𝐼𝐿)   (2-1) 

Here, AL and AR represent the absorbance of LCP and RCP light, respectively; IL and 

IR represent the transmitted light intensities. This difference in molar absorption 

coefficients, denoted as Δε, can be related to the molar ellipticity [θ] through the following 

expression: 
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[𝜃] = 32982 × ∆𝜀    (2-2) 

Here, Δε represents the molar absorption coefficients for LCP and RCP light, 

respectively. To evaluate the relative magnitude of CD at a particular wavelength, the 

absorption asymmetric factor gCD is also defined as the ratio of Δε to the average 

unpolarized molar absorption coefficient ε: 

𝑔𝐶𝐷 =
∆𝜀

𝜀
=

𝜀𝐿−𝜀𝑅

(𝜀𝐿+𝜀𝑅)/2
    (2-3) 

Experimentally, gCD can also be calculated using the ellipticity θ and the absorbance 

A obtained from CD spectroscopy, based on the following equation: 

𝑔𝐶𝐷 =
𝜃/32980

𝐴
    (2-4) 

While CD reflects the chiral activity in the ground state, CPL provides insight into 

the chiral nature of the excited state. The intensity of CPL is quantified by asymmetric 

factor glum, defined as: 

𝑔𝑙𝑢𝑚 =
𝐼𝐿−𝐼𝑅

1/2(𝐼𝐿+𝐼𝑅)
= 2

𝐼𝐿−𝐼𝑅

(𝐼𝐿+𝐼𝑅)
   (2-5) 

Here, IL and IR represent the emission intensities of LCP and RCP light, respectively. 

glum can be obtained directly through CPL-300. 

 



38 

 

2.3 Results and discussion 

2.3.1 CD signal of F8BT induced by BINOL and the 

sublimation of BINOL 

 

 

 

 

Fig. 2.2 Experimental schematic of chiroptical signals of F8BT was induced by BINOL through 

annealing. 

 

As shown in Fig. 2.2, F8BT/BINOL films were prepared by spin-coating and the 

chiroptical signal of F8BT was induced by BINOL through an annealing process. Figure 

2.3a presents CD and UV–Vis absorption spectra of thin films composed of F8BT/R-

BINOL, F8BT/S-BINOL, and neat F8BT, measured before and after annealing at 140 °C 

for 10 minutes in an oven. In these figures, dashed lines represent spectra obtained before 

annealing, while solid lines correspond to those after annealing. The concentration of 

BINOL in the blend films was fixed at 20 wt%. Figure 2.3b shows the CD spectra of 
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PMMA films doped with R- and S-BINOL, along with the UV–Vis absorption spectrum 

of the PMMA/R-BINOL film. 

By comparing the CD spectra of F8BT/BINOL and PMMA/BINOL systems, it is 

evident that the CD signals below 350 nm originate from BINOL. Prior to annealing, no 

CD signal attributable to F8BT was observed. However, after thermal treatment, new CD 

signals emerged at 215 nm, 345 nm, and 475 nm, corresponding well with the UV–Vis 

absorption peaks at 207 nm, 323 nm, and 467 nm, respectively. These results indicate that 

thermal annealing facilitates chiral induction in the F8BT matrix.57 The CD spectra 

confirm that BINOL functions effectively as a chiral inducer for F8BT upon thermal 

annealing.  
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Fig. 2.3 CD and UV-Vis absorption spectra of thin films: (a) F8BT/R-BINOL, F8BT/S-BINOL, and 

neat F8BT before and after annealing at 140 °C for 10 minutes in oven, and (b) PMMA/R-BINOL and 

PMMA/S-BINOL.  

 

 

 

 

 

Fig. 2.4 UV-Vis absorption spectra of R-BINOL doped PMMA films after annealing at different 

temperatures for 10 minutes. 

 

Table 2.1 Relative peak intensity at 230 nm in the UV-Vis absorption spectra of PMMA/R-BINOL 

thin films before and after annealing at various temperatures. 
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Another noteworthy observation is the disappearance of characteristic absorption peaks 

of BINOL in both the CD and UV-Vis absorption spectra after annealing at 140 °C for 10 

minutes. Because the BINOL absorption peak around 230 nm overlaps with that of F8BT 

at 207 nm, it is difficult to precisely quantify the change in peak intensity during the 

annealing process from the blended films alone. To clarify this phenomenon, we 

measured the UV-Vis absorption spectra of PMMA/R-BINOL thin films annealed at 

various temperatures (Fig. 2.4). A gradual decrease in BINOL absorption peak was 

observed beginning at 80 °C, with a significant reduction occurring beyond 140 °C. This 

suggests that BINOL may be removed from the film through either thermal 

decomposition or sublimation during annealing. 

To differentiate between these two possibilities, we investigated the thermal stability 

of BINOL by conducting 1H NMR measurements of S-BINOL powders annealed at 

various temperatures, using petri dishes as containers (Fig. 2.5-2.9). The NMR spectra 

showed no change in chemical shifts or integration ratios between the hydroxyl and 

aromatic proton signals across all temperature conditions (Table 2.2), indicating that the 

molecular structure of BINOL remained intact. These results confirm that BINOL does 

not undergo thermal decomposition under the annealing conditions used, and that the 
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observed decrease in optical signals is attributable to sublimation of the BINOL from the 

thin film.  

During the annealing of S-BINOL powders, visible deposition of S-BINOL was 

observed on the inner surface of the petri dish lid at temperatures above 140 °C, indicating 

a phase transition consistent with sublimation. Notably, the 1H NMR spectrum of the S-

BINOL collected after annealing at 220 °C was identical to that of the pristine sample 

(Fig. 2.9, Table 2.2), confirming that the molecular structure remained unchanged during 

the thermal process. Based on these results, we conclude that the reduction in BINOL-

related signals in the CD and UV-Vis absorption spectra of F8BT/BINOL thin films after 

annealing is primarily due to the sublimation of BINOL, rather than thermal 

decomposition.  
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Fig. 2.5 The 1H NMR (DMSO-d6, 22 °C) of S-BINOL.  

 

 

 

 

 

 

 

 

Fig.2.6 The 1H NMR (DMSO-d6, 22 °C) of S-BINOL after annealing at 140 ℃ for 10 min.  
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Fig. 2.7 The 1H NMR (DMSO-d6, 22 °C) of S-BINOL after annealing at 200 ℃ for 10 min.  

 

 

 

 

 

 

 

Fig. 2.8 The 1H NMR (DMSO-d6, 22 °C) of S-BINOL after annealing at 220 ℃ for 10 min.  
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Fig. 2.9 The 1H NMR (DMSO-d6, 22 °C) of S-BINOL S-BINOL that was recrystallized after 

sublimation after annealing at 220 ℃ for 10 min.  

 

Table 2.2 The integration ratio of protons between the hydroxyl proton and aromatic protons of pure 

S-BINOL, after annealing at different temperatures and sublimated samples. 

 

 

 

Fig. 2.10a and 2.10b present the CD and UV-Vis absorption spectra of F8BT/R-

BINOL and F8BT/S-BINOL thin films annealed at various temperatures ranging from 

100 °C to 220 °C. The CD signal corresponding to BINOL in films annealed at 100 °C 

(blue line) was reduced to less than half of that observed in the unannealed films (black 

line), and disappeared entirely upon annealing above 120 °C. This behavior corresponds 

well with the UV-Vis spectral changes observed in PMMA/R-BINOL films and is 

attributed to the sublimation of BINOL during thermal treatment. Meanwhile, a weak CD 
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signal corresponding to F8BT emerged at 475 nm after annealing at 100 °C and 

progressively intensified with increasing temperature up to 200 °C, indicating gradual 

induction of chirality in the F8BT matrix.  

 

 

 

 

 

 

Fig. 2.10 CD spectra and UV-Vis absorption spectra of thin films of (a) F8BT/R-BINOL and (b) 

F8BT/S-BINOL before and after annealing at various temperatures for 10 minutes.  

 

 

 

 



47 

 

Fig. 2.11 CD spectra of the F8BT/R-BINOL thin film annealed at 200 °C for 10 minutes, measured 

under different orientations: with the film surface facing the detector (“F8BT/R-BINOL”), with the 

back side facing the detector (“Back side”), and after rotating the sample by 90° (“Rotate 90”).  

 

Figure 2.11 shows the CD spectra of the F8BT/R-BINOL thin film annealed at 

200 °C for 10 minutes, measured with the film facing the detector (“F8BT/R-BINOL”), 

reversed (“Back side”), and rotated by 90° (“Rotate 90”). The negligible changes in CD 

signal across different orientations indicate minimal contributions from linear 

polarization (LP) and linear dichroism (LD) effects.60 The CD spectra of F8BT/R-BINOL 

and F8BT/S-BINOL thin films at various annealing temperatures exhibited nearly perfect 

mirror-image symmetry, consistent with the Cotton effect and indicative of excellent 

experimental reproducibility.  

The UV-Vis absorption and CD signals of F8BT exhibited a pronounced red shift 

and spectral broadening at around 490 nm after annealing, with the degree of red shift 

increasing at higher annealing temperatures. This absorption band corresponds to the 

HOMO–LUMO transition between the electron-donating fluorene (F8) unit and the 

electron-accepting benzothiadiazole (BT) unit in the donor–acceptor copolymer 
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backbone of F8BT, where the HOMO is primarily localized on the F8 moiety and the 

LUMO on the BT unit.70,71 The red-shift observed in the absorption peak suggests an 

increase in the effective conjugation length along the main chain of F8BT, due to 

enhanced molecular ordering or planarization within the chiral F8BT polymer chains.  

 

 

 

 

 

 

 

Fig. 2.12 CD and UV-Vis absorption spectra of F8BT/S-BINOL thin films with varying BINOL 

concentrations: (a) before annealing and (b) after annealing at 200 °C for 10 minutes.  

 

The effect of BINOL concentration on the chiroptical properties of F8BT/BINOL 

composite films was systematically investigated by varying the BINOL content from 10 
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to 50 wt%. As illustrated in Fig. 2.12a, the CD spectra of the films before annealing 

exhibited no significant chiral features. However, upon annealing at 200 °C for 10 

minutes (Fig. 2.12b), pronounced CD signals emerged, confirming the successful 

induction of chirality in the F8BT matrix. The corresponding dissymmetry factors (gCD) 

are summarized in Table 2.3. Notably, the film containing 30 wt% BINOL exhibited the 

highest gCD value of 0.012, indicating that this concentration is optimal for maximizing 

chiral induction under the given thermal treatment. This gCD value is lower than that 

reported for F8BT induced by 1-aza[6]helicene,57 but is comparable to those obtained 

using other binaphthyl derivative chiral inducers.72–74 Additionally, both the UV-Vis 

absorption and CD peaks of F8BT exhibited a noticeable blue shift with increasing 

BINOL concentration, suggesting changes in the molecular environment and packing of 

the polymer chains. 

 

Table 2.3 The gCD values of F8BT/BINOL thin films with varying BINOL doping concentrations after 

annealing at 200 °C for 10 minutes. 

Concentration of 

S-BINOL 
10 wt% 20 wt% 30 wt% 50 wt% 

gCD 0.003 0.007 0.012 0.005 



50 

 

 

Due to the sublimation of BINOL during the annealing process, we decided to anneal 

the samples on the hot plate rather than oven to avoid the contamination. Another 

advantage of the hot stage is that the actual annealing temperature can be directly 

measured. To balance film preparation and asymmetric factors, we chose to dope 33 wt% 

BINOL in F8BT films in this work. Since the glass transition temperature (Tg) of F8BT 

characterized by differential scanning calorimetry (DSC) is 115 ℃ (Fig. 2.13), the best 

annealing temperatures were explored between 140 ℃ and 200 ℃. The strongest CD 

signal appeared after annealed at 180 ℃ for 10 min (Fig. 2.14a) with the maximum gabs 

value of -5.3×10−2 for F8BT R-BINOL system and 6.1×10−2 for F8BT S-BINOL system 

at 495 nm (Fig. 2.14b). These results are slightly different with the samples annealed in 

the oven; the reason may be that the temperature set in the oven was different from the 

actual temperature. 
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Fig. 2.13 Differential scanning calorimetry data for neat F8BT indicated the Tg at 115 ℃ and the 

melting point at 225 ℃.  

 

 

 

 

Fig. 2.14 (a) CD spectra of F8BT/R-BINOL and F8BT/S-BINOL thin films after annealing at different 

temperatures. (b) The gCD of F8BT/R-BINOL and F8BT/S-BINOL thin films after annealing at 180 ℃.  

 

2.3.2 CPL signal of F8BT induced by BINOL and increased 

PLQY 

 

 

 

Fig. 2.15 CPL spectra (a) and corresponding g values (b) of F8BT/R-BINOL and F8BT/S-BINOL thin 

films after annealing. (c) PLQY of neat F8BT, F8BT/R-BINOL and F8BT/S-BINOL thin films before 
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and after annealing. 

 

Table 2.4 PLQY of F8BT, F8BT/R-BINOL, and F8BT/S-BINOL thin films before and after annealing 

at 200 °C for 10 minutes. 

PLQY F8BT F8BT/R-BINOL F8BT/S-BINOL 

Before annealing 31.8% 4.95% 8.35% 

After annealing 27.7% 25.70% 24.20% 

 

While CD reflects the chirality in the ground state, CPL provides information into 

the chiral nature of the excited state. The CPL spectra and corresponding glum of 

F8BT/BINOL system are shown in Fig. 2.15a and 2.15b. Both F8BT/R-BINOL and 

F8BT/S-BINOL thin films showed strong CPL signal, and the CPL signals between the 

enantiomers show almost perfect symmetry. The CPL peak position of F8BT/BINOL 

system located at 540 nm and matched well with the PL spectra. The maximum gPL 

reached -5.0×10−2 for F8BT/R-BINOL system and 6.7×10−2 for F8BT/S-BINOL. The gPL 

at the strongest CPL wavelength 540 nm are -3.5×10−2 and 4.3×10−2, respectively.  

An application of F8BT/BINOL films is applied as the emitting layer in CP-OLEDs 
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to achieve CPEL. One of the most important parameters for CP-OLEDs is EQE, which is 

directly proportional to the PLQY of the emitting layer. PLQY of thin films of F8BT, 

F8BT/R-BINOL, and F8BT/S-BINOL before and after annealing are summarized in 

Table 2.4. Prior to annealing, the F8BT/BINOL composite films exhibited significantly 

lower PLQY compared to the pristine F8BT films. However, after annealing, the PLQY 

of the composite films recovered to levels comparable with those of the pure F8BT films. 

This recovery in PLQY appears to correlate with the disappearance of BINOL-related 

absorption signals after thermal treatment, suggesting that the removal of BINOL via 

sublimation may mitigate non-radiative pathways introduced by its presence. According 

to our previous research,69 BINOL mixed in F8BT films sublimated during the annealing 

process. The NMR spectra of F8BT/BINOL before and after annealing (Fig. 2.16) proved 

the complete removal of BINOL during annealing process and remained neat F8BT films. 

In other words, after the chiral induction during the annealing process, we achieved CPL 

emission from the neat F8BT films. Besides, the PLQY of F8BT/BINOL films was fully 

recovered to the same level as that of neat F8BT films after annealing (27.7%, 25.7% and 

24.2% for neat F8BT, F8BT/R-BINOL and F8BT/S-BINOL, respectively). Theoretically, 

CP-OLEDs utilizing F8BT/BINOL as the emitting layer have the potential to achieve an 

EQE comparable to that of neat F8BT OLEDs. Removal of chiral inducers by sublimation 
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is not due to any unique property of BINOL but rather to its low molecular weight, and 

similar phenomena were also reported previously with other chiral inducers.75,76 Currently, 

achieving both high luminescence efficiency and a high asymmetry factor still remains 

challenging.77 The removal of small-molecule chiral inducers from chiral induction 

systems via high-temperature sublimation could represent as a general strategy. This 

approach enables the achievement of high asymmetry factors while eliminating the 

adverse effects of chiral inducers on luminescence efficiency, thereby chasing the upper 

limit of the EQE of neat emitting materials. 

 

 

 

 

 

Fig. 2.16 NMR spectra of F8BT/R-BINOL before and after annealing. BINOL's signal completely 

disappeared after annealing indicated complete removal of BINOL by sublimation. 
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2.3.3 Mechanism of chiral induction and morphology 

research 

Based on the CD and CPL results of the F8BT/BINOL system, the temperature 

dependence of the CD intensity of F8BT can be rationalized by a two-step chiral induction 

process occurring at different thermal conditions. The initial induction stage, taking place 

below 120 °C, is likely driven by π–π interactions between the axially chiral BINOL 

molecules and the achiral F8BT chains.11,59,78 The second stage of chiral induction in 

achiral F8BT is proposed to occur above 120 °C, mediated by the already chiralized F8BT 

matrix. For instance, the theoretically predicted glass transition temperature (Tg) of F8BT 

is approximately 103 °C, while the experimentally determined Tg is around 112 °C.79 

Above Tg, the polymer chains of F8BT gain increased mobility and conformational 

flexibility. As discussed in Fig. 2.2, BINOL likely remains within the F8BT matrix at 

temperatures below 120 °C, allowing sufficient interaction with the polymer chains. 

These interactions may influence the torsional angles between the F8 and BT units, 

thereby enhancing chiral organization within the polymer backbone during subsequent 

annealing.80 Although BINOL may be removed from the F8BT thin films at temperatures 

above 120 °C, the induced chirality within the F8BT chains could serve as a secondary 

chiral source, further propagating chiral organization among the remaining achiral F8BT 
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segments. As the annealing temperature increases, the enhanced chain mobility of F8BT 

facilitates the formation of more ordered chiral domains, potentially leading to 

supramolecular self-assembly. Considering the melting point of BINOL is around 205-

210 °C, rapid sublimation is likely to occur at 220 °C. Under such high-temperature 

conditions, the residence time of BINOL within the film may become too short to 

effectively induce further chiral structuring in F8BT, resulting in a sudden decline in the 

observed CD intensity. In other words, an optimal balance between the initial chiral 

induction by BINOL and the secondary amplification by chiralized F8BT chains appears 

to be achieved at annealing temperatures of approximately 200 °C (oven) and 180 °C (hot 

plate).  

 

 

 

 

 

Fig. 2.17 UV-Vis absorption spectra of F8BT/R-BINOL and neat F8BT films after annealing. 
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Compare the absorption spectra of neat F8BT film and F8BT/R-BINOL film after 

annealing at 180 ℃, F8BT/BINOL system showed a clear red shift from 470 nm to 500 

nm (Fig. 2.17). Since F8BT is a donor-acceptor copolymer, where the HOMO is located 

on the F8 unit and the LUMO is localized on the accepting BT unit, the absorption peak 

at 470 nm attributed to the HOMO-LUMO transition between the F8 and BT units.81,82 

The clear red shift indicated the longer π conjugation length of F8BT backbone induced 

by BINOL. Chiral inducers have the ability to change the twisting angle between F8 and 

BT units as reported before.58,63  

 

 

 

Fig. 2.18 (a) Normalized Raman spectra of F8BT/R-BINOL thin films as cast, after annealing and 

after melting. (b) Raman intensity ratios of I1545/I1608, indicates that F8BT/R-BINOL showed smaller 

dihedral angle after annealing and maintained it after melting. 
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The Raman peaks located at 1545 cm-1 and 1608 cm-1 are attributed to the 

characteristic backbone ring stretching vibrations of the BT and F8 units, respectively.81,83 

The twisting angle between F8 and BT units can be characterized by the relative intensity 

of these two peaks (I1608/I1545), and I1608/I1545 decreases as the mainchain of F8BT becomes 

more planar (and vice versa). The small changes of I1608/I1545 before and after annealing 

indicated that BINOL only slightly changed the dihedral angle of F8BT (Fig. 2.18). 

Compared with the as cast samples, I1608/I1545 of annealed samples slightly decreased from 

0.79 to 0.75, which indicated the smaller dihedral angle between F8 and BT units. This 

resulted in a more planar structure leading to longer π conjugations, this consists of the 

red-shift observed in UV-Vis spectra. The red-shifted peaks and the split CD spectra are 

typical features of exciton coupling and J-aggregates formed in F8BT induced by 

BINOL.84,85 The planer structure of F8BT induced by BINOL enhanced the 

intermolecular exciton coupling between adjacent polymer chains,86,87 thereby leaded to 

the strong chiroptical signals.  
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Fig. 2.19 POM of F8BT/BINOL as cast, after annealing and after melting. 

 

Morphology research clearly revealed the chiral aggregates of F8BT induced by 

BINOL. Polarized optical microscope (POM) photos of F8BT/R-BINOL film showed 

birefringence after annealing compared with the total dark field of as cast film (Fig. 2.19), 

demonstrated the oriented structure of F8BT formed after chiral induction.  

 

 

 

Fig. 2.20 AFM topography of F8BT/R-BINOL (a) and F8BT/S-BINOL (b) thin films after annealing. 

 

 

 

Fig. 2.21 AFM topography of neat F8BT films after annealing. 
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AFM topography figures of annealed F8BT/BINOL films clearly indicated the 

twisted cluster-like aggregate structures (Fig. 2.20a and 2.20b). The aggregates in 

F8BT/R-BINOL and F8BT/S-BINOL films exhibited clockwise and counterclockwise 

helical arrangements, respectively, indicating that the chiral inducers successfully 

induced the formation of chiral aggregates in F8BT. Even if neat F8BT showed similar 

aggregates after annealing (Fig.2.21), but the chiral symmetry cannot be broken without 

chiral inducer and there is no chiroptical signal. Due to the sergeants and soldiers effect, 

even a small amount of chiral inducers (BINOL) can sufficiently break the chiral 

symmetry of the polymer hosts (F8BT) and reveal the single-handed chiral structure.88,89 

Furthermore, the presence of aggregates amplified the size of the chiral structures in 

F8BT to match better with the wavelength of visible light, enhancing its interaction with 

circularly polarized light and thereby increasing the intensity of chiroptical spectra, such 

as CD and CPL.90  

 

2.3.4 Chiral robustness of F8BT/BINOL system 

The mechanism of chiral induction in polyfluorene derivatives with chiral small 

molecules is still unclear. Wade et al. proposed that the chiroptical signals arise from the 

natural optical activity caused by interchain twisting and the formation of blue phase 
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liquid crystals.91 In contrast, Lee et al. attributed the chiral induction to cholesteric liquid 

crystal-like layered helical arrangements.59,92 To further investigate the mechanism of 

chiral induction in this system, we attempted to disrupt the aggregates of F8BT induced 

by BINOL through melting and quenching. Based on DSC results, the melting point of 

F8BT is characterized as 225°C (Fig. S2). Accordingly, the films were melted and 

quenched twice at 240°C and 260°C, respectively. The specific experimental process is 

shown in Fig. 2.22. 

 

 

 

 

 

Fig. 2.22 Schematic diagram of the annealing and twice melting processes of F8BT/ BINOL films.  
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Fig. 2.23 CD spectra (a), UV-Vis absorption spectra (b), CPL spectra (c) and corresponding g values 

(d) of F8BT/R-BINOL and F8BT/S-BINOL thin films after annealing and after melting twice. (e) 

Schematic diagram of the aggregate structure of the F8BT/BINOL system was broken after melting, 

but the intramolecular torsion was retained. 

 

Remarkably, neither the first nor the second melting completely eliminated the CD 

and CPL signals of F8BT samples. Even after the second complete melting, F8BT 

retained approximately 50% of glum than the maximum value (Fig. 2.23a, 2.23c and 2.23d). 

Following melting and quenching, the birefringence of the films disappeared completely 

(Fig. 2.24), and the aggregation structures were destroyed confirmed by AFM. UV-vis 

absorption spectra also supported these phenomena, the red-shift at 500 nm after 
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annealing vanished after melting and the absorption peak returned to 470 nm. It indicated 

that the J-aggregates and interchain exciton coupling were destroyed after melting.  

 

 

 

 

Fig. 2.24 POM and AFM topography of F8BT/R-BINOL films after melting twice. 

 

Based on these results, we suppose that the chiral induction of F8BT/BINOL system 

includes a two-step mechanism. The chiroptical signals originated from the twisting 

between F8 and BT units induced by BINOL, which was subsequently amplified by 

aggregation and interchain exciton coupling. The melting process disrupted the 

aggregation structures but didn’t break the intrachain twisting of F8BT. The Raman 

spectroscopy results also confirmed this speculation, I1608/I1545 remained a relatively low 

value (0.74) after melting compared with the as cast film (0.79), indicating that the 

twisting between F8 and BT units induced by BINOL remained after melting. 
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Consequently, the chiroptical signals of F8BT were weakened due to the loss of 

amplification but did not vanish entirely after melting. Combined with previous 

experimental results, we not only achieved CPL of neat achiral polymers, but also 

achieved partial chiral memory without any crosslinking. We call it the high-temperature 

chiral robustness of the F8BT/BINOL system. 

 

2.4 Conclusions 

In this chapter, we demonstrated that BINOL effectively induces chirality in F8BT 

within thin films. Prior to annealing, the F8BT/BINOL films exhibited CD signals 

corresponding only to BINOL. However, upon annealing at 180 °C, the CD signals 

associated with BINOL disappeared, while a pronounced CD signal from F8BT emerged, 

accompanied by a notable increase in PLQY. These observations suggest a two-step chiral 

induction process: initially, BINOL interacts with F8BT polymer chains, inducing a twist 

via π-π interactions; subsequently, at elevated temperatures, the twisted F8BT chains 

undergo supramolecular self-assembly into chiral nanofiber bundles. The strong CD and 

CPL signal was achieved after annealing reached the maximum glum of 4.3 × 10-2at 540 

nm. The complete sublimation of BINOL during annealing resulted in the CPL from neat 
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achiral polymer with improved PLQY. By researching the high-temperature chiral 

robustness, we found that the chiroptical signals of F8BT originate from the twisting 

between F8 and BT units then enlarged by intermolecular exciton coupling and 

aggregates. This research provides a general strategy for removing chiral inducers to 

achieve neat emitting layers, offers a potential approach for achieving both high 

asymmetric factors and high EQE in future CP-OLEDs. 
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Chapter 3 

CP-OLEDs made of F8BT/BINOL system as 

the emitting layer 

3.1 Introduction 

CPEL has garnered significant interest due to its promising applications in areas such 

as 3D displays and optical information storage. One of the effective strategies to realize 

CP-OLEDs is the construction of chiral light-emitting layers by chiral induction, where 

chiral small molecules are doped as chiral inducers into achiral luminescent polymers. 

Due to the chiral transfer, strong circularly polarized luminescence of the polymer can be 

achieved. While this method can yield high asymmetry factor g, the presence of chiral 

inducers within the film can decrease the device performance of the CP-OLEDs. To 

address this issue, it may be important to remove the chiral inducers from the emitting 

polymer after chiral induction is complete. 

One of the most important parameters for CP-OLEDs is EQE. In the previous 

chapter, we have introduced the chiroptical signals of F8BT induced by BINOL. The 

high-PLQY films with strong CPL signals prepared in Chapter 2 are promising candidates 

for the emitting layer of CP-OLEDs with high EQE. In this chapter, we applied the 
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F8BT/BINOL films as the emitting layer of CP-OLEDs and F8-TFB was applied as the 

electron blocking layer, which was utilized to adjust the exciton recombination zone to 

achieve higher EQE. A summary of the specific performance of the CP-OLEDs is 

provided below.  

The device after removing the chiral inducer achieved a maximum current efficiency 

(CEmax) of 1.46 cd/A and 1.45 cd/A for R-BINOL and S-BINOL samples. The gEL of -

5×10-3 and 7×10-3 for R-BINOL and S-BINOL samples were achieved without any 

optimization of the device structures yet. The CP-OLEDs using neat F8BT, F8BT/R-

BINOL, and F8BT/S-BINOL as the emissive layers achieved EQEmax of 1.09%, 1.20%, 

and 1.01%, respectively. This indicates that the chiral induction system can achieve 

similar EQE of the pure F8BT devices after the sublimation removal of the chiral inducer. 

Notably, the removal of BINOL via sublimation does not rely on the specific properties 

of BINOL but is applicable to a wide range of small-molecule chiral inducers. Therefore, 

this method holds the potential for universal applicability in enhancing the efficiency of 

CP-OLEDs.  
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3.2 Experimental section 

3.2.1 Experimental materials and device structure 

In addition to the materials described in Chapter 2, the following materials were 

employed in the preparation of thin films and fabrication of devices in this chapter.  

 

 

 

 

Fig. 3.1 The device structure and energy levels of CP-OLEDs. 

 

CP-OLEDs were fabricated using a multilayer architecture, as illustrated in Fig. 3.1. 

Pre-patterned glass substrates coated with indium tin oxide (ITO) are widely employed 

as the anode in OLED devices due to their high optical transparency in the visible 

spectrum and relatively deep work function (~ -4.8 eV).93 These properties enable 

efficient hole injection from ITO into the adjacent organic layers, while maintaining 

minimal optical loss from the substrate. 
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Poly(3,4-ethylenedioxythiophene):polystyrene sulfonate (PEDOT:PSS) is a 

conductive polymer mixture commonly used either as a hole transport layer (HTL) or a 

complementary anode interlayer in OLEDs. Its high conductivity, up to 10³ S/cm 

following secondary doping or solvent treatments that reduce insulating PSS 

content94,95—and deep work function (~ –5.2 eV)96,97 make it ideal for promoting efficient 

hole injection. In this study, PEDOT:PSS was also used to simulate OLED configurations 

with reduced intrinsic transmittance. 

 

 

 

Fig. 3.2 Chemical structure of F8-TFB. 

 

Poly(9,9-dioctylfluorene-co-N-(4-butylphenyl)-diphenylamine) (F8-TFB), the 

molecular structure is shown in Fig. 3.2, is commonly employed as a hole transport and 

electron blocking layer in solution-processed OLEDs. Its HOMO and LUMO energy 

levels are approximately –5.3 eV and –2.3 eV, respectively98, making it suitable for hole 

conduction while effectively blocking electron transport from the emissive layer to the 
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anode. 

F8BT is a solution-processable conjugated polymer frequently used as a fluorescent 

emissive material in OLEDs. It exhibits good solubility in a wide range of organic 

solvents with both low and high boiling points.99 Its HOMO and LUMO energy levels lie 

at approximately –5.9 eV and –3.5 eV, respectively,100 which are favorable for electron 

injection and hole confinement, thus facilitating efficient exciton formation. 

Lithium Fluoride (LiF) is an insulating material typically used as an interfacial 

electron injection layer between the emissive layer (EML) and the metallic cathode. Upon 

deposition of aluminum over the LiF layer, interfacial reactions yield Li atoms and AlF₃ 

species. The dissociation of Li atoms facilitates n-type doping by donating electrons to 

Alq₃, forming Alq₃⁻ anions. This process significantly reduces the electron injection 

barrier and promotes effective contact with the cathode.101,102 

Aluminum (Al) serves as the cathode due to its high reflectivity (>90%) in the visible 

region and a moderate work function (~ –4.2 eV).103 These characteristics make Al well-

suited for both electron injection and light reflection, contributing to enhanced device 

efficiency in bottom-emitting OLED architectures. 
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3.2.2 Preparation process of CP-OLEDs 

All devices were constructed on indium tin oxide (ITO)-coated glass substrates with 

an ITO thickness of 150 nm.  

Glass substrates pre-coated with 150 nm of indium tin oxide (ITO) were sequentially 

ultrasonicated in acetone, semicoclean solution, deionized water, and isopropyl alcohol. 

All cleaning procedures were carried out in a cleanroom environment. To enhance the 

work function of ITO and remove residual organic contaminants, the substrates were 

treated with UV–ozone irradiation for 30 minutes in a sealed chamber.104 

After cleaning, PEDOT:PSS was filtered by 0.45 μm PVDF filters and spin-coated 

onto the ITO surface at 1600 rpm for 90 seconds. The films were subsequently annealed 

at 200 °C for 10 minutes. The resulting PEDOT:PSS layer, with an approximate thickness 

of 20 nm, served as the hole injection layer. 

All substrates were then transferred into a nitrogen-filled (N₂) glovebox for the 

deposition of the emissive layers. Two polymer solutions were prepared in p-xylene: F8-

TFB (10 mg/mL) and F8BT (20 mg/mL). Prior to deposition, both solutions were filtered 

through 0.2 μm PTFE filters to remove particulates. 

F8-TFB was first deposited onto the PEDOT:PSS layer by spin-coating at 1600 rpm 
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for 90 seconds, followed by annealing at 180 °C for 15 minutes. Then toluene was spin-

coated on samples to remove the extra F8-TFB. The resulting F8-TFB film, 

approximately 20 nm thick, functioned as the hole transport and electron-blocking layer. 

Subsequently, F8BT was spin-coated onto the F8-TFB layer at 2000 rpm for 30 seconds 

and annealed at 180 °C for 10 minutes, served as the emissive layer. 

Following the solution-processing steps, the substrates were transferred to an ultra-

high vacuum (UHV) thermal evaporation chamber with a base pressure of 1 × 10⁻⁸ Torr 

for cathode deposition. A 3 nm-thick LiF layer was deposited at a rate of 0.01 nm/s, 

followed by the deposition of a 100 nm-thick aluminum (Al) layer at 0.2 nm/s. 

After cathode deposition, the devices were transferred via a vacuum-compatible 

shuttle to a nitrogen-filled glovebox, where they were encapsulated using glass covers, 

desiccant films, and UV-curable epoxy resin. This encapsulation step was essential to 

prevent degradation from ambient oxygen and moisture, thereby ensuring reliable device 

performance during subsequent measurements.105 

 

3.2.3 Characterization methods of CP-OLEDs 

The current density-voltage-luminance (J-V-L) characteristics of the OLED devices 
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were measured using a source meter (Keithley 2400) in conjunction with a luminance 

meter (Topcon BM-910D) equipped with an attachment lens (AL-8) and a solid 

measurement angle of 1°. Electroluminescence (EL) spectra were recorded using a 

spectrophotometer (PMA-11, Hamamatsu Photonics). The external quantum efficiency 

(ηext) was determined using an integrating sphere system coupled with a calibrated silicon 

photodiode detector. 

The outcoupling efficiency difference (Δηout) was calculated based on ηext 

measurements, following a procedure analogous to that described in Equation 3.8. 

Similarly, the luminance enhancement (ΔL) was computed by comparing the luminance 

values of the reference and patterned devices using the same equation. 

The CPEL spectra was characterized by a customized CPL spectrometer (CPL-300, 

JASCO) in Nagoya University. The intensity of CPEL is quantified using a asymmetric 

factor, gEL, defined as: 

𝑔𝐸𝐿 =
𝐼𝐿−𝐼𝑅

1/2(𝐼𝐿+𝐼𝑅)
= 2

𝐼𝐿−𝐼𝑅

(𝐼𝐿+𝐼𝑅)
   (3-1) 

Here, IL and IR represent the emission intensities of LCP and RCP light, respectively. 

gEL can be obtained directly through CPL-300. 
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3.3 Results and discussion 

3.3.1 CPEL of CP-OLEDs with F8BT/BINOL system as 

the light-emitting layer 

 

 

 

 

 

 

Fig. 3.3 CPEL spectra and corresponding gEL of CP-OLEDs. 

 

The device fabrication process was illustrated in Chapter 3.2. Following the 

traditional design, we applied F8BT/BINOL chiroptical system as the emitting layer of 

CP-OLEDs. We used F8BT/R-BINOL and F8BT/S-BINOL as the emitting layer, 

respectively. The CPEL spectra was measured with a CPL spectrometer (CPL-300, 

JASCO), which was customized to characterize CP-OLEDs. The CPEL spectra and 
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corresponding gEL is shown in Fig. 3.3. gEL can be obtained directly through CPL-300. 

The CPEL spectra of CP-OLEDs performed very good symmetry between F8BT/R-

BINOL and F8BT/S-BINOL as the emitting layer. The CPEL peak position of 

F8BT/BINOL system located at around 600 nm. The peak position was much red-shifted 

compared with the PL luminescence. The maximum gEL reached -4.8×10−3 for F8BT/R-

BINOL and 6.4×10−3 for F8BT/S-BINOL CP-OLEDs at around 650 nm. It showed 

further red-shifted compared with CPEL spectra. The gEL at the strongest CPEL 

wavelength 600 nm reached -3×10−3 and 5.1×10−3, respectively. CPEL results proved The 

results of CPEL spectra proved that CP-OLEDs constructed by F8BT/BINOL system can 

achieve circularly polarized electroluminescence successfully. However, the gEL 

produced by both F8BT/R-BINOL and F8BT/S-BINOL CP-OLEDs are one order of 

magnitude less than the glum obtained from CPL spectra. This result was measured when 

we first prepared the device, and there is still room for improvement. In any case, this 

result proves the great potential of F8BT/BINOL system for application in the emitting 

layer of CP-OLEDs. 

 

3.3.2 Device performance of CP-OLEDs with 
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F8BT/BINOL system as the light-emitting layer 

Besides the CPEL-specific characteristics, the general electroluminescent device 

performance is also important. In addition to the above-mentioned CP-OLEDs with 

F8BT/R-BINOL and F8BT/S-BINOL as the emitting layer, we also prepared 

conventional OLEDs with neat F8BT as the emitting layer to compare the device 

performance. According to previous studies, BINOL completely sublimates and 

disappears after annealing, remained the neat F8BT. Therefore, CP-OLEDs should 

theoretically perform similar device performance with conventional OLEDs with neat 

F8BT as the emitting layer.  

 

 

 

 

 

 

Fig. 3.4 EL spectra of F8BT/BINOL CP-OLEDs and F8BT OLEDs. 
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Fig. 3.5 J-V-L curves of F8BT/BINOL CP-OLEDs and F8BT OLEDs. 

 

 

 

 

 

 

 

Fig. 3.6 EQE of F8BT/BINOL CP-OLEDs and F8BT OLEDs. 
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Table 3.1 Summary of device performance of F8BT/BINOL CP-OLEDs and F8BT OLEDs. 

 

 

 

 

The EL spectra of F8BT/BINOL CP-OLEDs and F8BT OLEDs are shown in Fig. 

3.4. The J-V-L curve and EQE performance are shown in Fig. 3.5 and Fig. 3.6. All the 

device performance is summarized in Table 3.1. Compare with the neat F8BT OLED, 

F8BT/BINOL CP-OLEDs showed similar electroluminescence peak position. The 2 nm 

and 4 nm blue-shifted can be ignored. All OLEDs showed similar turn-on voltage around 

2 V and F8BT/BINOL CP-OLEDs even showed smaller turn-on voltage than neat F8BT 

OLED. The highest current efficiency 3.15 cd/A was achieved by F8BT/R-BINOL CP-

OLED. F8BT OLED and F8BT/S-BINOL CP-OLED showed similar current efficiency 

1.36 cd/A and 1.81 cd/A, respectively. Finally, all the F8BT based OLEDs showed EQE 

higher than 1% and F8BT/BINOL CP-OLEDs showed comparable EQE than neat F8BT 

OLED. Even though there is still room for improvement of device fabrication, this is still 
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a relatively high luminous efficiency for polyfluorene based CP-OLEDs. Attribute to the 

sublimation of BINOL during annealing process, the actual light-emitting layer of 

F8BT/BINOL CP-OLEDs is pure F8BT, so it shows the same performance as neat F8BT 

OLED. High-temperature sublimation is not a unique property of BINOL, but a common 

property of small molecule chiral inducers, which is only related to the molecular weight. 

It is feasible to remove small molecule chiral inducers through high-temperature 

sublimation to achieve CPEL from neat achiral polymers. This design idea showed high 

potential for commercial CP-OLEDs.  

 

3.4 Conclusions 

This chapter demonstrates the first try to realize CP-OLEDs by sublimable chiral 

inducers to avoid the negative impact of chiral inducers on the device performance. The 

F8BT/BINOL films were selected as the emitting layer of CP-OLEDs. The CPEL signal 

was achieved successfully from the CP-OLEDs. The maximum gEL reached -4.8×10−3 for 

F8BT/R-BINOL and 6.4×10−3 for F8BT/S-BINOL CP-OLEDs at around 650 nm. 

However, the gEL produced by both F8BT/R-BINOL and F8BT/S-BINOL CP-OLEDs are 

one order of magnitude less than the gPL obtained from CPL spectra. The general 
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electroluminescent device performance of CP-OLEDs has also been studied. The device 

after removing the chiral inducer achieved a CEmax of 1.46 cd/A and 1.45 cd/A for R-

BINOL and S-BINOL samples. The gEL of -5×10-3 and 7×10-3 for R-BINOL and S-

BINOL samples were achieved without any optimization of the device structures yet. The 

CP-OLEDs using neat F8BT, F8BT/R-BINOL, and F8BT/S-BINOL as the emissive 

layers achieved EQEmax of 1.09%, 1.20%, and 1.01%, respectively. This indicates that the 

chiral induction system can achieve similar EQE of the pure F8BT devices after the 

sublimation removal of the chiral inducer. Notably, the removal of BINOL via 

sublimation does not rely on the specific properties of BINOL but is applicable to a wide 

range of small-molecule chiral inducers. Therefore, this method holds the potential for 

universal applicability in enhancing the efficiency of CP-OLEDs.  
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Chapter 4 

Generalized chiral induction between 

polyfluorene derivatives and chiral inducer 

BINOL  

4.1 Introduction 

In previous chapters, we focused on the chiral induction effect of BINOL on F8BT. 

However, it remains unknown whether BINOL induces chirality in other polyfluorene 

derivatives. In this chapter, we investigate the chiral induction effect of BINOL on another 

polyfluorene derivative material PFO. Although the signal is weak, BINOL is still able to 

induce PFO to generate CD and CPL signals, with corresponding g values on the order 

of 10−3. When PFO is treated with solvent vapor exposure (SVE) to produce the β-phase, 

the CD spectra shape changed, resulting in a shoulder peak.  

Thermal annealing at 140 °C and the optimal BINOL concentration was identified 

as 22.8 wt%, yielding the highest CD signal. NMR analysis confirmed that BINOL 

sublimates completely above 180 °C. Film thickness also exhibited a strong impact on 

chiroptical properties. CD and CPL analysis revealed that films spin-coated at 500 rpm 

showed the strongest CD signals. These results demonstrate that precise control of 
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BINOL concentration, annealing parameters, and film thickness is critical for optimizing 

CPL performance in PFO/BINOL systems. Furthermore, β-phase formation via SVE 

serves as an effective post-treatment strategy to enhance CPL, particularly in thick films 

where thermal annealing alone is insufficient.  

 

4.2 Experimental section 

4.2.1 Experimental materials 

In addition to the materials previously mentioned in Chapter 2, the following 

materials were used in the film preparation processes throughout this chapter. PFO (Mn 

< 25,000) was purchased from Sigma-Aldrich. All materials and reagents were used 

without further purification. 

 

4.2.2 Sample preparation 

PFO/BINOL blend solutions with a concentration of 20 mg/mL were prepared by 

doping BINOL into PFO at a weight ratio of 30 wt%. The solutions were stirred at 80 °C 

for 12 hours to ensure complete dissolution. Thin films were fabricated by spin-coating 

100 μL of the solution onto quartz substrates at 1000 rpm for 90 seconds. The resulting 



83 

 

films were subsequently annealed on a hotplate at the designated temperature for 

10 minutes in ambient air to promote molecular reorganization. 

PFO is known to exhibit multiple crystalline phases, among which the β-phase offers 

superior chiroptical activity and device performance. To induce the α-to-β phase 

transition, SVE was applied following the setup illustrated in Fig. 4.1.106 

 

 

 

 

 

Fig. 4.1 The schematic diagram of SVE process. 

 

In this procedure, a small Petri dish containing toluene was placed on a hotplate 

preheated to 50 °C. PFO-coated substrates were arranged around the dish using Teflon 

spacers to prevent direct heat transfer. The system was then sealed with a larger Petri dish 

and maintained at 50 °C for 1 hour, allowing toluene vapor to permeate and trigger phase 
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transition in the films. 

 

4.2.3 Characterization methods 

All characterization instruments and methods were the same as described in Chapter 

2. 

 

4.3 Results and discussion 

4.3.1 Chiral induction of PFO by BINOL 

Based on previous study, chiral inducer BINOL could induce the chiroptical 

properties of F8BT. However, it remains unknown whether BINOL induces chirality in 

other polyfluorene derivatives. To investigate the influence of BINOL as a chiral inducer 

on the PFO, a series of thin films were prepared with varying BINOL concentrations. 

Specifically, 20 mg of PFO was dissolved in toluene (1 mL) with the addition of 2-10 mg 

of S-BINOL, corresponding to BINOL weight fractions of 10%-50% relative to PFO. 

After preparation, the films were annealed at 160 °C for 10 minutes. 
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Fig. 4.2 The gCD and CD spectra of PFO/BINOL thin films with different concentration of BINOL. 

 

As shown in Fig. 4.2, the PFO/BINOL contained 22.8 wt% of BINOL exhibited the 
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strongest CD signal. This trend was consistent with previous results of F8BT-based 

systems. Therefore, 22.8 wt% BINOL was identified as the optimal concentration for 

inducing maximum CD in PFO/BINOL system. 
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Fig. 4.3 The gCD and CD spectra of PFO/BINOL thin films after different annealing temperatures. 

 

 

 

 

 

 

 

 

 

Fig. 4.4 The CPL spectra of PFO/BINOL thin films after different annealing temperatures. 

 

As shown in Fig. 4.3, CD intensity exhibited a distinct annealing temperature 

dependence: it increased with temperature up to 140 °C, where it reached a maximum, 

and then declined at higher temperatures. The highest gCD value was measured as -3.1 × 
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10⁻³ at 413 nm, indicating optimal chiral ordering at this temperature. The CPL spectra 

are shown in Fig. 4.4, the maximum glum was observed as -2.4 × 10⁻³ at 426 nm.  
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Fig. 4.5 The gCD and CD spectra of PFO/BINOL thin films with different thickness. 

 

 

 

 

 

 

 

 

 

 

Fig. 4.6 CPL spectra of PFO/BINOL thin films with different thickness. 

 

To evaluate the effect of film thickness on chiroptical properties, spin-coating speeds 

were varied at 500, 1000, and 1500 rpm for 90 seconds. CD and CPL spectra revealed 



90 

 

that the film fabricated at 500 rpm exhibited the highest chiroptical properties. In 

comparison, films prepared at 1000 and 1500 rpm showed reduced absorbance values of 

0.94 and 0.79, respectively, corresponding to approximately 75% and 63% of the 

absorbance observed at 500 rpm. The maximum gCD value was measured to be -8.0 × 10⁻³ 

at 415 nm. This suggests that film thickness has a greater impact on CD than annealing 

temperature alone. 

 

 

 

 

 

 

Fig. 4.7 NMR spectra of PFO/BINOL before and after annealing.  

 

Previous chapters have reported that thermal annealing can lead to the sublimation 

of BINOL in F8BT/BINOL systems. To confirm whether a similar phenomenon occurs 



91 

 

in the PFO/BINOL films, we characterized ¹H NMR spectra of drop-cast films before and 

after annealing at 140 ℃. The characteristic peak of BINOL at approximately 7.3 ppm 

was observed in the unannealed sample, and it was disappeared completely after 

annealing. This confirms that BINOL underwent complete sublimation during the 

annealing process, even in relatively thick films. BINOL showed similar behavior at 

different matrix, indicating the general performance of high-temperature sublimation. 

 

4.3.2 Effect of crystalline phase transition on PFO/BINOL 

It is well known that polyfluorene derivatives can adopt multiple crystalline phases, 

among which the β-phase exhibits superior chiroptical performance.106 To investigate 

whether a similar effect can be observed in PFO/BINOL systems, SVE was applied to 

induce a phase transition of PFO from α-phase to β-phase. Sample preparation method 

was illustrated in Chapter 4.2.2, we performed SVE treatment on samples with different 

annealing temperatures.  
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Fig. 4.8 CD and CPL spectra of PFO/BINOL thin films with different annealing temperatures after 

SVE treatment. 

 

CD and CPL spectra are shown in Fig. 4.8. The emergence of a shoulder peak at 

around 440 nm in CD spectra is the characteristic β-phase peak of PFO. This phenomenon 

indicates the successful induction of β-phase PFO. However, the overall gCD value 

remained very low (~3.0 × 10⁻³), suggesting limited enhancement from the phase 

transition. 

Similarly, the glum value remained low after SVE treatment (approximately 2.0 × 

10⁻³), indicating that while the spectral shape changed with β-phase formation, the degree 
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of circular polarization did not significantly improved. 

 

4.4 Conclusions 

In this study, we investigated the chiral induction behavior between PFO and BINOL. 

Similar to F8BT, PFO could be induced by BINOL after annealing. The optimized 

concentration of BINOL was 22.8 wt%, the optimized annealing temperature was 140 ℃ 

and thicker films showed higher g values. NMR also proved BINOL completely 

sublimated after annealing, left the neat PFO in the films.  

To explore the influence of crystalline phase transitions, SVE was used to convert 

the α-phase to the β-phase of PFO. Although β-phase features were observed in the CD 

and CPL spectra, the overall g values remained low. Although β-phase didn’t obviously 

enhance CD or CPL intensity, it can change the CD and CPL spectral shape of PFO. 
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Chapter 5 

Circularly polarized Förster resonance energy 

transfer (C-FRET) of F8BT induced by BINOL 

derivatives 

5.1 Introduction 

CPL and its electroluminescent counterpart (CPEL) have garnered significant 

attention due to their potential applications. Among the various strategies to achieve CPL, 

chiral induction remains one of the most widely adopted approaches owing to its 

simplicity and versatility. However, the realization of red-emitting CPL remains 

particularly challenging due to the limited availability of suitable chiral red emitters and 

the tendency for emission quenching at longer wavelengths. 

To address this issue, energy transfer mechanisms, particularly Förster resonance 

energy transfer (FRET), have emerged as a promising pathway. FRET is a non-radiative 

energy transfer mechanism that occurs between a donor and an acceptor fluorophore 

through long-range dipole-dipole interactions. Effective energy transfer between donor-

acceptor pairs requires the fulfillment of three primary conditions: (1) A substantial 

spectral overlap between the emission spectrum of the donor and the absorption spectrum 
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of the acceptor; (2) An appropriate spatial and orientational arrangement of the donor and 

acceptor molecules; (3) A sufficiently close intermolecular distance, typically within the 

range of 10–100 Å.  

Accordingly, the energy transfer efficiency (E) is strongly dependent on three key 

factors: the degree of spectral overlap, the relative orientation of the transition dipole 

moments, and the distance between donor and acceptor. This relationship can be 

quantitatively described by the Förster theory as follows: 

𝐸 =
𝑅0

6

𝑅0
6+𝑟6    (5-1) 

Here, where R0 represents the Förster distance, defined as the distance at which the 

energy transfer efficiency is 50%, and r represents the actual distance between the donor 

and acceptor centers. 

FRET plays a pivotal role in modulating both the emission color and PLQY of 

composite luminescent systems. By carefully selecting donor-acceptor pairs with suitable 

spectral overlap, excitation energy can be efficiently transferred from a high-absorption 

donor to a high-efficiency acceptor, thus tuning the emission wavelength and enhancing 

the radiative decay pathway. 

This energy migration mechanism effectively reduces the probability of non-
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radiative recombination at the donor site, especially when the donor has a relatively low 

PLQY. Simultaneously, it enables the harvesting of excitation energy by acceptor 

molecules that may otherwise exhibit low absorption cross-sections, enhancing their 

emission intensity. Furthermore, FRET can help suppress concentration quenching in the 

donor matrix by delocalizing the excitons, which is particularly beneficial for achieving 

bright emission in OLEDs. In this chapter, we present a system that integrates chiral and 

energy transfer simultaneously, referred to as circularly polarized Förster resonance 

energy transfer (C-FRET). This approach enables the efficient relay of both excitation 

energy and molecular chirality from a chiral host to a red-emitting guest. 

Building on previous success with F8BT/BINOL systems that demonstrated strong 

green CPEL, we replaced BINOL with a more effective chiral inducer, R5011, which 

exhibits a stronger chiral induction capability to F8BT. By doping F8BT with 0.75 mol% 

of the red-emitting molecule DBP, we achieved significant enhancement in chiroptical 

performance, with the asymmetric factors |gCD| and |glum| reaching up to 0.2, representing 

an order-of-magnitude improvement from the 10⁻³ level observed in BINOL systems. 

Besides, PLQY of this system was improved compared to F8BT/BINOL system. By 

adding the chiral inducer 5011, PLQY of F8BT increased from 33% to 42% after 
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annealing. After doping with the energy acceptor DBP, the PLQY is further increased to 

55%. The improvement of PLQY is beneficial to the potential as the emitting layer of CP-

OLEDs. 

Through this work, we demonstrate that C-FRET is a robust and versatile strategy 

for realizing high-performance red CPL materials and lay the groundwork for the 

development of next-generation red CP-OLEDs with tunable chiral and optical properties. 

 

5.2 Experimental section 

5.2.1 Materials and instruments 

In addition to the materials previously described in Chapter 2, the following 

materials were used in the film preparation and device fabrication processes throughout 

the rest of this study. Dibenzo{[f,f']-4,4',7,7'-tetraphenyl}diindeno[1,2,3-cd :1',2',3'-

lm]perylene (DBP, sublimed purity > 99%) were purchased from Luminescence 

Technology Corp. Chiral dopant R/S5011 (GC purity > 98 %) were obtained from Daken 

Chemical. All materials and reagents were used without further purification. 
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5.2.2 Sample preparation  

F8BT/5011 solutions (10 mg/mL) were prepared with doping concentrations of 5011 

ranging from 10 to 50 wt% relative to F8BT. Similarly, F8BT/5011/DBP solutions 

(10 mg/mL) were prepared by doping DBP at concentrations ranging from 0.25 to 1.5 mol% 

relative to F8BT. All solutions were stirred at 80 °C for 12 hours to ensure complete 

dissolution. Thin films were fabricated by spin-coating 100 μL of the prepared solutions 

onto quartz substrates at 1000 rpm for 90 seconds. The films were subsequently annealed 

at various temperatures (100–220 °C) using either a hot plate or a laboratory oven to 

induce structural and morphological changes. 

 

5.2.3 Characterization methods 

All characterization instruments and methods were the same as described in Chapter 

2. 

 

5.3 Results and discussion 

5.3.1 FRET between F8BT and DBP 
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Fig. 5.1 PL spectra of F8BT thin film. 

 

 

 

 

 

 

Fig. 5.2 Absorption spectra of DBP/PMMA thin film. 

 

The fundamental basis of C-FRET lies in the well-established FRET mechanism. A 
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critical precondition for efficient FRET is spectral overlap between the emission spectrum 

of the donor (host) and the absorption spectrum of the acceptor (guest). This spectral 

alignment ensures appropriate energy level matching, allowing non-radiative energy 

transfer via dipole-dipole coupling. In the context of C-FRET, this requirement is 

manifested as a significant overlap between the fluorescence peak of the chiral donor 

material and the absorption band of the achiral or chiral acceptor, enabling simultaneous 

transfer of energy and chirality. The photoluminescence spectrum of F8BT and the 

absorption spectrum of DBP are shown in Fig.5.1 and Fig.5.2. To investigate the solid-

state absorption characteristics of the small-molecule emitter DBP, which is difficult to 

form uniform films, the compound was doped into a transparent PMMA for spectroscopic 

characterization. As shown in Fig 5.2, the absorption spectrum of DBP exhibits 

absorption peaks centered around 550 nm and 600 nm. In comparison, the PL emission 

peak of F8BT is located at approximately 540 nm. The significant spectral overlap 

between the emission of F8BT and the absorption of DBP indicates that the system 

satisfies the fundamental spectral resonance condition for efficient FRET. This alignment 

confirms that energy transfer from F8BT (donor) to DBP (acceptor) is feasible within the 

composite system, forming a solid foundation for C-FRET-based circularly polarized 

emission. 
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Fig. 5.3 Absorption spectra of F8BT thin film. 

 

 

 

 

 

Fig. 5.4 Absorption and PL spectra of F8BT/DBP thin films, the mole ratio of DBP range from 0.1%-

0.75%.  

 

Based on the absorption spectrum of F8BT (Fig 5.3), which exhibits two prominent 
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absorption peaks at 340 nm and 450 nm, these wavelengths were selected as excitation 

wavelength for F8BT/DBP films. A series of blend films were prepared with DBP molar 

ratios ranging from 0.1% to 0.75%. The corresponding UV-Vis absorption and PL spectra 

are shown in Fig 5.4. 

As shown in the PL spectra, the emission peak of F8BT at 540 nm progressively 

decreases with increasing DBP ratio, while new emission peaks emerge at 625 nm and 

675 nm, corresponding to the characteristic fluorescence of DBP. This spectral evolution 

provides clear evidence of FRET from F8BT to DBP. 

 

 

 

 

 

Fig. 5.5 PLQY of F8BT/DBP thin films, the mole ratio of DBP range from 0.1%-0.75%.  

 

PLQY of the blend films were also measured (Fig. 5.5), notably, the sample mixed 
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0.25% DBP exhibited the highest PLQY (approximately 77%) under 340 nm excitation, 

which is more than double the value observed for pristine F8BT. This enhancement 

highlights the beneficial of FRET and optimized dopant concentration. 

 

Table 5.1 The specific mixing ratios of 5011 and DBP to F8BT in thin films, and the annealing 

condition.  

 

 

 

 

 

 

 

Fig. 5.6 PL spectra and PLQY of F8BT/5011/DBP thin films, the mole ratio of DBP ranges from 0-

1.25%.  
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To verify that the introduction of the chiral inducer 5011 does not interfere with the 

energy transfer process between F8BT and DBP, we blended 30 wt% of R5011 into the 

films and carried out PL and PLQY measurements. The results are presented in Fig. 5.6. 

In the F8BT/R5011/DBP system, a DBP concentration of 0.75 mol% yielded the 

strongest red emission, indicating efficient energy transfer was preserved despite the 

presence of the chiral inducer. However, when the DBP doping level was increased to 

1.0 mol%, a significant decrease in PLQY was observed under 340 nm excitation. This 

reduction is likely due to concentration-induced quenching or phase separation effects. 

Therefore, in order to achieve high PLQY, which is crucial for realizing high EQE in 

OLEDs, the optimal DBP doping concentration is determined to be 0.75 mol% in the 

presence of 5011. 

 

 

5.3.2 C-FRET between F8BT and DBP 

 

 



105 

 

 

 

 

 

 

 

Fig. 5.7 CD spectra of F8BT/5011 and F8BT/5011/DBP thin films after different annealing 

temperatures.  

 

CD spectra of F8BT/5011 and F8BT/5011/DBP films after annealing at various 

temperatures are shown in Fig. 5.7. Due to the relatively low doping concentration of 

DBP (0.75 mol%), the presence or absence of DBP does not significantly affect the 

overall CD spectral features. Both systems exhibit similar spectral profiles. Importantly, 

for both F8BT/5011 and F8BT/5011/DBP films, the strongest CD signals were observed 

after annealing at 150 °C, indicating optimal chiral organization at this temperature. The 

corresponding gCD in both cases exceeded 0.1, confirming a high degree of induced 
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chiroptical activity within the polymer matrix. 

 

 

 

 

 

Fig. 5.8 CPL spectra of F8BT/5011 thin films after annealing at different temperatures.  

 

 

 

 

 

Figure 5.9 CPL spectra of F8BT/5011/DBP thin films after annealing at different temperatures.  
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Fig. 5.10 The glum of F8BT/5011 and F8BT/5011/DBP thin films after annealing at various 

temperatures.  

 

CPL spectra of F8BT/5011 and F8BT/5011/DBP films annealed at various 

temperatures are shown in Fig. 5.8 and 5.9. The F8BT/5011 films showed the CPL peak 

at around 550 nm, corresponded well with the F8BT/BINOL system. The 

F8BT/5011/DBP films showed the CPL peak at around 600 nm. In contrast to the CD 

spectra, the CPL spectra of the F8BT/5011/DBP blend films exhibited a distinct red-shift 

upon DBP doping, providing compelling evidence for the occurrence of C-FRET. The 

comparison between the CPL and PL spectra reveals that the CPL emission peak is blue-

shifted relative to the PL peak, with its maximum intensity located between the emission 

wavelengths of F8BT and DBP. 
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This spectral behavior suggests a possible decoupling of chiral and energy transfer 

dynamics within the system. Specifically, the observation implies that energy transfer 

from F8BT to DBP is more efficient or complete than the associated chiral transfer, 

resulting in CPL emission that does not fully coincide with the PL of the final energy 

acceptor. 

Furthermore, analysis of the glum values across different annealing temperatures 

revealed that both F8BT/5011 and F8BT/5011/DBP films exhibited their highest 

asymmetric factors after annealing at 130 °C and 140 °C, respectively. Notably, these 

optimal temperatures differ from those identified in the CD spectra, where maximum gCD 

was observed at 150 °C. This difference indicates that the optimal thermal conditions for 

inducing ground-state chirality (CD) may not necessarily align with those that maximize 

excited-state chiral emission (CPL), likely due to differences in molecular orientation, 

aggregation, or exciton dynamics in the emissive state. 

 

5.3.3 Increased PLQY by chiral inducer 5011 and C-FRET 

In a previous chapter, we demonstrated that in the F8BT/BINOL system, the 

sublimation of BINOL at elevated temperatures not only removed the chiral dopant but 
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also contributed to an enhancement in photoluminescence quantum yield (PLQY). This 

sublimation behavior is not unique to BINOL but is rather a common characteristic of 

small-molecule additives. Similarly, the chiral inducer 5011 exhibits sublimation 

behavior, albeit requiring a higher temperature (~250 °C). 

To explore this effect, we prepared both F8BT/5011 and F8BT/5011/DBP blend 

films and evaluated their PLQYs under three conditions: before annealing, after annealing 

at 150 °C, and after high-temperature annealing at 250 °C to promote sublimation of 5011. 

The PLQY results are summarized in Fig 5.11. 

 

Table 5.2 The PLQY of F8BT, F8BT/5011 and F8BT/5011/DBP 5011 films before annealing, after 

annealing at 150 ℃ and after second annealing at 250 ℃.  
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Fig. 5.11 The summarized PLQY of F8BT, F8BT/5011 and F8BT/5011/DBP 5011 films before 

annealing, after annealing at 150 ℃ and after second annealing at 250 ℃. 

 

Overall, PLQY under 340 nm excitation was consistently higher than that under 

450 nm excitation, regardless of processing conditions. Among the three thermal 

treatments, 150 °C annealing yielded the highest PLQY for all samples. In contrast, high-

temperature sublimation at 250 °C led to a marked decrease in PLQY, even falling below 

the pre-annealed values. Notably, the PLQY of F8BT/5011 was higher than that of pristine 

F8BT, indicating that 5011 contributes to PL enhancement, potentially through 

morphological modification or suppression of non-radiative decay. 

Following sublimation, the PLQYs of both F8BT/5011 and F8BT/5011/DBP 
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decreased significantly, suggesting that 5011 not only enhances the intrinsic PL efficiency 

of F8BT, but also plays a role in facilitating energy transfer from F8BT to DBP. While 

the exact mechanism behind this PLQY enhancement remains unclear, it is well 

established that external quantum efficiency (EQE) is generally proportional to PLQY. 

Therefore, understanding and leveraging this behavior may hold significant implications 

for the future design and optimization of circularly polarized OLEDs (CP-OLEDs). 

 

5.4 Conclusions 

In this chapter, we successfully realized C-FRET in F8BT chiral inducing system, 

utilizing the small-molecule chiral inducer R5011 and the red-emitting acceptor DBP. The 

energy and chirality could be simultaneously transferred from the chiral F8BT host to the 

achiral DBP guest, enabling red CPL emission.  

The spectral overlap between the emission of F8BT and the absorption of DBP face 

the requirement of FRET. When DBP is doped into films, the luminescence intensity of 

F8BT decreased while the luminescence intensity of DBP increaseed. The optimized DBP 

doping ratio was identified as 0.75 mol%, which yielded the highest red emission and 

PLQY in the presence of 30 wt% R5011. 
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Moreover, CD and CPL spectra revealed successful C-FRET between F8BT and 

DBP. But the optimized annealing temperatures from CD and CPL spectra showed 

slightly difference (140  ℃ and 150 ℃). The wavelength difference between CPL and PL 

spectra suggests a possible decoupling of chiral and energy transfer dynamics within the 

system. 

Importantly, the chiral dopant R5011 not only served as an efficient chirality inducer 

but also contributed significantly to enhancing the PLQY of both F8BT and F8BT/DBP 

systems. While sublimation of 5011 at 250 °C resulted in a loss of this enhancement. This 

PLQY enhancement, in turn, holds direct implications for improving the EQE of future 

CP-OLED devices.  
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Chapter 6 

Conclusion 

This study proposed a new way to realize CP-OLEDs by sublimable chiral inducers 

to avoid the negative impact of chiral inducers on the device performance.  

In chapter 2, we doped the axially chiral small molecule BINOL into thin films of 

the achiral conjugated polymer F8BT. Upon annealing the films, the CD signal associated 

with BINOL disappeared and a clear CD signal from F8BT appeared, indicating the 

induction of chiroptical properties in F8BT. NMR spectra confirmed the complete 

removal of BINOL by sublimation during annealing, resulting in the formation of pure 

F8BT films. The red shift of F8BT in absorption spectra and the fibrous morphology in 

AFM after annealing indicated that the chiroptical properties of F8BT were caused by 

intermolecular exciton coupling due to aggregation. PLQY of as-prepared F8BT/BINOL 

films was remarkably low but after annealing it increased to that of pure F8BT films, 

suggesting that the removal of chiral inducers by high-temperature sublimation realized 

both high g factor and PLQY simultaneously.  

In chapter 3, we applied this thin film to the emitting layer of CP-OLEDs. The device 

achieved a maximum EQE of 1.20%, The |gEL| of 7×10-3 was achieved without any 
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optimization of the device structures. This study demonstrates for the first time a way to 

realize CP-OLEDs by sublimable chiral inducers. 

In chapter 4, the generality of the sublimation-assisted chiral induction strategy was 

also investigated. We confirmed that BINOL is capable of inducing CPL not only in F8BT 

but also in PFO. Compared to F8BT, PFO exhibited a glum value one order of magnitude 

lower. In addition, the CPL emission of PFO could be further red-shifted through solvent 

vapor annealing, which induced the β-phase crystalline structure. Although β-phase didn’t 

obviously enhance CD or CPL intensity, it can change the CD and CPL spectral shape of 

PFO. 

In chapter 5, the chiral F8BT system was further extended to realize C-FRET. By 

replacing BINOL with a more efficient chiral inducer, R5011, and doping the blend with 

a red-emitting molecule DBP as both the energy and chirality acceptor, red CPL emission 

was successfully achieved. Notably, we also discovered that R5011 contributed to a 

significant enhancement in the PLQY of the films. These studies provide a new method 

for the preparation of high-efficiency CP-OLEDs. 

In summary, the strategy of realizing CPL by thermally removing chiral inducers via 

sublimation offers a simple, effective, and broadly applicable approach to improving 
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luminescence efficiency. Its versatility across different polymer hosts and compatibility 

with solution processing make it a promising candidate for further exploration.  
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