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Abstract 

A detailed photophysical study of a polymer based on a fluorene derivative is performed 

through ultrafast nonlinear spectroscopy. The polymer chains are studied in solution, where 

absorption and emission occur from a disordered distribution of isolated chains, and in solid 

state as a film, where interchain interactions promote efficient energy transfer. Coherent 

photoexcitation produces delocalized excitons, which relax and localize on the lowest energy 

chromophores on the polymer chains on a 100 fs timescale. This is revealed by ultrafast 

transient absorption spectral evolution, anisotropy relaxation and excited state specific high 

time resolution fluorescence spectroscopy. The photophysical behavior of the polymer in 

solution and as a film is significantly different indicating that there is not a significant amount 

of self-collapsed chain conformations in solution. Compared to solution, in the film, the excited 

state relaxes an order of magnitude faster, indicating that interchain interactions are strong, 

promoting efficient energy transfer. The timescales of exciton dynamics revealed in this study 

will support further theoretical modeling of these polymer structures and are useful for 

designing blends for use in optoelectronic and electro-optical devices 
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1. Introduction 

Conjugated polymers form a class of materials that have potential applications in various 

optoelectronic and electro-optical devices. For example, solar cells, organic light-emitting 

diodes, field effect transistors, sensors, etc.1–5 These semiconductors have advantages 

compared to inorganic semiconductors. For instance, the possibility of building devices on 

flexible substrates, ease of film production over large areas, abundance of available materials 

and processing at room temperature. The possibility of using simple techniques for deposition 

of polymeric solutions directly on the substrate is another significant advantage.6  

Currently, organic semiconductor based device performance and efficiency need to be 

improved.7 Apart from the morphology of the films, which is quite critical in the final device 

performance, a number of other aspects are being studied.8 Materials that have a high capacity 

to absorb incident radiation, over a broad spectral range, ideally corresponding to the visible 

spectral region, are desirable.  These absorbed photons produce electron-hole pairs in the active 

material. The overall efficiency will partly be determined by the dissociation of the electron-

hole pairs into free charge carriers and by the mobility of those carriers towards the electrodes, 

which should be fast and lossless.7 The photophysical processes in conjugated polymers are 

quite complex, with a significant amount of questions still open. The elucidation of the nature 

and mechanisms of the primary steps of exciton dynamics is quite difficult but can have a 

significant influence on the ensuing photophysical behavior of the material.9  

In this work, a detailed photophysical study of a polymer based on a fluorene derivative is 

performed through ultrafast nonlinear spectroscopy. Polyfluorene and its derivatives have been 

studied since first reported as a blue light-emitting polymer by Yoshino.10 This group of 

materials has physical and chemical advantages such as high fluorescence efficiency, good 

stability and solubility in common organic solvents.11 Here, the focus will be on one specific 

fluorene derivative, poly[(9,9-dihexyl-9H-fluorene-2,7-diyl)-1,2-ethenediyl-1,4-phenylene-

1,2-ethenediyl], hereafter called LaPPS 16.12 Recently, this structure has been incorporated in 

a white light generating blend, aiming applications such as in OLEDs.13 White light OLEDs 

are attracting great interest for their possible application as backlight for displays and as 

lighting sources. A thorough excited state photophysical understanding of LaPPS16 is lacking, 

and that will be addressed through nonlinear absorption and fluorescence spectroscopy. 

Specifically the ultrafast, early time relaxation mechanisms will be analyzed and discussed. 

Such knowledge and understanding of the exciton formation and relaxation on ultrafast 

timescales might by critical when the material is used in blends for charge separation processes, 

as it might occur even concomitantly to its operating process.  
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2. Experiment 

LaPPS 16 was synthesized according to reference12. A solution of the polymer in toluene 

was prepared, with optical density (OD) at 412 nm between 0.1 and 0.3, depending on the 

measurements. A film was prepared with the same solution on a glass substrate, by spin coating. 

Transient absorption (TA) spectroscopy was based on a well documented setup and used an 

amplified Ti:sapphire laser (Libra, Coherent).14,15  The pulses had a duration around 100 fs at 

800 nm and with a repetition rate of 1 KHz. A fraction of the pulse energy was used to pump a 

homebuilt noncollinear optical parametric amplifier (NOPA) which generates pulses in the 

visible region. Another fraction of the 800 nm pump pulses is used to generate a white light 

continuum in a sapphire plate as probe pulses. The measurements were carried out in cuvettes 

with optical path-length of 1 mm.  

Time-Correlated Single Photon Counting (TCSPC) were carried out using a Ti: sapphire 

laser (Chameleon Ultra II, Coherent, repetition rate of 80 MHz and 140 fs pulse width). A β-

barium borate (BBO) crystal was used to frequency double the 720 nm laser output in order to 

generate the 360 nm excitation wavelength. The fluorescence signal from the sample was 

focused on the entrance slit of a spectrograph (Acton SP2300i, Princeton Instrument). A streak 

camera (C5680, Hamamatsu), equipped with the Synchroscan sweep module, which provides 

spectral-temporal matrices with spectral and temporal resolutions of ∼1 nm and ∼20 ps, 

respectively, for a temporal window of 2 ns. A CCD (Hamamatsu ORCA-R2 C10600) recorded 

the streak image. The measurements were carried out in cuvettes with optical path-length of 10 

mm. 

The femtosecond time resolved fluorescence upconversion setup was already described.16 

Briefly, a Ti:sapphire oscillator produced pulses centred at 800 nm with a pulse duration of 15 

fs. The laser output was focussed onto a 50 μm thick Type I BBO crystal with a 150 mm focal 

length concave mirror to produce up to 5 mW 400 nm second harmonic excitation pump beam. 

Gate and pump beams were separated with a dichroic mirror. A prism compressor and a pair 

of chirped mirrors in each arm was used to carefully recompress pump and gate pulses, close 

to their Fourier transform limit. The pump beam was focused with a 150 mm concave mirror 

to the centre of a 1 mm pathlength cell which contained the sample. The collection of the 

fluorescence emitted from the sample and posterior imaging onto the sum-frequency crystal 

was done with a microscope reflective objective. Finally, fluorescence and gate beams were 

crossed and focussed onto a 100 μm BBO Type I crystal and the intensity of the upconverted 

light was detected by a photomultiplier and monochromator combination and measured with a 

photon counter. The time resolution of the instrument is ~ 50 fs. 
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3. Results and discussion 

A general scheme of the molecular structure of LaPPS 16 is shown in Figure 1a. Normalized 

steady-state absorption spectra (blue line) and fluorescence spectra (red line) for the polymer 

dissolved in toluene, are shown in Figure 1b. The low concentration (µM typically) used with 

a good solvent ensures that the polymer chains are fully solvated and therefore interactions 

among neighboring chains are not expected. The absorption spectrum is broad (around 100 

nm), peaking at 422 nm and mostly featureless, characteristic of polyfluorenes.  The 

fluorescence spectrum is narrower and with characteristic peaks at 481 nm, 508 nm and 550 

nm. Those transitions can be associated to vibrations coupled to the electronic transition, also 

known as vibronic transitions.17 The energy spacing of around 1300 cm-1 indicates that it is a 

vibronic progression related to C=C stretching vibrations. As Figure 1b shows, the absorption 

and fluorescence spectra are not mirror images of each other. This indicates that there is some 

relaxation from the Franck-Condon excited state towards lower energies from where the 

fluorescence originates.18  

 

Figure 1. (a) LaPPS 16 molecular structure. (b) Normalized linear absorption (blue line) 

and fluorescence spectrum (red line). 

LaPPS 16 is a conjugated polymer with a backbone that has alternating single and double 

bonds resulting in π-conjugation by π-orbitals overlap. This can lead to significant exciton 

delocalization along the chain. However due to conformational disorder (as discussed in 

literature), distortions in the polymer conformation can break up the chain into smaller, so-

called chromophores or absorbing subunits.19,20 Because the excitation energies of these 

chromophores can present a wide distribution, the polymer absorption spectrum can be broad. 

In fact, the coupling between the polymer chromophores can lead to electronic excitation being 

transferred mostly towards the lowest energy chromophores. Assuming the simplest possible 

description in terms of a particle in a box model, the longest chromophores within the polymer 
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chain will correspond to the lowest excitation energies. As can be seen in Figure 1b, the 

distribution of emission energies is narrower when compared to absorption bandwidth. To gain 

further understanding of the structure and photophysics of LaPPS 16 in solution, nonlinear 

spectroscopy was applied to the sample. 

Figure 2 presents an overview of the transient absorption spectroscopy measurement (given 

by the transmission change ΔT/T) performed on LaPPS 16 in toluene solution. The pump beam 

was centered at 400 nm and with a typical duration around 100 fs and the relative polarization 

between pump and probe beams was set at the magic angle (54.7o).  The probe beam consisted 

of a white light spectrum covering a region from 375 nm to 750nm. In Figure 2, the y-axis 

corresponds to the population delay time. The first picosecond is shown on a linear scale 

whereas from 1 to 1000 ps the scale is logarithmic. The transmission change, which appears as 

a color scale ranging from blue to red, is characterized by two distinct regions. From 375 until 

550 nm the transmission change is positive, indicating ground state bleach (GSB) and/or 

stimulated emission (SE). From 600 until 750 nm a negative transmission change indicates a 

new absorption contribution (ESA) due to transitions from the first excited singlet state up to 

higher excited states. Apart from intensity changes, a red shift of the signal is visible as 

highlighted by the green dashed line in Figure 2. 

Further analysis of the time resolved data are best performed for specific population delay 

times, as shown in Figure 3. Noticeable in Figure 3a is that the transmission change has little 
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Figure 2. LaPPS 16 transient absorption spectrum. The amplitude is given by the colour scale.   
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amplitude above the pump excitation wavelength of 400 nm. Even at an early delay time of 

100 fs, the transient spectrum has a significantly different shape from what would be expected 

from the linear absorption spectrum.21 This is an indication that the ground state population is 

inhomogeneously broadened, in line with the conformational disorder discussed above.20 

Another evident feature is that at early delay times, there is a fast dynamical evolution resulting 

in an amplitude decrease of the GSB/SE, as indicated by a downward arrow around 430 nm in 

Figure 3a. Concomitantly the peaks at 480, 509 and 550 nm increase in amplitude as well as 

red shift. This is indicated in Figure 3a by an upward arrow. Furthermore, although not so 

noticeable, the negative transmission change above 600 nm becomes more negative during this 

fast early time population evolution. These dynamics are better captured by observing the 

transmission change as a function of time for specific probe wavelengths, as shown in Figure 

3b. Three specific wavelengths were chosen, corresponding to dynamics within GSB (433 nm), 

SE (502 nm) and ESA (680 nm). One can observe a complete correspondence of the evolution 

of the transmission change amplitude for these three wavelengths at early and long delay times.  

In order to rule out fast dynamics due to multiple exciton formation in the absorbing units 

by excessive pump energy, a set of pump energy dependence measurements were performed. 

For high pump energies, there is a probability that more than one exciton can be generated on 

the same polymer chain.22 When multiple excitons are in close spatial proximity they might 

annihilate, promoting fast GSB recovery and excited state population decay. Figure S1 shows 

time resolved transmission change at 426 nm for four different pump energies. As expected in 

Figure S1a, the amplitude of the transmission change increases with pump energy but no 
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additional, fast relaxation is noticeable. In Figure S1b the data are plotted on a linear-log scale, 

where the curves were multiplied by a factor so that all matched the lowest energy curve for 

population delay times above 1 ps. As can be seen, only for the highest pump energy a small 

extra relaxation during the first picosecond might be present. Therefore, the pump energy was 

kept at 8.5 nJ.  

In order to determine the relaxation timescales present in the measured data, a global fitting 

analysis, using Glotaran, was applied to the full transient absorption measurement.23 As no a 

priori knowledge about the detailed kinetic model for data is known, the simplest possible 

scheme capable of capturing the dynamical evolution was utilized. This consists of a parallel 

decay scheme convoluted with the instrument response function and a factor correcting for 

probe beam temporal dispersion.24 The lineshapes obtained using this model are shown in 

Figure 4 and are termed decay-associated difference spectra (DADS). These lineshapes are 

plots of the resulting pre-exponential factors obtained after globally fitting the datasets to a 

linear sum of exponentials. A negative (positive) DADS in a region were the measured signal 

has negative (positive) amplitude translates into a decaying (rising) exponential contribution. 

For positive measured signals, the assignment is exactly the opposite, i.e., a negative (positive) 

DADS translates into rising (decaying) exponential contributions. The best fit was obtained 

with a minimum of three exponential terms plus a constant offset. Examples of the resulting fit 

can be seen as the red curves going through the data shown in Figure 3b. The fastest exponential 

was fit with a time constant of 130 fs. The corresponding DADS (black curve in Figure 4) 

shows a positive amplitude in the GSB spectral region (below ~450 nm) and therefore accounts 
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for a fast ground state recovery and/or SE decay. The negative peaks at 480, 502 and 550 nm 

account for the risetime observed in the SE amplitude. A positive contribution of this DADS 

for wavelengths above 600 nm accounts for a risetime in the ESA signal. The second 

exponential was fit with a time constant of 3.20 ps. As can be seen in Figure 4 (red curve), this 

DADS has an overall small amplitude, and contributes (mostly) negatively in the region of the 

SE and positively in the ESA. Therefore, it accounts for a slower contribution to the risetime 

of the SE and ESA signals. The last exponential term was fit with a time constant of 405 ps 

and its DADS (green curve in Figure 4) makes the highest contribution to the overall amplitude. 

As this DADS is positive in the GSB and SE regions and negative in the ESA region, it accounts 

for the simultaneous decay of those signals back to the ground state. Therefore, it can be 

interpreted as the full re-equilibration of the ground state population. This is confirmed by 

measuring the fluorescence decay through TCSPC (Time-Correlated Single-Photon Counting) 

as shown in Figure S2a. The integrated fluorescence decays with a time constant of 450 ps, 

which is in agreement with the recovered 405 ps decay time in the TA measurement.  

Another important observable is given by anisotropy, as shown in Figure 5, which was 

obtained by averaging the over the SE spectral region. Even at the shortest delay times, the 

anisotropy is smaller than 0.4 (~0.35). There is a fast initial evolution followed by slower 

dynamics. The inset in Figure 5 shows the full evolution, over 400 ps, which is the typical 

excited state lifetime. After the initial fast evolution, the anisotropy remains constant with a 

value of ~0.15. The data were fit with two exponentials and a constant offset. The time 

constants were fixed to the already retrieved population relaxation time constants, 130 fs and 
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3.2 ps. As can be seen in Figure 5, the fitting is excellent, confirming that the anisotropy does 

indeed relax on the same timescale as the population relaxation.  

The TA data presented so far indicates the exciton population is moving towards lower 

energy, as revealed by emission red-shifting and ESA amplitude increase, on a fast timescale 

whose exact determination might be limited by experiment time resolution of ~100 fs. 

Furthermore this is matched by anisotropy relaxation on the same timescale. To be able to 

investigate in more detail the fast relaxation observed in the TA measurements, excited state 

specific information was obtained by time resolved fluorescence spectroscopy. This method 

selectively probes neutral singlet excitations and therefore is not sensitive to any other 

nonradiative relaxation mechanisms, including formation of charged polarons or triplet states. 

This contrasts and complements the TA data already presented.  

Figure 6a shows two specific emission wavelengths whereas Figure S3 presents the full set 

of emission wavelengths that where measured. The curves where multiplied by a factor such 

that their decay amplitude matches after 10 ps. One can observe a fast decay on the blue side 

of the fluorescence spectrum (452nm) and a concomitant risetime on the red side (547 nm). 

The data were globally fit with three exponential terms. The resulting pre-exponential 

amplitudes are shown in figure 6b. The fastest exponential decays with a time constant of 50 

fs, followed by a weak contribution with an exponential decay time constant of 5.2 ps. The 

longest exponential decays with a time constant of 494 ps, which matches well the longest 

contribution retrieved by TA measurements and by TCSPC, already reported above. Therefore, 

one can assign this to the full relaxation of the singlet exciton population back to the ground 

state. The fastest decay constant is within the time resolution of the instrument (~ 50 fs). As it 

has a positive amplitude on the blue edge of the fluorescence spectrum (decay) and a negative 

amplitude on the red side (risetime) it must be related to a spectral shift towards lower energies 

of the excited state population. There is good correspondence between this fast fluorescence 

amplitude relaxation with the fastest recovered TA DADS, as shown in Figure S4. This 

indicates that the longer time constant revealed by the TA DADS (130 fs) is in fact limited by 

the instrument response function, which in that case was (~ 100 fs). Furthermore, it suggests 

that the fastest DADS in TA has no GSB recovery contribution but is solely given by exciton 

relaxation within the excited state. 

The fastest components recovered by TA and time resolved fluorescence measurements  are 

too fast to be assigned to energy transfer mechanisms such as Förster resonance energy transfer 

(FRET).25,26 As discussed in literature, self-localization of the photogenerated exciton into a 

smaller number of repeat units occurs typically within 100 fs.27 Following previous 



10 
 

assignments, we attribute the population and anisotropy dynamics to a combination of 

processes that relax these observables very rapidly, within the pulse overlap timescale in our 

experiment.25,28 The ultrafast photoexcitation produces an exciton that will be initially 

delocalized over a significant portion of the polymer chain. However due to coupling to the 

bath of nuclear motions, as reflected by the vibronic progression discussed above, rapid exciton 

relaxation and localization will occur.20 Although there is no significant movement along the 

chain, the spatial exciton wavefunction contraction and localization can rotate the transition 

dipole moment and therefore change anisotropy. After fast exciton localization, further 

anisotropy relaxation can occur through electronic excitation transfer to nearby absorbing units 

in the polymer, typically within a radius of ∼10 nm by FRET. Although a decaying component 

with a time constant of 3.2 ps was observed in TA and around 5.2 ps in time resolved 

fluorescence, it is weak in both measurements. This observation, of a weak picosecond 

contribution, indicates that there is not a significant amount of self-collapsed chain 

conformations. If it where the case, then the distance between segments would be short enough 

so that excitation energy could be efficiently funneled, through FRET, towards the lowest 

energy conjugated segments. This because a significant number of segments would be 

effectively within the Förster radius. And that is indeed what happens when LaPPS 16 is 

prepared as a film.  

The TA spectroscopy results for the film are shown in Figure 7a, for delay times ranging 

from 0.1 to 10 ps, and Figure S5 for the time resolved fluorescence, which compares relaxation 

at two emission wavelengths for LaPPS 16 in solution and film. A striking difference between 

the measurements performed in solution when compared to the film is the much faster overall 

Figure 6. Time resolved fluorescence measurements. (a) Curves at emission wavelengths 452 

nm (black) and 547 (nm) blue and fit (red). (b) Pre-exponential factors as a function of 

wavelengths obtained by fitting globally all the emission wavelengths.  
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relaxation in the latter.29 This is highlighted in Figure S6 where the amplitude at one specific 

wavelength (428 nm – GSB region) is compared. Care was taken to avoid dynamics due to 

multiple exciton formation, by working with pulses with low enough energy (see Figure S1 

(c)). The GSB recovers at least one order of magnitude faster in the film when compared to the 

polymer in solution. A global analysis of the film requires three exponential terms with time 

constants of 0.13 and 1.10 ps and 24.6 ps, plus an offset accounting for long lived species (most 

likely triplet state population). The recovered DADS are shown in Figure 7b. Observing the 

shapes of these DADS curves and comparing them to the recovered DADS curves for LaPPS 

16 in solution, it is possible to notice great similarity between them, apart from differences in 

the relative amplitudes. Given that the fastest component could be fit with the same time 

constant of 130 fs, it is assigned to the same dynamics for the sample either in film or solution. 

However, the other two recovered time constants are shorter for the film. This alteration must 

be related to the fact that in the films the chains are in close proximity and in contact to each 

other. This approximation can lead to interchain FRET. Therefore, the DADS with a time 

constant of 1.1 ps, as for the case when the sample is in solution, can be assigned to FRET that 

is accelerated in the film. As reported in the literature, interchain FRET is generally faster than 

intrachain energy transfer for a number of polymeric structures. Anisotropy decay further 

supports this assignment. Figure S7 compares the measured anisotropy for the film with the 

one measured for the sample in solution. In both cases the anisotropy shows a fast initial 
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relaxation. However, for the film, the anisotropy continues to relax and reaches a value around 

zero, meaning a complete transition dipole moment randomization, within 10 ps. This contrasts 

with the solution, where after the initial fast relaxation, a weak 3 ps relaxation leads the 

anisotropy to remain constant after 10 ps. The implication is that in the film, due to close 

proximity of the polymer chains, efficient interchain energy transfer can occur through FRET, 

which randomizes the transition dipole moment and, therefore, decreases the anisotropy value.  

The most striking difference between film and solution is the longest component, which for 

LaPPS 16 in solution decays with a time constant of 405 ps, whereas for the film decays with 

a much faster 24.6 ps time constant, i.e., a signification acceleration. The fact that the GSB 

recovers much faster in the film when compared to solution indicates that the approximation 

of the chains introduces a new nonradiative ground state re-equilibration channel. The exact 

mechanism responsible for this nonradiative relaxation is difficult to determine without further 

theoretical modeling, but has been observed before for other polymeric structures.  

In summary, photoexcitation of LaPPS 16 produces electrons and holes considerably 

delocalized along the polymer chain.26 The interaction of this quantum coherent excitation with 

the environment provided by the polymer chain vibrations, rotations and solvent molecules 

produces decoherence and, therefore, as a function of time, the superposition of states will lose 

its coherence. Since those interactions are localized on specific regions of the polymer, a spatial 

loss of coherence will also follow.30 The correlations between spatially distant parts of the 

photoexcitation on the polymer will be lost and the equilibrium states can become localized. 

Our results indicate that for LaPPS 16 in solution the exciton relaxes to its lowest energy state 

mostly through a fast coherent process, and not by incoherent hopping among chromophores.31 

FRET becomes important for LaPPS 16 when cast as a film, when interchain energy transfer 

becomes very efficient. Given the high time resolution of the time-resolved fluorescence up-

conversion method, detailed information about the early time relaxation dynamics of 

photoexcited singlet state population could be retrieved. The sub 100 fs amplitude shift towards 

lower energy, indicating an ultrafast energy lowering mechanism for the excitons in LaPPS 16. 

The most likely mechanism, based on experimental and theoretical results, points to a coherent 

localization of the exciton on lower energy emitting subunits in the polymer chains. An 

understanding of the ultrafast early time relaxation mechanisms might be critical for a full 

understanding of charge separation processes in blends as it might occur concomitantly.  

 

4. Conclusions 
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Detailed insights into the excited state photophysics for LaPPS 16 were obtained by 

ultrafast nonlinear spectroscopy, followed by global analysis of the transient absorption and 

fluorescence time curves. The linear absorption spectrum is inhomogeneously broadened, due 

to ground state conformational disorder.32–34 However, TA data revealed a weak picosecond 

relaxation contribution, indicating that there is not a significant amount of self-collapsed chain 

conformations. The chains are well solvated and separated in solution, so disorder comes from 

small angle rotations around bonds along the backbone of the conjugated chains and therefore 

it is broken into conformational subunits, which are the absorbing chromophores.25  

A fast relaxation component observed in TA and time resolved fluorescence revealed 

that the delocalized photoexcitation along the polymer chain localizes the exciton and the 

overall conjugated polymer energy very efficiently. In solution, this is the main exciton 

relaxation mechanism, as only a weak picosecond relaxation component was observed and 

which could be ascribed to FRET energy transfer. However when cast as a film, FRET becomes 

efficient, funneling energy and opening a nonradiative route to excited state relaxation. The 

excited population relaxes an order of magnitude faster compared to the case where the polymer 

is in solution. This information has to be taken into account when planning to use this polymer 

as a donor, in which case it might be ineffective in a film, as most energy might be lost before 

charge separation can occur.35  

As shown in this work, corroborating ongoing discussions in literature, conjugated 

polymers have a complex photophysical response, above all during the very early times after 

photoexcitation.25 This creates significant difficultly in providing detailed descriptions and 

assigning specific relaxation mechanisms during this period.  As has been pointed out, on 

different levels, multiple competing processes might be contributing, including exciton 

localization followed by delocalization and self-trapping. Furthermore, other relaxation 

mechanisms might be at play, including energy minimization within the exciton manifold, or 

polaron formation and recombination. Differently from inorganic semiconductors, where a 

general theory describes their behavior quite well, organic semiconductors are much more 

complex and specific descriptions have to be developed, connected to the specific molecular 

structures upon which the material rely.   
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