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ABSTRACT  

Blue light emitting semiconductors based on polyfluorenes often exhibit an undesired 

green emission band. In this report, three well-defined oligofluorenes corresponding to 

three types of “defects” attributed to: aggregation, keto formation, and chain-

entanglement, respectively, are systemically investigated to unveil the origins of the 

green emission band in fluorene-based materials. Firstly, the optical properties of defect 

molecules in different states are studied. The defect associated with aggregation is 

absent in the dilute solutions and in films doped at 0.01wt.% with PMMA (poly(methyl 

methacrylate)). Secondly, the dependence of the emission spectra as a function of 

solvent was monitored to compare the effects of the “keto-” and “chain-entanglement-

defect” molecules. The green emission of keto defect exhibited a strong dependence on 

solvent polarity while that cannot be observed in chain-entanglement defect. Thirdly, 

energy transfer between PODPF (poly[4-(octyloxy)-9,9-diphenylfluoren-2,7-diyl]-co-

[5-(octyloxy)-9,9-diphenyl-fluoren-2,7-diyl) and the keto or chain-entanglement defect 

molecules is illustrated. Compared with chain-entanglement defect, at low proportions 

of the keto defect molecule (1:10-3), the spectra show signs of defect emission. These 

investigations not only provide insight into understanding the photophysics of 

oligofluorenes but also supply a new strategy to explore defects in semiconductor 

polymers, which will aid in the development of effective approaches to obtain stable 

pure blue OLEDs based on polyfluorenes.  
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1. INTRODUCTION 

Polyfluorenes (PFs) are a significant class of π-conjugated materials for applications in 

organic light-emitting diodes (OLEDs) due to their inherent properties of pure blue 

emission, high luminescence quantum efficiency, good solubility and easy 

processability.1-3 Moreover, PFs as host materials enable full color display through 

blending with other materials or via synthesis copolymers using other comonomers.4-5 

However, the undesired appearance of a low energy emission band (known as “g-band” 

emission) is detrimental to the lifetime stability and color purity of PFs, limiting 

commercial applications.6-10 Achieving color stability and pure blue light emission with 

high efficiency become the most challenging goals in the field of fluorene-based 

polymeric light emitting diodes (PLEDs).11 Despite intense scientific efforts to obtain 

stable color purity of fluorene-based OLEDs have been made,12-14 the origin of the g-

band emission is still controversial, which hinders further applications of PFs. The 

causes of the g-band emission are variously ascribed to “aggregation defects”, the “keto 

defect” and the “chain-entanglement defect”.9, 15-16 

The g-band emission was initially ascribed to aggregation defects.6 This scenario is 

strongly supported by the tendency toward interactions between polymer chains 

following the inclusion of substituents on the chain that can induce aggregation, such 

as hydroxy groups.8, 17-22 In addition to the effect of molecular features, the preparation 

of PFs also influences the spectral properties. The fluorescence spectra of PFs in dilute 

THF-H2O mixtures and in the solid state20, 23 (especially films after annealing under 

nitrogen atmosphere23) were compared to prove the contribution of aggregation defects 
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to the g-band emission. In film, THF-H2O mixtures or concentrated solution state, the 

influences of aggregation defects on the green emission are obvious. The molecular 

aggregation model has been employed to simulate24-25 the green band emission 

observed from a series of experiments. 

Apart from aggregation defects, it has been found that g-band emission also comes from 

on-chain keto defects.26 The fluorenone groups act as energy acceptors, quenching the 

blue emission of PFs and initiating the g-band emission. The appearance of the green 

emission after annealing of PF films in air, is evidence for the contribution of keto 

defects to the green emission of PFs films. In addition, the fluorene-fluorenone 

copolymers still exhibit g-band emission even in dilute solutions providing further 

evidence that supports the involvement of the keto defects27-28. Theoretical calculations 

have also been performed to gain a more detailed understanding of the influence of self-

trapping and non-quenching localization of excitation energy in keto defects on the 

green emission band29. Furthermore, it has been proposed that oxidation pathways that 

involve O2 reacting with PFs, further confirming the keto defect mechanism.30-32 Some 

of these oxidation reactions were catalyzed by residual transition metal catalysts. 

Recent reports reveal that the factors behind the g-band emission are more complex and 

relate to other physical mechanisms.9, 33 In 2015, Huang and Xie synthesized a hoop-

shaped oligofluorene [4]CF without any keto defects that showed pure green emission 

in dilute solution, and proposed that a distorted conformation or entanglement of the 

chains of the fluorene segment may also be responsible for the g-band.15, 34 Martin 

Vacha’ group studied the photophysical properties of single PFO chains in different 
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matrices or solvents. PFO chains in the poor-solvent matrix of PMMA which expected 

take more compact conformations showed a larger fraction of g-band emission (58%), 

providing a strong support for this proposal.35 In this paper, we use the “entanglement-

chain defect” to describe the g-band emission caused by a distorted or highly strained 

conformation or entanglement of the chains of the fluorene segment. 

And the purity of the monomers used to produce the polymer, the method of 

polymerization as well as the choice of catalyst are all considered as critical factors 

influencing the properties of the polymer. In previous investigations of the g-band 

emission, most of model compounds are polyfluorenes without high chemical purity 

and structural uniformity. One approach to overcome dispersity in an ensemble sample 

is to use single-molecule electroluminescence (EL) and photoluminescence (PL) 

spectroscopy techniques to investigate the photophysical processes related to the g-

band emission in detail.9, 35 Furthermore, the preparation of films, especially involving 

annealing under nitrogen atmosphere, can introduce additional discrepancies since it is 

difficult to eradicate the possibility of molecular structural changes, such as oxidation 

and decomposition, from the film. On the basis of earlier research, confirming the third 

origin of the g-band emission and exploring the differences among the three defect 

mechanisms would be profound for the design of PFs materials with stable optical 

properties. 

Herein, to gain insight into the correlation between the origins of the g-band emission 

and the optical properties and molecular structures, three oligofluorenes of well-defined 

structures and exceptionally high levels of purity (Figure 1 for chemical structures) 
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involving the three different defects have been employed. 9,9,9'',9''-tetrapropyl-

9H,9'H,9''H-[2,2':7',2''-terfluoren]-9'-one (TFO) is used to investigate the role of the 

fluorenone group in the g-band emission. Modified with hydroxy groups, 9',9''-tris(4-

(octyloxy)phenyl)-9H,9'H,9''H-[2,2':7',2''-terfluorene]-9,9',9''-triol (TPFOH-3OC8) is 

prone to aggregation in concentrated solution and films showing green emission in their 

photoluminescence. Moreover, the distorted conformation or entanglement of chains in 

the hoop-shaped [4]cyclo-9,9-dipropyl-2,7-fluorene ([4]CF) can also induce the green 

emission. The optical properties of these three model molecules in dilute solutions and 

spin-coated films have been investigated. The relationship between energy transfer and 

g-band emission is also discussed. 

 

 

Figure 1.  Molecular structures of TFO, TPFOH-3OC8, [4]CF, PODPF 

2. EXPERIMENTAL SECTION 

Characterization. 

1H NMR and 13C NMR spectra were measured on a Varian Mercury Plus 400 

spectrometer with tetramethylsilane as the internal standard. Ultraviolet-visible (UV-
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vis) and photoluminescence (PL) spectra were measured in chloroform solution using 

a PerkinElmer Lambda 35 spectrophotometer and a PerkinElmer LS55 

spectrophotometer, respectively. Fluorescence decay profiles were measured with a 

time correlated single-photon counting system that has been described previously36, and 

analyzed using a standard iterative reconvolution method in the FAST (Edinburgh 

Instruments Ltd) software package. The absolute fluorescence quantum yield values 

were measured using a calibrated integrating sphere (F-3018) accessory on a Horiba 

FluoroLog-3 fluo-rimeter using a broadband xenon arc lamp light source.  

Materials. 

The synthetic pathways of the model molecules are shown in the Supporting 

Information (Scheme S1-2, Figure S1-3). [4]CF was synthesized according to our 

previous work.15 Poly[4-(octyloxy)-9,9-diphenylfluoren-2,7-diyl]-co-[5-(octyloxy)-

9,9diphenylfluoren-2,7-diyl] (PODPF, average Mn =42.7 kDa, PDI=1.6) was prepared 

via Yamamoto-type polymerization, according to our previous work.37-38 To prepare the 

defect molecules dispersed in 0.01wt.% PMMA film, 0.01mg/mL model compounds 

were mixed with 1mg/ml PMMA in a microcentrifuge tube, and the mixture was 

homogeneously dispersed by ultrasound treatment for 30 min. The thin films of the 

model molecules were cast on quartz plates by spin-casting at a spin rate of 1000 rpm 

for 30 sec.  

3. RESULTS AND DISCUSSION  

The normalized steady-state UV-vis and PL spectra of the three model oligofluorenes 

in the film state are shown in Figure 2(a). The main absorption peaks of the three model 
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molecules are all around 350 nm which corresponds to the singlet π-π* transition of the 

fluorene backbone. In contrast to the absorption spectrum of TPFOH-3OC8 film, TFO 

in the film state shows a broad absorption peak from 400-500 nm corresponding to the 

charge transfer (CT) n-π* transition of the fluorenone segments. [4]CF in the film state 

has a shoulder in the absorption spectrum at 395 nm, which is attributed to the forbidden 

transition involving the HOMO and LUMO states based on theoretical calculations.15 

The geometry of chain-entanglement cause the structural relaxation during the process 

of excitation to induce the forbidden transition. Compared to the absorption spectrum 

of the corresponding aggregation defect molecule which exhibits only one peak, the 

absorption spectra of the molecules representing the entanglement chain and keto 

defects exhibit extra shoulder peaks or a broadened absorption band, respectively, 

which is a useful initial avenue to distinguish the aggregation defect from the other two 

defects. 

The films of TPFOH-3OC8, [4]CF and TFO showed blue, green and orange 

photoluminescence with the peak maxima at 435 nm, 520 nm and 566 nm, respectively. 

A slight shoulder is also evident on the red side of the emission from TPFOH-3OC8 at 

approximately the same wavelength as the green emission from [4]CF (~520 nm). 

However, TPFOH-3OC8 in the film dispersed at 0.01 wt.% in a PMMA film exhibited 

pure blue emission, without any green emission band. Conversely, TFO and [4]CF 

dispersed at 0.01 wt.% in PMMA films still exhibited g-band emission. Similar 

behavior can be found for these molecules in the dilute solution state (Figure S4). 

As shown in the PL spectra of [4]CF and TFO in different solvents (Figure S5-6), TFO 
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exhibited a strong dependence on solvent polarity whereas the emission of [4]CF is 

solvent independent, demonstrating the absence of specific solute-solvent interactions 

between the chain-entanglement defect molecules in solution. 

 

Figure 2. Absorption and PL properties of TPFOH-3OC8, [4]CF and TFO. (a) 

Normalized UV and PL spectra of films spin-coated from 20 mg/mL CHCl3 solution. 

(b) PL spectra of defect molecules dispersed at 0.01wt.% in PMMA. (c) Emission decay 

profiles monitored in the green emission band region of films spin-coated from CHCl3 

(λem = 520 nm for [4]CF and TPFOH-3OC8 and 566 nm for TFO) and (d) in films at 

0.01wt.% in PMMA (λem = 425 nm for TPFOH-3OC8, 500 nm for [4]CF and 540 nm 

for TFO).  

The photoluminescence decay dynamics of the various molecules in films with and 

without PMMA were recorded by the TCSPC method. The emission from the pristine 
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films of all three model molecules, monitored at 520 nm for [4]CF and TPFOH-3OC8 

and 566 nm for TFO (Figure 2 (c)), decays non-exponentially, but the decay profiles 

differ significantly. The best fit decay parameters of these profiles when analyzed in 

terms of multi-exponential decay functions are summarized in Table S1. While we do 

not attempt to attribute the decay times to any specific species, they have been grouped 

in terms of approximate decay times, τ
a-e

, in order to highlight any trends. The emission 

from all compounds comprises long-lived (several ns) components regardless of the 

origin of the emission. The keto defect (TFO) emission decay is dominated by a 

component of ~5 ns, with a very small contribution from a significantly shorter-lived 

(~1.6 ns) term. A similarly small contribution of a shorter-lived component (~0.6 ns) is 

also seen for the chain-entanglement defect ([4]CF) but its emission is dominated by 

the combination of two components; one decay term is similar to the term that 

dominates the TFO decay (~4 ns) and one significantly longer lived (~10 ns). The 

emission dynamics of the aggregation defect molecule (TPFOH-3OC8) required three 

or four exponential decay terms for adequate fits. When monitored at 425 nm, the 

emission comprises a significant contribution of a short-lived component (~0.15 ns), a 

second term with a decay time (~0.5 ns) similar to that seen for [4]CF, and a smaller 

contribution of a term with a decay time of ~2 ns. When monitored at 520 nm, the 

region of the shoulder in the emission spectrum overlapping with the peak of the [4]CF 

emission, the PL decay is dominated by an additional, long-lived (~13 ns) component.  

The general trend from these data is that the amplitude average lifetimes of all three 

compounds are significantly longer when measured at 520 nm compared to TPFOH-
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3OC8 at 425 nm. The emission of both [4]CF and TPFOH-3OC8 contains the very 

long-lived component, suggesting that the shoulder in the TPFOH-3OC8 spectrum is 

due to the similar species as the green band of the [4]CF, but this is absent from the 

orange emission of TFO. The fluorescence quantum yields change approximately in 

proportion with the average emission decay times. 

The decay dynamics of the various molecules dispersed at 0.01wt.% in PMMA were 

also investigated (Figure 2 (d)). The emission spectrum of the aggregation defect 

molecule (TPFOH-3OC8) doped 0.01wt.% in a PMMA film exhibited pure blue 

emission without any green emission. This blue emission decayed exponentially, 

having a decay time that was the same order of magnitude as the average lifetime 

observed in the corresponding pristine film monitored at 425 nm. These results strongly 

suggest that the longer-lived green (520 nm) emission observed in the TPFOH-3OC8 

pristine film was induced by the aggregation defect. In the PMMA blend films, [4]CF 

and TFO both show significant emission in the green (~500-550 nm) that decays 

biexponentially, dominated (>85%) by a long-lived (~10 ns) component that is 

comparable to the component seen in the pristine [4]CF and TPFOH-3OC8 films.  

Energy transfer between PODPF and the defect molecules  

The presence of aggregation, keto and/or chain entanglement defects in the sample of 

PODPF might be expected to quench the stable, pure blue emission otherwise exhibited 

by films of the polymer. To further investigate the differences between the keto and 

chain-entanglement defects, the photophysical behaviors of the various molecules after 

blending with PODPF have been studied.37-38 The emission spectra of the TFO and 
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[4]CF films as a function of PODPF:compound mass ratio are shown in Figure 3 and 

Figure S7-8. The pure blue emission of PODPF is observed at low proportions of the 

defect molecules, but the spectra become mixed and then dominated by emission 

characteristic of the corresponding defects as the PODPF:compound ratio decreases, 

without any blue emission at the 1:1 ratio. Even at low proportions of the keto defect 

molecule (PODPF:TFO ratio of 1:10-3), the spectrum shows signs of defect emission 

and the 1:10-2 film exhibits yellow emission under 365 nm UV lamp irradiation (Figures 

S9 and 3(a)). Despite the keto peak at 1712 cm-1, assigned to the stretching vibration of 

the carbonyl species, is difficult to be observed at this ratio in the Fourier Transform 

Infrared (FTIR) spectra of TFO doped PODPF in KBr films (Figures S10-11). At ratios 

between 1:10-3 and 1:1, the PODPF:TFO films exhibit dual (blue and orange) emission. 

Comparatively little g-band emission is seen in the PODPF:chain-entanglement defect 

([4]CF) film until the [4]CF proportion exceeds ~1:10-2. These emission spectral 

changes with increasing PODPF content infers the occurrence of energy transfer in the 

two systems due to the overlap of the defect molecules’ absorption and the PODPF 

emission spectra. In the case of the PODPF: keto defect molecule (TFO) system, the 

photoluminescence excitation (PLE) spectra monitored at 566 nm (Figure S12) show 

that absorption by PODPF contributes partly to the emission at 566 nm (g-band) in the 

film PODPF:compound ratio range of 1:1→1:10-2, verifying the existence of energy 

transfer in the keto defect PODPF system. This method could not be applied to the 

PODPF:[4]CF system due to the overlap of the absorption spectra of [4]CF and PODPF.  

However, energy transfer in both the PODPF:[4]CF and PODPF:TFO systems can be 
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verified in the following time-resolved emission experiments.  

 

Figure 3. Normalized emission spectra of (a) TFO and (b) [4]CF doped with PODPF 

films at different mass ratios (λex = 360 nm), and photographs above the spectra are 

films under 365 nm UV lamp irradiation (from left to right: PODPF:defect 

molecule=1:0, 1:1, 1:10-1, 1:10-2, 1:10-3, 1:10-4).  

TCSPC measurements were carried out on samples of varying PODPF:defect molecule 

ratios (from 1:0 to 1:10-2) (Figure 4). The decay profiles for all the films were again 

multi-exponential (fitting results summarized in Table S2). The emission from PODPF 

itself also decays multi-exponentially but is dominated by a component with a decay 

time of ~230 ps. A minor contribution from a longer-lived component (~3.3 ns) is 

evident in the PODPF emission, leading to an average fluorescence “lifetime” of ~350 

ps. In the case of PODPF:TFO, the emission decays can be analyzed globally with the 

PODPF emission reduced to the timescale of the instrument response function at all 

three blend ratios and a common, extremely minor contribution of the ~3.3 ns 

component observed for PODPF remaining, particularly evident for the 1:1 ratio sample. 
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In the case of PODPF:[4]CF, the decays are complicated, since the excitation 

wavelength used (360 nm) could photo-excite both PODPF and [4]CF. The decays 

could be analyzed globally as sums of up to four exponential terms including decay 

components that vary (~3.5 - 5.3 ns), but are longer than the PODPF sample (~3.2 ns), 

however, the general trend is apparent. A large proportion of the PODPF emission is 

again quenched in all three samples; at 1:10 -2 the emission is quenched significantly, 

but for the 1:1 and 1:10-1 PODPF:[4]CF samples the emission is reduced to beyond the 

time-resolution of the measurement.   

 

Figure 4. PL decay profiles of TFO (a) and [4]CF (b) doped with various concentrations 

of PODPF in the film (λex=360 nm, λem=440 nm). 

To gain further insight into the dynamics of energy transfer from PODPF to the defect 

molecules, we have calculated the Förster critical energy transfer radius (R) using 

equation (1). 

 

where QD is the quantum yield of the donor in the absence of acceptor (0.422), n is 

refractive index of the medium (n = 1.73 for Poly(9,9-dioctyl fluorene) (PFO) which is 

𝑅0
6 =

9000(ln 10𝑘2𝑄𝐷)

128𝜋5𝑁𝑛4 ∫ 𝐹𝐷(𝜆)
∞

0
𝜀𝐴(λ)𝜆4dλ   (1) 
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similar to PODPF), κ2 is usually assumed to be equal to 2/3 assuming a random 

distribution of orientations between the donor emission and acceptor absorption 

transition dipoles, εA(λ) is the extinction coefficient of the acceptor at λ and FD(λ) is the 

corrected fluorescence intensity of the donor at λ. The Förster energy transfer radii (R) 

of [4]CF and TFO doping in the PODPF film were calculated to be 35.46 Å and 31.61 

Å respectively. The efficiency of Förster energy transfer from a polymer energy donor 

to a lower energy acceptor can often be calculated using the emission decay times for 

the polymer of the energy donor in the presence and absence of the acceptor. 39-40 

However, in the present case the multi-exponential nature of the decays and the 

reduction of the shorter decay components in the presence of the defect molecules to 

beyond the time resolution of the measurement make such calculations unfruitful.  

The magnitude of the calculated distances and the drastic reduction in the timescale of 

the PODPF blue emission, particularly in the case of TFO (Figure 4), indicates that a 

significant number of these defects resides within 40 Å of the photoexcited PODPF 

chromophore, or the excitation energy can migrate efficiently until it is in the presence 

of a defect. 

These results confirm the existence of energy transfer from PODPF to both the keto and 

entanglement defects in polyfluorenes, which lead to increased g-band emission.  

The prevalence of these defects must therefore be reduced or controlled in order to 

optimize the blue emission of PODPF polymer films in practical applications. 

4. CONCLUSIONS 

Well-defined oligomers corresponding to three different defects were employed as 
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models to investigate the origins of the g-band emission in polyfluorenes. After being 

dissolved in solution or diluted in PMMA film, the g-band emission caused by the 

aggregation defect disappears. Compared with the chain-entanglement defect molecule, 

the emission of the keto defect molecule is dependent on the solvent polarity. To further 

differentiate the keto defect and chain-entanglement defect, a series of mixed 

PODPF/defect molecule films at different mass ratios were investigated. Energy 

transfer from the PODPF to the keto and chain entanglement defects was clearly 

observed illustrating the impact of the defects on the emission characteristics of PODPF 

films. The origin of g-band in polyfluorenes remains controversial. The results 

indicated aggregation defect, keto defect as well as chain-entanglement defect would 

result in g-band. The g-band of polyfluorenes is likely to result from a combination of 

two or three defects. In this paper, keto defect has a great significance on g-band which 

will affect the PL spectra in the concentration of 1:10-3(PODPF: defect molecule). 

Chain-entanglement defect requires relatively weak influences on g-band. The 

contribution of aggregation defect is not excluded here, these would also constitute a 

major part of the g-band. 
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