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ABSTRACT 

We investigate the photophysical and amplified spontaneous emission properties of a series of 

monodisperse solution-processable oligofluorenes functionalized with hexyl chains at the C9 

position of each fluorene unit. Thin films of these oligofluorenes are then used in organic field-

effect transistors and their charge transport properties are examined. We have particularly 

focused our attention on the influence of oligofluorene length on the absorption and steady-state 

fluorescence spectra, on the HOMO/LUMO energy levels, on the photoluminescence lifetime 

and quantum yield as well as on the amplified spontaneous emission properties and the charge 

carrier mobilities. Differential scanning calorimetry and X-ray diffraction measurements 

demonstrate that, among all oligofluorene derivatives used in this study, only the structure and 

morphology of the pentafluorene film is significantly modified by a thermal treatment above the 

glass transition temperature, resulting in a 9 nm blue-shift of the fluorescence spectrum without 

significant changes in the photoluminescence quantum yield and in the amplified spontaneous 

emission threshold. In parallel, hole field-effect mobility is significantly increased from 8.6 x 10-

7 to 3.8 x 10-5 cm2 V-1 s-1 upon thermal treatment, due to an increase of crystallinity. This study 

provides useful insights into the morphological control of oligofluorene thin films and how it 

affects their photophysical and charge transport properties. Moreover, we provide evidence that, 

because of the low threshold, the tunability of the amplified spontaneous emission and the 

photostability of the films, these oligofluorenes are promising candidates for organic solid-state 

laser applications. 

Keywords: Oligofluorene, conjugation length, film morphology, amplified spontaneous 

emission, organic field-effect transistor 
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1. INTRODUCTION 

Polyfluorenes and oligofluorenes are nowadays considered as a promising class of 

organic semiconducting molecules for a range of optoelectronic applications including organic 

light-emitting diodes (OLEDs), organic solid-state lasers and sensors.1-12 These materials 

generally present good charge transport properties with an ambipolar character13-15, display 

excellent thermal and oxidative stability16, show blue emission with high photoluminescence 

quantum yield (PLQY) and high laser gain.17 Due to their wide bandgap, fluorene derivatives 

have been used in blue, green and red OLEDs as host material for fluorescent and 

phosphorescent guest molecules.18,19 These materials have been also successfully used in one- 

and two-photon pumped solid-state lasers20,21 and optical amplifiers.22 Most of these compounds 

are soluble in common organic solvents and thus can be readily processed from solution into 

semiconducting thin films by spin-coating or inkjet printing techniques, which is a key-feature 

for low-cost and large-area optoelectronic devices. Another important feature of these fluorene 

derivatives is their rich polymorphic behavior.23-25 For example, poly(9,9-dioctyl)fluorene (PFO) 

is known to exhibit at least three different phases in thin films, which can be achieved by some 

specific thermal or solvent vapor treatments.24,25 It has also been demonstrated that monodisperse 

oligofluorenes with thermotropic nematic mesomorphism can be uniaxially aligned on a rubbed 

surface, resulting in a strong polarization of the emitted light in OLEDs and an enhancement of 

the charge carrier mobilities in organic field-effect transistors (OFETs).26-28 Despite a large 

number of studies devoted to morphological effects in polyfluorene and oligofluorene thin films, 

a better understanding of the structure-to-property correlations in these materials is still required 

for further improvement of their optoelectronic performances.  

In this manuscript, we present a study on the structural, morphological, photophysical, 

amplified spontaneous emission and charge transport properties of oligofluorene thin films. As 

shown in Fig.1, all the oligofluorene derivatives used in this work are functionalized with hexyl 

chains at the C9 position of each fluorene unit. Our results clarify the role played by the 

oligofluorene length on their fluorescence, amplified spontaneous emission (ASE) and charge 

transport properties. While the as-spin-coated oligofluorene thin films are amorphous, we found 

that morphological effects take place upon a thermal annealing above the glass transition 

temperature (Tg) specifically in the pentafluorene film, providing a scope for fine tuning of the 
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emission without significant changes in PLQY and ASE performances. Bottom-gate, bottom-

contact OFETs based on pentafluorene thin films were fabricated in order to explore the 

influence of the changes in molecular packing caused by the annealing on the charge transport 

properties. An increase of the hole mobility by almost two orders of magnitude is evidenced in 

the annealed films. We attribute this enhancement to the increase of crystallinity and a more 

favorable molecular packing. Overall, this work shows that the investigated oligofluorene 

derivatives are interesting candidates for organic solid-state laser applications. In particular, it 

provides useful insights into the control of film morphology and its implications on the 

optoelectronic properties of fluorene derivatives. 

2. EXPERIMENTAL SECTION 

The heptafluorene material was purchased from American Dye Source. The other 

oligofluorene derivatives were synthesized following a method previously published in the 

literature.29 Thin films for the photophysical measurements were prepared from chloroform 

solutions and were spin-coated onto precleaned fused silica substrates. Absorption and 

photoluminescence (PL) spectra of the films were obtained by a UV-visible-near infrared 

absorption spectrophotometer (Shimadzu UV-3100PC) and a steady-state spectrofluorimeter 

(Shimadzu RF-5301F), respectively. The PLQY in film was measured by a PTI QuantaMaster 40 

spectrophotometer equipped with a 3.2-inch integrating sphere. In our experiments, we used the 

excitation wavelength of 350 nm for the terfluorene films and of 370nm for the pentafluorene 

and the heptafluorene films. The time-resolved photoluminescence measurements were 

performed using a PicoQuant FluoTime 200 spectrophotometer by exciting samples with 44ps 

pulses at 377nm with a repetition rate of 10MHz. For the photophysical measurements in 

solution, oligofluorenes were dissolved in chloroform. Absorption and PL spectra were recorded 

using a Jasco 670 UV-Visible spectrometer and a Horiba-Jobin Yvon Fluorolog-3® 

spectrofluorimeter respectively. The solution PLQY value of oligofluorenes was evaluated using 

quinine sulfate in 0.1 M sulfuric acid (PLQY of 55 %) as a reference. The PL decays in solution 

were measured using the Horiba-Jobin-Yvon Fluorolog-3® spectrofluorimeter, equipped with a  

NanoLED 390L source operating at 390 nm with 250 ps pulses, an iHR320 emission 

monochromator with 1200 groves/mm gratings and a R928 detector. All the photoluminescence 

measurements in both solution and films were carried out at room temperature. 
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Oligofluorene films for the ASE measurements were prepared by spin-coating from 

chloroform solution with a concentration in the range of 20~25 mg/ml. The samples were 

pumped at 325 nm with a femtosecond laser source (Spectra Physics, MaiTai-Spitfire-TOPAS 

OPA) delivering ~80 fs duration pulses, at 5 kHz. The excitation wavelength of 325 nm was 

obtained from the fourth harmonic of an optical parametric amplifier output centered at 1300 nm. 

A cylindrical lens was employed to focus the excitation beam into a stripe of dimensions 0.2 x 7 

mm2. The emission spectra were measured as a function of the pumping intensity from the edge 

of the films using an optical fiber, which was coupled to a CCD spectrometer (Ocean Optics 

HR4000CG-UV-NIR). 

Charge transport properties of the oligofluorene derivatives were investigated by organic 

field-effect transistor (OFET) measurements. The experiments were performed on solution-

processed thin films fabricated in a glove-box filled with nitrogen gas. For this purpose, bottom-

gate bottom-contact OFETs were fabricated on silicon wafers with a thermally grown 280 nm 

SiO2 layer (MicroChemicals GmbH). Interdigitated source and drain electrodes were prepared by 

photolithography and were achieved by the sequential thermal evaporation of a 5 nm thick 

adhesion layer of Ti and a 100 nm Au layer. The channel length and width was 5 µm and 1.9 cm, 

respectively. The substrates were cleaned by sonication in acetone and isopropanol baths, 

followed by UV-ozone treatment (ProCleaner™, BioForce Nanosciences). The terfluorene, 

pentafluorene and heptafluorene derivatives were dissolved in chloroform at a concentration of 

5 mg/ml in N2 atmosphere. Films were then spin-coated from these solutions at a spin speed of 

3000 rpm. The current-voltage characteristics of these devices were finally recorded in inert 

atmosphere using an MS-Tech MST8000C probe station combined with a Keithley 4200 

Semiconductor Characterization System. 

The thermal phase transitions of the oligofluorene derivatives were analyzed by 

differential scanning calorimetry (DSC) using TA instruments Q2000 under N2 flow in hermetic 

aluminum pans. Atomic force microscopy (AFM) measurements were carried out using a 

scanning probe microscope (Veeco D3100 AFM) in the tapping mode. The X-ray diffraction 

(XRD) measurements in films were performed using an X-ray diffractometer (SmartLab, 

Rigaku) in the conventional θ-2θ configuration using Cu Kα1 radiation emitting at 1.54056 Å. 
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The XRD measurements in the bulk were performed on samples filled in Lindemann capillaries, 

with a home-built set-up using a linear monochromatic Cu Kα1 beam from a sealed-tube 

generator, equipped with a bent quartz monochromator, a home-built oven and a curved Inel CPS 

120 gas-filled detector. Grazing incidence wide angle x-ray scattering (GIWAXS) measurements 

were carried out at PLS-II 9A U-SAXS beamline of Pohang Accelerator Laboratory (PAL) in 

Korea. For these experiments, oligofluorene films were spin-coated on silicon and fused silica 

substrates. The x-rays coming from the vacuum undulator (IVU) were monochromated using 

Si(111) double crystals and focused on the detector using K-B type mirrors. Patterns were 

recorded with a 2D CCD detector (Rayonix SX165). The sample-to-detector distance was about 

221 mm for energy of 11.105 keV (1.1165 Å).For the determination of the ionization potential in 

thin films, UV photoelectron spectroscopy (UPS) measurements were performed in 

oligofluorene thin films thinner than 20 nm and deposited onto indium tin oxide (ITO) glass 

substrates. These experiments were carried out using an ESCALAB 250 (Thermo Fisher 

Scientific K.K.) system with monochromatized HeI (21.2 eV) as photon source. During these 

measurements, the samples were biased at -5 V. 

Quantum chemistry calculations were performed using the RIKEN Integrated Cluster of 

Clusters (RICC) facility to determine the electronic properties of the oligofluorenes including the 

gap energies between the highest occupied molecular orbital (HOMO) and the lowest 

unoccupied molecular  orbital (LUMO) as well as the frontier orbital distributions. The 

optimized molecular structures and the frontier molecular orbitals of the oligofluorenes were 

computed at the B3LYP/6-311G(d,p) level with the Gaussian 09 suites of programs.30 Note that 

the alkyl side-chains were removed from the oligofluorene structures to reduce the computational 

load. 

3. RESULTS  

3.1 Thermal and structural properties 

The thermal phase transitions of the oligofluorenes were examined by DSC 

measurements. As shown in Fig. 2, five consecutive heating/cooling cycles were measured in ter-, 

penta- and heptafluorene from  0 to 200 ºC at decreasing rates from 20°C/min to 2°C/min. 

Concerning the pentafluorene (Fig. 2a), the first heating DSC trace of the pristine material shows 
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a glass transition at about 57 °C, a broad exothermic peak from 100 °C to 140 °C (∆H≈ −46 J/g) 

attributed to a cold crystallization and a sharp endothermic peak of the same area (∆H≈ 46 J/g) 

corresponding to the melting of the just obtained crystalline phase. Down to rates of 2°C/min, the 

semi-crystalline state never restores on cooling, but cold crystallization occurs again on further 

heatings (at 5°C/min and 2°C/min) with crystallinities increasing logically with decreasing 

heating rate. Similar experiments were carried out with the terfluorene and heptafluorene 

derivatives. Concerning the terfluorene (Fig. 2b), the first DSC trace on heating shows a large 

endothermic peak at around 85 ºC (∆H≈57 J/g) corresponding to a melting of the crystalline 

fraction in the pristine material. Further cooling and heating cycles never restored the semi-

crystalline state, the terfluorene staying an amorphous material with a glass transition at around 

25 ºC. Concerning the heptafluorene (Fig. 2c), the DSC traces show only a glass transition at 

around 60 ºC already on first heating, indicating that this material is steadily amorphous. 

X-ray diffraction experiments were carried out on the oligofluorene thin films in the 

specular plane to gain insights into their morphology. As shown in Fig. 3, the absence of sharp 

peaks in the X-ray diffraction patterns of the as-prepared heptafluorene and pentafluorene 

deposits is consistent with the fully amorphous structure of these bulk oligomers in the pristine 

state. In consistency with DSC results, further thermal processing of the heptafluorene film 

leaves this morphology (and thus the diffraction pattern after annealing at 100°C) unchanged 

(Fig. 3c). In contrast, a sharp small-angle reflection appears in the X-ray diffractogram of 

pentafluorene film after annealing at 100°C, which is likely related to crystallization, in 

agreement with previous results on bulk pentafluorene31 and with the DSC trace. The completion 

of the cold crystallization process during annealing at 100°C was finally confirmed with 

transmission diffraction experiments in temperature (Fig. 3b). The dominant reflection at 16.1 Å 

in this pattern moreover coincides with the single reflection observed for the film and indicates 

that crystallites of the same phase grow in the whole film but with a determined orientation with 

respect to the film surface. The microstructure of the pentafluorene thin films was also studied 

using 2D grazing incidence X-ray scattering (GIXS) on a synchrotron line. The two-dimensional 

GIXS images of pentafluorene as-prepared and annealed films are given respectively in Fig. 4a 

and Fig. 4b. These patterns show clearly the crystallization of the pentafluorene films after 

annealing at 100°C, with the reflection at 16.1 Å and the numerous other sharp reflections lying 
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out of the specular plane. Finally terfluorene films dewetted during annealing and no films 

suitable for X-ray scattering could be obtained.  

Fig. 5 shows AFM images obtained in as-prepared and annealed pentafluorene films as 

well as in as-prepared terfluorene and heptafluorene films. The as-prepared pentafluorene film 

shows as low roughness and good flatness as the terfluorene and heptafluorene films. However, 

it can be seen that the annealing process led to a drastic texture change concomitant with the 

crystallization process of the pentafluorene film.  

3.2 Absorption and photoluminescence properties in solution 

Fig. 6 shows the absorption and steady-state PL spectra of the terfluorene, pentafluorene 

and heptafluorene in chloroform solution. The maximum absorption wavelength, maximum 

emission wavelength, the Stokes shift and the maximum molar extinction coefficient obtained 

from the spectra are listed in Table 1. The oligofluorene solutions are fully transparent in the 

visible range of wavelengths and are highly emissive in the blue region. Similarly to what has 

been previously reported in similar solvents, 32-35 the absorption spectra of these solutions display 

only one main peak at room temperature with no vibronic progression and they show a red-shift 

as the oligomer length is increased. As expected, the molar extinction coefficients reported in 

Table 1 are found to gradually increase with the number of fluorene units. However, the molar 

extinction coefficient per fluorene unit slightly increases with the oligomer length, which could 

suggest a little cooperative effect between fluorene units that modifies their individual oscillator 

strength. The PL spectra shown in Fig. 6 also indicate a red-shift of both the maxima of 

absorption and emission spectra upon increasing the oligomer length, which results from an 

extension of the π-conjugation length. As shown in Table 1, the Stokes shift decreases as the 

number of fluorene units and the conjugation length increase. Similar behavior has been 

observed in series of acene and phenyl oligomers and was attributed in these systems to a 

correlation between electron-vibrational coupling and oligomer length.36  

PLQYs and PL decays were measured in the oligofluorene solutions to gain further 

insights into the photophysical properties of the materials. The PL decays in such solutions are 

monoexponential (data not shown) and the PL lifetimes were determined by fitting the data with 

a single exponential decay function. The measured values of the PLQYs and PL lifetimes are 
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listed in Table 1. The terfluorene, pentafluorene and heptafluorene solutions were found to 

exhibit PLQY values of 80, 82 and 90 %, respectively, indicating a trend of increasing the 

fluorescence efficiency with the oligomer length. In parallel, we can see a clear decrease of the 

PL lifetime with the oligomer length, ranging from 720 ps for the terfluorene to 490 ps for the 

heptafluorene. We then calculated the radiative and non-radiative decay rates, noted kR and kNR, 

respectively, from the values of the PLQY and the PL lifetime, by using the following equations:       

.
1

,

kk

kk
k

NRR

NRR

RPLQY

+
=

+
=

τ
                                                      (1) 

The calculated kR and kNR values are listed in Table 1. The determination of the radiative decay 

rate allows us to calculate the transition dipole in fluorescence, noted |df|, using the following 

equation: 37-40    

R
n

Ec

f
d

τ

πε

0

334
0

32
−

=
h

                                            (2 ) 

where ε0 is the vacuum dielectric constant, ħ = h/2π is the Planck’s constant, c is the speed of 

light, n0 is the refractive index of the medium, taken here as that of the chloroform, τR=1/kR 

corresponds to the radiative lifetime and ∫∫ −=− dEEIdEEIEE )(/)(3 3 is calculated from the 

fluorescence intensity I(E) at the photon energy E. The df values in units of Debye are reported in 

Table 1. As expected, the radiative decay rate and the fluorescence transition dipoles in solution 

increase with the oligomer length. A previous work has studied the electronic absorption and 

fluorescence transitions in oligofluorenes of different lengths experimentally and using density 

functional theory (DFT).41 While they found that the transition dipole in absorption follows an 

n0.5 dependence on the number of fluorene units n, the transition dipole in fluorescence started to 

saturate for n>5. This important result was attributed to structural relaxation of the molecules in 

the excited state and indicated that localization of the excitation in the middle of the oligomer 

occurred in longer oligofluorenes. Our data are consistent with this previous report on 
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oligofluorenes and will be compared to the results obtained in films to provide new useful 

insights into the role of molecular conformation on the photophysical properties of oligofluorene 

films.  

An overlap of the absorption and the PL spectra of the oligomers can be seen in Fig. 6. 

According to Förster energy transfer theory,42 the energy transfer rate (kET) from a donor to the 

acceptor separated from each other by a spacing distance r is given by: kET = (1/τd)(R0/r)
6, where 

τd is the PL lifetime of the donor and R0 is the Förster radius, which corresponds to the distance 

at which the rate of energy transfer equals the sum of all other rates for exciton relaxation. The 

Förster radius can be determined using the following equation: 

( ) ( )∫
∞

=
0

4

4
0

5

2
6
0 128

10ln9000
λλλελ

π
κ

dF
Nn

PLQY
R AD

A

                                    (3) 

where κ is the orientational factor of 2/3 for a random directional distribution for the donor and 

acceptor molecules, NA is the Avogadro’s number, FD(λ) and εA(λ) correspond to the normalized 

PL and molar extinction coefficient spectra. Using Eq.3, we calculated R0 from the PL and 

absorption spectra of the oligofluorenes measured in solution. We found R0 values of 1.2, 2.9 

and 3.3 nm for the terfluorene, pentafluorene and heptafluorene, respectively, indicating that R0 

increases with the oligomer length. In good consistency with previous reports on exciton 

diffusion in fluorene derivatives,35,39,43-45 these results suggest that singlet excitons can diffuse in 

the oligofluorene films by a Förster-type dipole-dipole coupling. 

3.3 Electronic properties of the oligofluorenes 

To examine the role of the oligomer length on the electronic properties of the 

oligofluorenes, quantum chemistry calculations were carried out to calculate the HOMO-LUMO 

gap energies and the frontier orbital distributions. For this purpose, the optimized geometries of 

the oligofluorene structures calculated at the B3LYP/6-311G(d,p) level are displayed in Fig. 7. 

We found that increasing the number of fluorene units in these optimized geometries do not 

modify significantly the inter-fluorene dihedral angles. Maps showing the 3D distributions of the 

calculated HOMOs and LUMOs are also displayed in Fig. 7. In the terfluorene, both the HOMO 

and LUMO are well distributed over the whole molecule. The HOMO and LUMO of the 
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pentafluorene are more localized in the three central fluorene units. As the number of fluorene 

units increases, this localization of the molecular frontier orbitals in the center of the molecules 

becomes more and more striking. These results are consistent with the picture of exciton self-

trapping in the middle of the oligofluorenes.41   

The HOMO and LUMO energies as well as the HOMO-LUMO energy gap were also 

calculated in the oligofluorenes of different lengths. The calculated values are plotted in Fig. 8 

versus 1/n where n represents the number of fluorene units in the oligomer. While the absolute 

value of the HOMO energy level (EHOMO) and the energy gap gradually decrease with the 

number of fluorene units, the absolute value of the LUMO energy level (ELUMO) increases. In 

excellent agreement with a previous cyclic voltammetry study, we found that the HOMO and 

LUMO energy levels as well as the HOMO-LUMO energy gap follow linear relationships with 

the reciprocal number of fluorene units.46 It is however important to emphasize that these 

findings were obtained either in solution and in the presence of an electrolyte or by quantum 

chemistry calculations. As described by Ishii et al.,47 the ionization potential and electron affinity 

of an organic material in the solid-state are generally different from those of an isolated molecule 

due to some multielectronic effects. In addition, the ionization potential is different from the 

absolute value of the HOMO energy calculated using density functional theory (DFT) methods.48 

As a consequence, the behavior in films can be different from those found in solution or 

determined by quantum chemistry calculations. In that context, UPS is now a well-established 

experimental technique for measuring the ionization potential and thus the energy levels in 

organic thin films.47-53 This technique will be used in the next section to provide further insights 

into the electronic properties of oligofluorenes in thin films. 

 

3.4 Absorption and electronic properties of the as-prepared films 

Fig. 9 presents the absorption spectra measured in pristine oligofluorene thin films. These 

films are highly transparent in the visible region and strongly absorb UV light. The absorption 

tail at wavelengths longer than 425 nm is presumably due to the reflection properties of the 

films.35 For all the oligomers investigated in this work, two absorption peaks are observed. The 

absorption band at shorter wavelengths (200-250 nm) is nearly the same for all compounds and 

can be attributed to the π-π* electronic transition localized on the individual fluorene aromatic 
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unit. The absorption peak at longer wavelengths (300-425 nm) originates from the excitonic 

coupling between monomers 54 and is red-shifted when increasing the number of fluorene units 

and thus the oligomer length, as expected.32-35 The optical energy gap (Eg), which was evaluated 

from the long-wavelength absorption edge, decreases from 3.07 to 2.87 eV with an increase of 

the oligofluorene length. In parallel, the quantum chemistry calculations led to HOMO-LUMO 

energy gaps varying from 3.83 eV for the terfluorene to 3.54 eV for the heptafluorene. It is well-

known that the optical energy bandgap is generally different from the true gap because it does 

not take into account the Coulombic stabilization energy between the electron-hole pair and the 

polarization energies of the electron and the hole.47 

The ionization potential (Ip) of the oligofluorene films was determined from the UPS 

spectra shown in Fig. 10a. The results indicate that the ionization potential values of the 

oligofluorene films lie between 5.56 and 5.78 eV. It is interesting to note that these values are 

different from the absolute values of the HOMO levels determined from the quantum chemistry 

calculations (ranging from 5.3 to 5.45 eV). This could be due to the fact that the absolute value 

of the HOMO energy level is often shifted with respect to the ionization energy. Koopmans' 

theorem which states that the vertical ionization potential is identical to the calculated absolute 

value of the HOMO energy is generally not satisfied because of relaxation processes during the 

ionization process and the electronic correlation. Although the optical bandgap differs as 

mentioned above from the true electronic gap, the electron affinity is generally approximated 

from the difference between the ionization potential and optical bandgap Eg values.47,55-57 Using 

this method, the electron affinity of the oligofluorene films was found to yield approximated 

values in the range between 2.63 and 2.82 eV. The ionization potential and the electron affinity 

as well as the optical bandgap energies measured in the oligofluorene films are shown in Fig. 

10b. In excellent consistency with the previous cyclic voltammetry measurements46 and with the 

quantum chemistry calculations, these parameters present linear relationships with the reciprocal 

number of fluorene units.  

3.5 Photoluminescence properties in as-prepared films 

The fluorescence spectra of the as-prepared oligofluorene films excited at 350 nm are 

shown in Fig. 11. All the samples emit in the blue region of the spectrum with band shapes 

which do not markedly differ from those for the solutions. It should be noticed however that the 

spectra of the pristine films are about 5-6 nm red-shifted as compared to those in the solution.58 
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As expected, a red-shift of the emission is observed with the extension of the oligomer length. 

The wavelength of the emission maximum is indeed shifted from 399 nm for terfluorene to 423 

nm for octafluorene. The spectra also exhibit similar vibronic structure with two peaks associated 

with the (0,0) and (0,1) transitions and a shoulder at longer wavelengths that can be assigned to 

the (0,2) transition. It is worth noting that an overlap between the absorption and the PL spectra 

of the oligofluorene films, suggesting that singlet excitons can migrate indeed in the film by 

Förster-type dipole-dipole coupling. However, the R0 values cannot be accurately calculated in 

films because of the long tails on the absorption spectra above 425 nm which are due to 

reflection and scattering losses. 

As displayed in Table 2, PLQY values of 45, 62 and 51% were measured in terfluorene, 

pentafluorene and heptafluorene thin films, respectively. They are consistent with the PLQYs 

previously reported in thin films made of other oligofluorene derivatives functionalized with 

different side chains.26,59-61 These PLQY values are lower than those measured in solution, which  

indicates that a quenching of the emission occurs in the solid-state. Fig. 12 shows the PL kinetics 

of the oligofluorenes in thin films. The PL decays could be fitted by a single exponential decay 

function to determine a characteristic PL lifetime (τ). As shown in Table 2, PL lifetimes were 

measured to be 690, 800 and 680 ps in terfluorene, pentafluorene and heptafluorene, respectively. 

In contrast to the clear conjugation length dependence of the PLQY and PL lifetime observed in 

solution, the PLQY values and the PL lifetimes measured in the oligofluorene films did not show 

a trend as a function of the oligomer length. The highest PLQY and the longest PL lifetime were 

indeed obtained in pentafluorene thin film. The different behavior observed in solution and in 

thin films is likely to be due to intermolecular PL quenching or molecular conformational effects 

that can strongly affect the photophysical properties of the films. To clarify this issue, we then 

calculated the radiative and non-radiative decay rates, kR and kNR, respectively, from the 

measurements of the PLQY and the PL lifetime in films. The kR and kNR values, obtained using 

Eq.1, are listed in Table 2. The terfluorene film shows the slowest radiative decay rate constant 

with a value of 0.65 x 109 s-1. Those measured in pentafluorene and heptafluorene films were 

found to be nearly identical with values of 0.78 x 109 and 0.75 x 109 s-1, respectively. The 

transition dipole moments in fluorescence were then calculated in thin films using Eq. 2 and are 

also reported in Table 2. Values of 10, 11.2 and 11.1 Debyes were obtained in the as-prepared 
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terfluorene, pentafluorene and heptafluorene films, respectively. It is interesting to note that the 

kR and df values in films are significantly lower than those measured in solution. It can also be 

seen that, in contrast to the results in solution, the radiative decay rate constant and df do not 

show a gradual increase with the oligomer length. A previous study has shown by a combination 

of DSC and solid-state NMR measurements that the oligofluorenes tend to adopt distinct 

molecular conformations according to the number of monomeric units.31 A plausible explanation 

for our photophysical results is that the oligofluorenes of different lengths show various degrees 

of twisting between fluorene units in the solid-state and this could substantially affect the actual 

conjugation length of the molecules. Overall, our results suggest that the actual conjugation 

length is structurally dependent and, as a consequence, the oligomer chain length should be 

distinguished from the effective conjugation length in the oligofluorene films.  

Regarding the non-radiative decay, the kNR value of 0.47 x 109 s-1 obtained in the as-

prepared pentafluorene film is significantly lower than those measured in terfluorene and 

heptafluorene films, which are in the order of 0.7-0.8 x 109 s-1. It can also be seen that these rate 

constants in films are significantly higher than those determined in solution. Several processes 

can be involved in the non-radiative decay of light-emitting organic thin films including internal 

conversion to the ground-state, intersystem crossing to the triplet state, exciton-exciton 

annihilation and energy transfer to quenchers. Because our measurements were carried out at low 

excitation densities, no intensity dependence of the PL decays could be observed and we can 

neglect exciton-exciton interactions as well as quenching processes involving triplets and 

polarons.62-68 In fact, the non-radiative decay rate in the oligofluorene thin films can be seen as a 

sum of the non-radiative deactivation rate of isolated molecules and the quenching rate due to 

intermolecular interactions. The intramolecular decay rate is often taken as the value of kNR 

measured in solution where energy transfer to quenchers is much smaller. However, this 

assumption could not be valid for the oligofluorene films since the various degrees of twisting 

between fluorene units that affect the radiative decay rate could also have an influence on the 

intramolecular quenching processes. Evidently, intermolecular quenching processes should also 

be taken into account. Previous works on fluorene derivatives have described intermolecular 

quenching in terms of diffusion-mediated excitation energy transfer to quenchers.35,39,43 In that 

framework, the intermolecular quenching rate is generally well-described by the Smoluchowski 
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equation69 and depends on the singlet exciton diffusion processes and the concentration of 

quenching sites.70 A complete characterization of the exciton diffusion processes in the 

oligofluorene films would be needed to evaluate the concentration of quenchers and clarify the 

role of the oligomer length on the exciton diffusion coefficient. Regarding the quenching sites in 

the oligofluorene films, their nature is still not elucidated but we can already exclude quenching 

by excimers and fluorenone defects since we did not observe any changes in the PL spectra and 

any spectral dependence of the fluorescence lifetime.35,39,43 Overall, we found that the 

oligofluorenes show a stronger fluorescence quenching in films than in solution. Nevertheless, 

the PLQY of these films remains high with values ranging from 45 to 62 %. Our results also 

demonstrate that the lack of conjugation dependence in the PLQY and PL lifetimes of the as-

prepared oligofluorene films are due to the higher radiative decay rate and the lower non-

radiative decay rate constants measured in the pentafluorene film. This indicates that the 

pentafluorene derivative is particularly well suited for organic light-emitting applications. 

3.6 Amplified spontaneous emission in as-prepared films 

Fig. 13 shows the emission spectra measured from the edge of oligofluorene thin films 

for different pump excitation densities in the femtosecond regime. The thickness of the spin-

coated films was 150 nm for terfluorene and 180 nm for pentafluorene and heptafluorene. All 

samples were placed in a nitrogen flow during these measurements. A spectral line narrowing 

was clearly observed at high pumping intensities, which is due to amplified spontaneous 

emission.71-74 The full-width-at-half-maximum (FWHM) in all samples was found to drop to 

around 6 nm at high excitation densities. Amplification occurred at 423, 442 and 445 nm in 

terfluorene, pentafluorene and heptafluorene films, respectively. The red-shift of the ASE peak 

with the extension of the oligomer length is consistent with the shift observed in the steady-state 

fluorescence spectra. Note that the line narrowing effect in all our samples took place near the 0-

1 vibronic transition of the steady-state fluorescence spectra, as expected for a quasi-four-level 

vibronic system.17 Fig. 13 also shows the output light intensity detected from the edge of the 

oligofluorene films as a function of the excitation density. The abrupt variation in slope 

efficiency is directly related to the ASE threshold, which was measured to be 1.3, 1.2 and 0.4 

µJ/cm2 in ter-, penta- and heptafluorene films, respectively. We also characterized the ASE 
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properties of oligofluorene films under ambient conditions. The terfluorene films placed in air 

did not display any ASE for excitation densities lower than 12 µJ/cm2 and showed a fast 

degradation under laser irradiation, which suggests a significant oxidative quenching of the 

excited states in this material. On the other hand, the pentafluorene film was found to be more 

stable against photodegradation but exhibited higher ASE threshold than in inert atmosphere. 

Typical ASE threshold values measured in air were 5 µJ/cm2 for pentafluorene and 8 µJ/cm2 for 

heptafluorene. It is worth mentioning again that these ASE threshold values were obtained for 

femtosecond excitation pulses. Previous works investigating the ASE and lasing properties of 

fluorene derivatives mainly used nanosecond excitation pulses.5,9,75 To be able to compare the 

performance of the pentafluorene used in this work with those of other fluorene based 

compounds, we also characterized the ASE properties of the film using a nanosecond pulsed 

Nd:YAG laser (pulse duration: 6-8 ns, repetition rate: 10 Hz). The ASE threshold of the 

pentafluorene film measured in air was found to be around 9 µJ/cm2. This value is slightly lower 

than those previously reported in PFO and in a bisfluorene cored-dendrimer, which were 

measured in the nanosecond regime to be around 29 and 16 µJ/cm2, respectively.5,9   

Because photodegradation is a major issue concerning the application of organic 

materials for solid-state laser applications,75-78 it is important to characterize the stability of the 

ASE properties of the oligofluorene films. The photostability was examined by monitoring the 

evolution of the emission output intensity from the edge of the films as a function of the 

irradiation time / incident pump pulse number. These measurements were performed with films 

placed either in ambient atmosphere or in a nitrogen flow. The samples were optically pumped 

by femtosecond pulses at a repetition rate of 5 kHz and with a pumping intensity in the range 

between 2.5 and 3 µJ/cm2, which is near or above the ASE threshold. While no shift in the 

emission wavelength was observed, the output intensity was found to gradually decay with time 

as shown in Fig. 14. For all oligofluorene derivatives investigated here, the output decay curves 

were slower when the films were placed in the nitrogen flow, suggesting again that the 

photodegradation is faster in presence of oxygen. We evaluated the characteristic photostability 

lifetime of the output decay curves by measuring the irradiation time / number of incident pump 

pulses at which the emission intensity decays to half of its initial maximum value. Photostability 

lifetimes measured in air were found to be about 3.5 minutes (~1x106 pump pulses) and 40 
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seconds (~2 x 105 pump pulses), for the pentafluorene and the heptafluorene films, respectively. 

Under nitrogen flow, the photostability of the emission was improved and lifetimes of 45 

seconds (2.25 x 105 pump pulses), 19.5 minutes (5.9 x 106 pump pulses) and 45 seconds (2.25 x 

105 pump pulses) were measured in the terfluorene, pentafluorene and heptafluorene films, 

respectively. It should be mentioned that a recovery of the output intensity was not observed in 

any case. The results displayed in Fig. 14 provide clear evidence that the pentafluorene film 

presents the best photostability at high pumping intensities above the ASE threshold in both 

ambient and inert atmospheres. This finding is presumably related to the highest PLQY and the 

lowest non-radiative decay rate of the pentafluorene film, which can imply a significant 

reduction of the photobleaching of the material under laser irradiation. Direct comparison with 

results previously reported in the literature is not straightforward because of the different 

experimental conditions used to excite the films. Nevertheless, such a comparison suggests that 

the oligofluorenes used in this study, and especially the pentafluorene derivative, show a 

relatively good photostability at pumping intensities higher than the ASE threshold. For example, 

the photostability lifetime above the ASE threshold has been measured to be less than 31 x 103 

pulses in perylene diimide derivatives,79 around 104 pulses in spiro-quaterphenyl80 and around 16 

x 103 pulses in a PMMA host doped with a laser dye.81 These values are substantially lower than 

those found in the oligofluorenes but were obtained in the nanosecond or picosecond regimes. It 

is also worth mentioning that the characteristic photostability lifetime measured in the 

oligofluorenes compare well to what has been reported in solid-state lasers, including those 

based on Alq3-4-dicyanomethylene-6-(dimethylaminostyryl)-2-methyl-4H-pyran (DCM), with 

typical lifetime values of 105-106 pulses.82,83 Overall, the low ASE thresholds, the 

straightforward tunability of the ASE wavelength upon tuning the oligomer length and the good 

photostability of the films at high pumping intensities provide evidence that these oligofluorenes 

are attractive candidates for organic solid-state laser applications.  

3.7 Charge transport in as-prepared oligofluorene OFETs 

Bottom-contact OFETs based on ter-, penta- and heptafluorene thin films were fabricated 

to investigate the charge transport properties of these materials. The thickness of the organic 

semiconducting layers was typically between 50 and 80 nm. The dielectric material consisted of 

a native SiO2 layer and gold was used for the source/drain electrodes. The output and transfer 
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characteristics shown in Fig. 15 indicate that oligofluorene films operate as p-type 

semiconducting layers in the fabricated devices. No ambipolar transport was observed13-15 which 

is presumably due either to the use of native SiO2 as dielectric or to the large mismatch between 

the work function of source/drain gold electrodes and the LUMO level of the oligofluorenes, or 

both. The output curves show well-defined linear and saturation regions. Their behavior at low 

drain-source voltage (Vd) suggests that contact resistance effects occur between the organic 

layers and the gold source-drain electrodes. Hole field-effect mobility (µh) was determined from 

our device characteristics in the saturation regime using the standard method described 

elsewhere.84 Threshold voltage (Vth), on/off current ratio (Ion/off) and µh values are listed in Table 

2. The mobility values were measured to be 1.3 x 10-7, 8.6 x 10-7 and 2.6 x 10-6 cm2 V-1 s-1 in ter-, 

penta- and heptafluorene films, respectively. These values are lower than those reported in 

oligofluorene derivatives functionalized with shorter side chains.28 These differences can be 

caused by the length of the side chains which presumably impacts on the transfer integral 

between neighboring molecular orbitals. Another reason could be simply the fact that the OFETs 

reported in this previous work were based on another device geometry. Indeed, that previous 

work used a bottom-contact top-gate architecture with a poly-chloro-p-xylylene gate dielectric 

layer.  

More importantly, our results show that the field-effect mobilities increase with the 

length of the oligomer, which suggests a direct relationship between conjugation length and 

mobility in oligofluorene derivatives. Similar behavior has been observed in a series of 

oligofluorene-thiophenes in their crystalline state.85 In contrast, hole and electron mobilities were 

found to decrease while increasing the oligomer length in a series of amorphous ambipolar 

oligofluorenes with C9 diaryl substitution.86 While crystallinity and degree of molecular order 

presumably influence the oligomer length dependence of the charge carrier mobility, it is 

difficult to explain such different conjugation length dependences in amorphous thin films with 

similar local molecular environment. A plausible explanation would be that the distributions of 

the locations, orientations and conformations of molecules in the case of the currently studied 

oligofluorene films become more favorable for high charge carrier mobility as the conjugated 

backbone length increases. In contrast, thin films made of the longer oligofluorenes with C9 
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diaryl substitution could exhibit larger variation of molecular orientation/conformation and thus 

larger disorder, resulting in a decrease of the charge carrier mobilities.  

3.8 Annealing effects in pentafluorene thin films 

The XRD results reported in Fig. 4 have demonstrated a strong influence of a thermal 

annealing on the molecular packing in pentafluorene films. We were interested in examining the 

effects of this thermal treatment on the photophysical and charge transport properties. Fig. 16a 

shows the absorption spectra of pentafluorene in solution and in films before and after a thermal 

annealing at 100 ºC. It can be seen that the spectra in thin films are slightly red-shifted as 

compared to that in solution. More importantly, the as-prepared film shows an absorption peak 

with a maximum at 370 nm, while the annealed film exhibits two peaks located at 370 and 390 

nm. It should also be pointed out that the film thickness strongly increases upon annealing, due 

to the concomitant molecular reorganization process. For instance, an as-prepared pentafluorene 

film with a thickness of 51 nm was found to show a thickness of 105 nm after treatment. As a 

consequence, while the absorption coefficient in the annealed films is close to that of the as-

prepared films, the absorbance is significantly larger in the annealed samples. 

As shown in Fig. 16b, the fluorescence spectra of pentafluorene in solution and in films 

before and after thermal annealing exhibit a similar vibronic structure. However, annealing the 

film leads to a 9 nm blue-shift of the emission. According to a theoretical study, the 

oligofluorenes in their ground-state are not planar, the interactions between adjacent fluorene 

units resulting in a twisted configuration with a 36º dihedral angle between successive 

monomers.87 Similarly to what has been observed in a bisfluorene-cored dendrimer thin film,88 

the blue-shift of the emission spectrum of pentafluorene film upon annealing could be due to an 

increase of the dihedral angle between fluorene units. The apparent decrease of the (0,0) 

transition relative to the (0,1) transition in the emission spectrum of the annealed pentafluorene 

film can be explained by the fact that the short wavelengths of the emission spectrum overlap 

more strongly with the absorption spectrum, leading to partial reabsorption of the blue tail of the 

emission signal. It is also worth noting that the thermal treatment of the pentafluorene film does 

not lead to the greenish emission typically observed in polyfluorenes after annealing.25  
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The PLQY of the pentafluorene film was measured in the same sample before and after a 

thermal treatment at 100 ºC. As shown in Table 2, the PLQY was found to slightly increase from 

62 to 65% upon annealing. In parallel, the PL lifetime obtained from the PL decays displayed in 

Fig.12 was found to decrease from 800 to 680 ps. These PL lifetimes are larger than that of 560 

ps measured in the pentafluorene solution. From the PLQY and PL lifetime values, radiative and 

non-radiative decay rates of pentafluorene in annealed film were calculated using Eq. 1. The 

results obtained in the annealed film are summarized in the Table 2. Radiative decay rate of 0.96 

x 109 s-1 was measured in annealed film. This indicates that annealing the pentafluorene film 

leads to a larger radiative decay rate than in the pristine sample, which was measured to be 0.78 

x 109 s-1. However, the radiative decay rates in both annealed and as-prepared films are lower 

than that in solution. Using Eq.3, the transition dipole moment in fluorescence of the annealed 

film was found to be around 12.4 D, which is higher than the value of 11.2 D measured in the 

pristine sample. We attribute the variations of kR and df to changes in the conformation of the 

pentafluorene molecules, each of these conformations having supposedly different degrees of 

twisting between fluorene units. The non-radiative decay rate constant kNR in annealed film was 

found to be 0.51 x 109 s-1, which is similar to the value of 0.47 x 109 s-1 measured in pristine film. 

The lack of variations in the non-radiative decay rate upon thermal treatment indicates that the 

increase of crystallinity in the whole annealed pentafluorene film does not modify significantly 

its fluorescence quenching properties. This indicates that the effects of the thermal treatment on 

the photophysical properties of the pentafluorene films are essentially due to the changes in 

molecular conformations.  

Fig. 16c shows the emission spectra measured from the edge of a pentafluorene film 

before and after thermal annealing for different pump excitation densities in the femtosecond 

regime. It can be seen that amplification occurs at 442 and 433 nm in the as-prepared and 

annealed films, respectively. The blue-shift of the ASE upon thermal treatment is consistent with 

that observed in the steady-state photoluminescence spectrum. The FWHM in both samples is 

found to drop to around 6 nm at high excitation intensities. ASE threshold of 1.2 µJ/cm2 was 

determined in the annealed pentafluorene film from the curve displayed in Fig. 16d. This value is 

similar to that evaluated in pristine film, which seems to be consistent with the similar PLQY 

values obtained in these films. Interestingly, the drastic change of the film structure and 
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morphology during the annealing process preserves its good ASE performance. The results 

demonstrate the possibility to finely tune the emission color of oligofluorene film without 

affecting its PLQY and ASE threshold, which is of potential interest for color adjustment of 

oligofluorene OLEDs and lasers without affecting their efficiencies. 

The influence of thermal annealing on the charge transport properties of pentafluorene 

OFETs was also examined. Fig. 17 shows the output and transfer characteristics measured in the 

annealed device. The device parameters Vth, Ion/off and µh, deduced from these curves, are 

summarized in Table 2. It can be seen that annealing leads to a reduction of Vth from -48 to -36 

V and an increase of  Ion/off from 100 to 104. More importantly, we found that the charge carrier 

mobility after annealing increased from 8.6 x 10-7 to 3.8 x 10-5 cm2 V-1 s-1. This enhancement 

cannot be explained by the changes observed in HOMO and LUMO since the ionization 

potential measured by UPS slightly increases from 5.56 to 5.74 eV upon annealing. These 

changes should actually even result in the opposite observation, ie a less efficient hole injection 

from the gold electrodes after thermal treatment. In that context, we attribute the strong 

improvement of the charge carrier mobility to the increase of crystallinity evidenced by the XRD 

measurements. Noticeably, the mobility found in the annealed pentafluorene film is significantly 

higher than that evaluated in the as-prepared heptafluorene device, illustrating the necessity to 

improve the sample crystalline and to decrease the molecular disorder inside the crystals in order 

to enhance the charge transport properties of organic semiconducting thin films. Note that 

annealing the heptafluorene device at 100 ºC does not modify the amorphous character of the 

organic film and only slightly increases the hole mobility from 2.6 x 10-6 to 3.6 x 10-6 cm2 V-1 s-1, 

which is still one order of magnitude lower than that of annealed pentafluorene device.  

There are already a number of reports where a same material shows differences in 

mobility of several orders of magnitude, depending on the morphology and the molecular 

packing of the organic semiconducting films.89-95 The highest charge carrier mobilities are 

generally obtained in organic semiconducting films with few defects and with well-ordered and 

closely packed molecules.95,96 Unfortunately, such morphologies often lead to strong 

intermolecular interactions and a quenching of the luminescence.97 In that context, a trade off 

must be found in most cases between charge transport and photophysical properties for the 
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realization of high performance light-emitting devices. In many soft organic semiconducting 

materials, thermal annealing has been proven to be a successful approach to control the order and 

packing of the molecules in thin films.98-101 In this work, we demonstrated the possibility in 

oligofluorene films to promote charge transport via an increase of the sample crystallinity 

without decreasing at the same time the fluorescence efficiency. Our results show indeed that 

thermal annealing of an amorphous pentafluorene film leads to a high degree of uniform and 

long-range molecular order which is locked by a cold crystallization. These features are 

responsible for the observed enhancement of the hole field-effect mobility by almost two orders 

of magnitude. In parallel, the photophysical properties of the pentafluorene, which depend more 

on the molecular conformations were not strongly modified. While little changes in the optical 

spectra and a decrease in the PL lifetime were observed, the PLQY was even slightly improved 

after annealing. All these findings demonstrate the importance of controlling the film 

morphology and molecular conformation to improve both the charge transport and the 

photophysical properties of oligofluorene films. Such a simultaneous improvement of charge 

carrier mobilities and PL efficiencies in low ASE threshold organic semiconducting materials is 

particularly relevant for future works on organic light-emitting devices and organic lasers. 17,102  

4. Conclusions 

In summary, we have investigated the photophysical and charge transport properties of a 

series of solution-processable oligofluorenes in thin films and have evaluated their potential for 

organic solid-state laser applications. The results show the role played by the conjugation length 

on their optical spectra, HOMO/LUMO levels, PLQY and PL lifetimes, ASE properties and 

charge carrier mobilities. The low ASE thresholds (≤ 1.3 µJ/cm2) together with the tunability of 

the ASE peak wavelengths spanning from 423 to 445 nm indicate that these materials are 

potentially attractive for optically-pumped organic solid-state laser applications. In relation with 

the cold recrystallization process in the bulk material, significant changes of the thin film 

morphology were evidenced during thermal annealing of the pentafluorene derivative, causing a 

blue-shift of the emission spectrum and ASE peak without noticeable variations in PLQY and 

ASE threshold. This behavior suggests the possibility of fine-tuning the color of pentafluorene 

light-emitting devices without any losses in efficiency with a single annealing step. In addition, 

Page 40 of 69Physical Chemistry Chemical Physics

P
hy

si
ca

lC
he

m
is

tr
y

C
he

m
ic

al
P

hy
si

cs
A

cc
ep

te
d

M
an

us
cr

ip
t



23 

 

pentafluorene transistors showed an enhancement of the hole field-effect mobility by about two 

orders of magnitude after annealing. This improvement was attributed to the increase of 

crystallinity and long-range molecular order in the annealed film. Overall, this work provides 

useful information on the role of the conjugation length and film morphology on the 

photophysical and charge transport properties of oligofluorenes and should be taken into account 

in future works devoted to the development of fluorene derivatives for organic optoelectronic 

applications. In terms of applications, the low mobilities of the oligofluorenes used in this study 

may limit their potential use in electrically-driven organic optoelectronic applications. However, 

because of the tunability of their emission in the blue region of the spectrum and their low ASE 

threshold, these oligomers are extremely promising for organic photonic devices including 

optically-pumped organic solid-state lasers.  
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Figure captions 

 

Fig. 1 

Chemical structures of the oligofluorenes used in this study 

Fig. 2 

Differential scanning calorimetry thermograms of pentafluorene (a), terfluorene (b) and  

heptafluorene (c). The first heating runs are the top curves recorded at 10 or 20°C/min. Further 

heating curves were recorded at rates of 20, 10, 5 and 2 °C/min (from top to bottom) 

Fig. 3 

X-ray diffractograms in the specular plane of as-prepared and annealed pentafluorene and 

heptafluorene thin films (a and c). Powder X-ray diffractograms of bulk as-prepared and 

annealed pentafluorene (b). Annealing temperature was 100 ºC. 

Fig.4 

Grazing incidence X-ray scattering patterns of as-prepared (a) and annealed (b) pentafluorene 

thin films. Annealing temperature was 100 ºC. 

Fig. 5 

50 x 50 µm AFM images measured in terfluorene, as-prepared and annealed pentafluorene and 

heptafluorene thin films. Annealing temperature was 100 ºC. 

Fig.6 

Normalized absorption and fluorescence spectra of the oligofluorenes in chloroform solution. 

Fig.7 

Optimized geometries, HOMO and LUMO frontier orbital distributions obtained at the 

B3LYP/6-311G(d,p) level 

Fig.8 

HOMO and LUMO energies as well as the HOMO-LUMO energy gap of the oligofluorenes 

calculated at the B3LYP/6-311G(d,p) level plotted against the reciprocal number of fluorene 

units (1/n). 

Fig. 9 

Absorption spectra of the oligofluorene thin films. The curves are normalized at 215 nm. 
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Fig. 10 

(a) UV photoelectron spectra of oligofluorene thin films. (b) Correlation of the optical energy 

gap (Eg), ionization potential (Ip) and electron affinity (EA) in the solid-state with the reciprocal 

number of fluorene units (1/n). 

Fig. 11 

Normalized fluorescence spectra of oligofluorene thin films. The excitation wavelength was 350 

nm. 

Fig. 12 

Photoluminescence decays of the oligofluorenes in thin films. The solid lines correspond to the 

fits obtained from a single exponential decay function. 

Fig. 13 

(a) Amplified spontaneous emission (ASE) spectra at different light pumping intensities in as-

prepared terfluorene film. The black line corresponds to the photoluminescence steady-state 

spectrum. (b) Emission intensity collected from the edge of terfluorene waveguiding thin films, 

integrated over all wavelengths versus the light pump intensity. The excitation wavelength of the 

femtosecond pump laser was 325 nm. (c) and (d) Results obtained in as-prepared pentafluorene 

film. (e) and (f) Results obtained in as-prepared heptafluorene film 

Fig. 14 

Normalized emission intensity versus pump irradiation time/number of pump pulses for as-

prepared oligofluorene films in (a) ambient atmosphere and (b) in nitrogen atmosphere. The 

films were optically pumped by femtosecond pulses at a repetition rate of 5 kHz and with a 

pumping intensity in the range between 2.5 and 3 µJ/cm2. 

Fig. 15 

Output and transfer characteristics measured in OFETs based on terfluorene [(a) and (b)], 

pentafluorene [(c) and (d)]  and, heptafluorene [(e) and (f)]  as-prepared thin films. 

Fig. 16 

Panels (a), (b) and (c) show the influence of a thermal annealing at 100 ºC on the normalized 

absorption spectrum, the steady-state emission spectrum and the amplified spontaneous emission 

spectrum of a pentafluorene film, respectively. Absorption and PL spectra of the pentafluorene in 
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chloroform solution are also shown in (a) and (b). Panel (d) shows the emission intensity 

collected from the annealed pentafluorene film versus the light pump intensity. 

Fig. 17 

(a) Output and (b) transfer characteristics measured in an annealed pentafluorene OFET.  
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Table 1 

Maximum absorption wavelengths (λabs), maximum emission wavelengths (λem), PLQYs, 

fluorescence lifetimes (τsol), radiative and non-radiative decay rates (kR) and (kNR), fluorescence 

transition dipole moment (df), Stokes shift, maximum molar extinction coefficients and Förster 

radius (R0) measured in chloroform diluted solutions.  

 

 

 λabs 

(nm) 

λem 

(nm) 

PLQY 

(%) 

τsol 

(ns) 

kR 

(x 10
9
 s

-1
) 

kNR 

(x 10
9
 s

-1
) 

df 

(Debye) 

Stokes shift 

(cm
-1

) 

ε  

(L.mol
-1

.cm
-1

) 

R0 

(nm) 

terfluorene 352 395 80 0,72 1.11 0.28 13.5 3092,6 72400 1.2 

pentafluorene 370 412 82 0,56 1.46 0.32 16.3 2755,2 158500 2.9 

heptafluorene 376 414 90 0,49 1.83 0.18 18.5 2441,2 225000 3.3 
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Table 2 

PLQYs, fluorescence lifetimes, radiative and non-radiative decay rates (kR) and (kNR), 

fluorescence transition dipole moment (df), ASE thresholds, hole field-effect mobilities (µh), 

threshold voltages (Vth) and on/off current ratio (Ion/off) measured in oligofluorene derivatives.  

 

 

 PLQY 

(%) 

τ 

(ps) 

kR 

(x109 s-1) 

kNR 

(x109 s-1) 

df 

(Debye) 

ASE 

threshold 

(µJ/cm2) 

µh 

(cm2/Vs) 

Vth 

(V) 

Ion/off 

Terfluorene 45 690 0.65 0.8 10 1.3 1.3 x 10-7 -53 103 

Pentafluorene 

(as-prepared) 

62 800 0.78 0.47 11.2 1.2 8.6 x 10-7 -48 102 

Pentafluorene 

(annealed) 

65 680 0.96 0.51 12.4 1.2 3.8 x 10-5 -36 104 

Heptafluorene 51 680 0.75 0.72 11.1 0.4 2.6 x 10-6 -61 105 
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