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Abstract 

Understanding the structure-property relationships that govern exciton dissociation into 

polarons in conjugated polymers is key in developing materials for optoelectronic 

applications such as light-emitting diodes and solar cells. Here, the polymer poly(9,9-

dioctylfluorene) (PFO), which can form a minority population of chain segments in a distinct, 

lower-energy ‘β-phase’ conformation, is studied to examine the influence of conformation 

and microstructure on polaron generation in neat thin films. Using ultrafast transient 

absorption spectroscopy to probe PFO thin films with glassy-phase and β-phase 

microstructures, and selectively exciting each phase independently, the dynamics of exciton 

dissociation are resolved. Ultrafast polaron generation is consistently found to be 

significantly higher and long-lived in thin films containing β-phase chain segments, with an 

average polaron yield that increases by over a factor of three to 4.9 % vs 1.4 % in glassy-

phase films. The higher polaron yield, attributed to an increased exciton dissociation yield at 

the interface between conformational phases, is most likely due to a combination of the 

significant energetic differences between glassy-phase and β-phase segments and disparities 

in electronic delocalisation and charge carrier mobilities between phases.  
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Introduction  

The molecular arrangement, or microstructure, of semiconducting polymer chains in the 

solid-state fundamentally affects their photophysical properties. Solid-state microstructure, 

and the resulting energetic landscape, is one of the most important factors controlling exciton 

dissociation into polarons in conjugated polymers. In order for exciton dissociation into 

polaron states to occur, large exciton binding energies much greater than thermal energy must 

be overcome.1,2 For the polyfluorene homopolymer poly(9,9-dioctylfluorene), an exciton 

binding energy, Eb = 300 ± 100 meV (cf. kBT = 25 meV at room temperature) has previously 

been estimated (for an as-cast sample).2 More complex copolymers, containing electron 

donating and electron accepting moieties (donor-acceptor or D-A), tend to exhibit lower 

binding energies as Coulombic attraction is reduced with increased spatial separation of 

electron wavefunctions.3 Likewise, in organic solar cells, blends of electron donor and 

acceptor materials have been used to induce further spatial separation of charged electronic 

states.4 Intriguingly, in relatively simple homopolymers, where there is an absence of any 

obvious energetic driving force for exciton dissociation, ultrafast photogeneration of polarons 

has been observed in several polymers.5–11 Therefore, questions pertinent to the fundamental 

understanding of semiconducting polymers include: (i) How are the driving forces for exciton 

dissociation in conjugated homopolymers governed by microstructure? (ii) How general are 

these factors within the extensive family of conjugated polymers?  

Recent studies investigating the effect of microstructure on polaron photogeneration in 

regioregular poly(3-hexylthiophene) (P3HT) have shown that charge generation increases 

with mass-average molar mass (Mw).12–15 This observation was attributed to a change in 

microstructure from a single-phase system of polycrystalline domains to a two-phase 

structure comprising crystalline regions separated by disordered (pseudo-amorphous) chains. 

In the same vein, increased charge generation in regioregular vs regiorandom P3HT is 
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attributed to the change from an amorphous to a semicrystalline microstructure.16 Increased 

charge carrier mobility has also been measured in better-connected two-phase systems of 

P3HT,17–20 further highlighting the profound influence molecular arrangement has on 

optoelectronic properties. Reports have also highlighted the importance of electronic 

delocalisation for enhanced polaron generation.21–23 The width of the energetic density of 

states (DOS, also termed energetic disorder), resulting from conformational variation within 

populations of polymer chains, together with local effects such as proximity to polar groups 

and surfaces, has been identified as another critical factor controlling charge generation in 

neat materials.13 Recent theoretical simulations and modelling of D-A heterojunctions further 

suggest that charge separation is facilitated by or as a result of energetic disorder,24 with a 

broader density of states (higher degree of energetic disorder) decreasing the activation 

energy barrier to charge separation and hence increasing the separation probability.25–27  

Further insight into the relationship between microstructure and polaron generation can be 

gained by the study of conjugated polymers where the energetic DOS and microstructure can 

be systematically controlled. Hence, in this report, a detailed study of polaron generation in 

poly(9,9-dioctylfluorene) (PFO) is presented. PFO is chosen because chain segments can 

adopt a well-defined, highly-ordered ‘β-phase’ conformation whose formation can be 

carefully and reproducibly controlled by a variety of thin film processing methods.28–34 In 

recent years, a growing number of PFO derivatives and related polyfluorenes have also 

shown a similar β-phase conformation.35–44  

Polymer chain segments adopting a β-phase conformation exhibit a planarised interunit 

torsion angle of ≈ 180°, in comparison to the majority in-plane isotropic ‘glassy-phase’ 

segments which adopt a much wider range of more twisted torsion angles of ≈ 120‒140°.30,45 

While for β-phase the alternation of side chains leads to formation of a 21 helix, the direction 

of side chain extension does not necessarily alternate for the glassy-phase. The higher 
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planarity of the β-phase conformation leads to more linearly extended and higher 

polarizability chains, with π-interactions delocalised over a longer conjugation length.28,30 

This results in characteristic lower energy β-phase electronic transitions and optoelectronic 

properties that are spectrally distinct compared to the more disordered glassy-phase.28,46,47 In 

addition to being highly-ordered, the β-phase conformation is also very well-defined: 

electronic transitions are approximately fixed in energy, independent of the method of 

induction or the amount of β-phase,31 and exhibit narrow linewidths in both absorption and 

emission spectra, signalling much lower conformational disorder than the glassy-

phase.45,46,48,49  

Unlike the complex semi-crystalline microstructures found for P3HT, with crystalline 

domains of variable size connected to surrounding disordered regions, ordered chain 

segments of β-phase in PFO do not form lamellae and appear reasonably well dispersed 

within the matrix of glassy chains.30,46,49,50 Furthermore, the relatively twisted ground state 

conformation of glassy-phase PFO (which causes the ground state absorption onset to be 

significantly higher energy than that of the planarised β-phase), in combination with the well-

defined and distinct nature of the β-phase conformation, mean that formation of β-phase 

segments causes abrupt spectral changes. This is in contrast with the more gradual order-

disorder transitions observed for most conjugated polymers such as P3HT.51 This makes the 

two phases of PFO straightforward to resolve spectrally, and leads to a relatively simple, two-

component-like system of energetically well-defined β-phase chain segments embedded 

within disordered glassy-phase chains of a much broader conformational and energy range. 

The unique conformation-controlled microstructure of PFO therefore provides a useful 

testbed for studying the influence of microstructure, complementing the ubiquitous studies of 

P3HT.  
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By carefully controlling the fraction of low-energy, highly-ordered β-phase segments within 

otherwise disordered glassy films, the microstructure and the resulting energetic landscape 

may be systematically varied for a series of PFO thin films. This has recently been used to 

study the effects of conformation on strong and ultrastrong coupling in metal-polymer-metal 

microcavities.52 Films containing β-phase segments in addition to the glassy-phase are often 

referred to simply as β-phase PFO samples.  

Here, ultrafast femtosecond and continuous-wave photoinduced absorption spectroscopy 

measurements (referred to throughout as transient absorption, TA, and PIA respectively), are 

used to reveal the formation and dynamics of polaron, triplet and singlet excited state species, 

and their dependence on: (i) β-phase fraction; and (ii) selective excitation of either solely β-

phase chain segments, or predominantly glassy-phase chain segments (the first such report in 

the literature). Previous studies have reported a qualitative increase in polaron generation for 

PFO containing β-phase chain segments vs purely glassy-phase films.48,53–55 In the present 

work, the yield of photogenerated polarons is quantified through a rational fitting procedure 

of ultrafast TA spectra complemented by quasi-steady-state photoinduced absorption 

measurements obtained from a series of thin film samples containing different fractions of β-

phase. The polaron generation yield is found to increase significantly upon β-phase 

formation, independent of which electronic species is initially excited. This suggests that the 

interfaces between glassy and β-phase chain segments are responsible for the enhanced 

polaron generation. 
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Experimental  

Materials and sample preparation 

PFO was synthesised by Suzuki coupling and used as received from Cambridge Display 

Technology (Mn = 18,000 g mol−1, Mw = 48,600 g mol−1, Đ = 2.7) and Sumitomo Chemical 

Company Ltd (Mn = 97,000 g mol−1, Mw = 287,000 g mol−1, Đ = 3.0). Molar mass values 

were obtained from gel permeation chromatography calibrated with polystyrene standards. 

Due to the higher chain stiffness of PFO vs polystyrene, GPC has been shown to overestimate 

average molar mass by a factor of 2.7 relative to absolute values obtained from coupled GPC 

and light scattering.28 Toluene (HPLC grade, > 99.7%, VWR), decahydronaphthalene 

(“decalin”; reagent grade, a mixture of cis and trans isomers, Sigma-Aldrich) and 1,8-

diiodooctane (DIO, 98% with copper as a stabiliser, Sigma-Aldrich) were used as received. 

PFO (Mw = 48,600 g mol−1, Đ = 2.7) thin films for steady-state optical and TA measurements 

were deposited onto circular sapphire substrates (12 mm diameter, c-axis cut, UQG Optics 

Ltd). In-plane isotropic, glassy PFO films were prepared by spin-coating PFO solutions in 

toluene (7 mg mL−1) at 3000 rpm for 60 s, with both solution and substrates pre-heated to 100 

°C for 2 min immediately prior to deposition. PFO films with 7–8 % β-phase fractions 

(details of β-phase estimations are given further on in this section) were prepared by exposing 

glassy PFO films to saturated toluene vapour at 40 °C for 24 hours. Films with 23% β-phase 

content were prepared by drop-casting 0.1 wt.% PFO solutions in decalin followed by slow 

solvent evaporation. Film thicknesses for the glassy, 8 (± 2) % β-phase and 23 (± 2) % β-

phase samples are 40 ± 5 nm, 45 ± 5 nm and 42 ± 5 nm respectively, measured using a 

Bruker Dektak XT profilometer. 

PFO (Mw = 287,000 g mol−1, Đ = 3.0) thin films for PIA measurements were deposited onto 

square fused silica substrates (12 x 12 mm, Spectrosil 2000, UQG Optics). Glassy films were 
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prepared by spin-coating PFO solutions in toluene (13 mg mL−1) at 2300 rpm for 60 s, with 

both solution and substrates pre-heated to 100 °C for 2 min immediately prior to deposition. 

Films with 22 (± 3) % β-phase were spin-cast from solutions in toluene (8 mg mL−1) with 2 

wt.% DIO at 2000 rpm for 60 s at room temperature. 

Steady-state absorption spectroscopy 

UV-Vis absorption spectra were recorded using a dual‐beam Shimadzu UV‐2600 

spectrophotometer equipped with a diffuse reflectivity (integrating sphere) attachment and 

corrected for reflection to give absorption (A(%) = 100‒T(%)‒R(%)).  

Ultrafast transient absorption spectroscopy 

Experimental setup 

Ultrafast transient absorption spectroscopy measurements were performed using the ULTRA 

setup at the STFC Rutherford Appleton Laboratory, described in detail elsewhere.56 In brief, 

an amplified titanium sapphire laser (Thales Optronique) produces ~50 fs pulses at a 

repetition rate of 10 kHz. The laser fundamental output, 800 nm, is then split into two parts. 

The first part generates UV pump pulses through an optical parametric amplifier (TOPAS 

OPA) at either 385 or 437 nm. The temporal FWHM of the pump pulse was observed to be 

~150 fs, giving Δλ = ± 4 nm (assuming pulses are transform-limited). The second part of the 

laser output is used to generate a broadband white light pulse, 520–1090 nm, by focusing the 

fundamental into a 2 mm calcium fluoride plate. The probe pulse was also split into two 

parts. The first part was focused to the sample, with the second used as a reference beam to 

monitor variations in the laser spectrum and intensity. The transmission of probe pulses 

(sample and reference) were measured using 512-pixel silicon single-diode arrays. 

Pump and probe beam diameters were approximately 160 and 80 μm, respectively and were 

overlapped spatially on the sample. Measurements were carried out with pump and probe 
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beam polarisation set at an angle of 54.7° to each other. The pump and probe were modulated 

at 5 and 10 kHz respectively, allowing the difference spectra between ‘probe-only’ and 

‘pump + probe’ transmission to be obtained in real time. An optical delay line controlled the 

time delay between pump and probe. Distortions in the white light probe intensity were 

present due to the probe beam being coincident with the laser fundamental at ~1.55 eV. 

Consequently, this region of the TA spectra was removed for all data sets. 

Thin film samples were held in a helium-cooled cryostat regulated with a temperature 

controller, either at 290 K or 15 K (ΔT = ± 2 K). The cryostat was rastered continuously 

during measurements in both x and y planes to avoid sample degradation. Photoluminescence 

emission spectra before and after TA measurements showed no observable changes: this is 

strong evidence for the absence of sample degradation, as PFO is well-known to exhibit red-

shifted ‘green-band’ emission from fluorenone defects upon oxidation.57,58 

Spectral fitting & yield estimation 

Prior to fitting, all TA data was first chirp corrected. Following this, TA spectra at each time 

delay were then fit with a linear superposition of spectral profiles: two Gaussian profiles to 

represent glassy-phase polaron and triplet excited state absorption; two Lorentzian profiles to 

represent β-phase polaron and triplet excited state absorptions (a Lorentzian profile was 

selected on the basis of providing the best fit to PIA spectra); and the excited state singlet 

absorption was represented by a linearly scaled ‘singlet-only’ TA spectrum. For a given 

sample, the ‘singlet-only’ spectrum was the TA spectrum at the earliest delay time exhibiting 

a reliable signal and before the resolution of triplet and polaron signals at later times. This 

delay time was found to coincide with the peak of the integrated TA spectral area, at Δt = 

200–300 fs. Spectra were fit between 1.38 and 2.17 eV, using least squares fitting. Limits for 

peak positions and widths for the Gaussian and Lorentzian functions were based on results 

from photoinduced absorption spectroscopy measurements, and were used to constrain the 
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fits. Subsequently, the fitted TA spectral components (excited state singlet, polaron and 

triplet) were integrated between 1.38 and 2.17 eV at each time delay point to yield excited 

state kinetics.  

To estimate the photogenerated yield of polarons and triplets in PFO, the population of 

excited state species as a function of time was first determined from integrated TA signals 

using the following equation derived from the Beer-Lambert-Bouguer law,9,59–61 

  (1) 

where NES [cm−3] is the population of a given excited state species, ΔAES is the associated 

change in sample absorbance (a spectrally integrated area in this study rather than absorbance 

at a single wavelength), σES [cm2] is the absorption cross-section and d [cm] is film thickness. 

Experimentally obtaining absorption cross-sections from TA measurements alone is non-

trivial,62 often requiring photophysical models. For PFO, there are literature values for some 

excited states species (obtained from various measurement techniques over separate studies), 

however there is no self-consistent source containing singlet, polaron and triplet cross-section 

values. Nevertheless, absorption cross-sections could be estimated using the best available 

values for PFO and similar fluorene-based polymers: glassy hole polaron, σglassy-pol = 8 x 10−16 

cm2 and β-phase hole polaron, σβ-pol = 4 x 10−16 cm2 from spectroelectrochemical 

measurements of PFO;63,64 a lower limit for triplets of σtriplet ≥ 2 x 10−16 cm2 taken from 

photoinduced absorption spectroscopy of PFO,48 and excited state singlet and triplet cross-

sections for the related step-ladder polyfluorene PIFTO (σS1Sn = 3 x 10−16 cm2 from TA)9 

and fluorene copolymer F8BT (σtriplet = 3.1 x 10−16 cm2) respectively.65 Based on these 

literature values, the absorption cross-sections given in Table 1 were used to estimate excited 

state populations. The uncertainty in the values is estimated to be ± 33 %, based on the 
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variation between similar σ values as well as different methods used to extract σ values 

between reports. 

Table 1. Estimated absorption cross-sections, σ, for excited state species of PFO based on literature 

values. 

Excited state species σ (cm2) 

Singlet, S1-Sn (Glassy and/or β-phase) 3 (± 1) x 10−16 

Triplet, T1-Tn (Glassy and/or β-phase) 3 (± 1) x 10−16 

Polaron, P1-Pn (Glassy-phase) 8 (± 2.7) x 10−16 

Polaron, P1-Pn (β-phase) 4 (± 1.3)  x 10−16 

 

From an initial excited state population dominated by singlet states, the yield of polarons and 

triplets may be found from the ratio of the maximum populations of polarons or triplets to the 

maximum population of singlets. Estimated uncertainties for the yields were quantified by the 

propagation of errors, based on the uncertainties quoted in Table 1, as well as estimated 

percentage uncertainty of ± 20 % for the TA spectral areas obtained from fitting, and the 

variability in film thicknesses of around ± 10 %. From this, the percentage uncertainty in the 

final yields is estimated to be is ± 60 %.   

Photoinduced absorption spectroscopy 

Quasi-steady-state PIA measurements were performed with PFO samples mounted in a 

closed-cycle cryostat cooled to 12 K. A double modulation technique was used and described 

in detail elsewhere.66 Samples were excited with a continuous wave 406 nm laser modulated 

at 170 Hz and probed by a monochromatic 150 W tungsten-halogen lamp modulated at 139 

Hz. The transmission was measured using a Si avalanche photodiode. Two lock-in amplifiers 

measured both the fractional change in the probe transmission through the sample, ΔT, 

referenced to the sum frequency of the pump and probe (309 Hz); and the probe transmission 

through the sample, T, referenced to the probe modulation frequency. The ratio of these two 

signals is the presented ΔT/T spectra. The probe passed through a monochromator before the 

sample and ΔT/T was measured incrementally in 2 nm steps between 550 nm and 1000 nm. 
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Results 

Figure 1 shows steady-state absorption spectra from PFO thin films (d = 40–45 nm) with 

varying fractions of β-phase. All samples were prepared using previously reported processing 

techniques,30,33,67 as detailed in the experimental section. 

 

Figure 1. UV-Vis absorption spectra from thin-film samples of PFO comprising: (a) 100% glassy-

phase and films with (b) 8 (± 2) % and (c) 23 (± 2) % β-phase chain segments. The UV-Vis spectra 

are resolved into their glassy-phase (G, blue shading) and β-phase (β, red shading) components. 

Ultrafast transient absorption spectroscopy excitation wavelengths of 385 nm (blue band) and 437 nm 

(orange band) are highlighted. (d) PFO chemical structure and schematics of chain segments in 

glassy and β conformational phases, with the differences in torsion angle highlighted (alkyl side 

chains removed for clarity).  

The spectra comprise contributions from the absorption profiles of glassy- and β-phase chain 

segments. By subtracting the 100% (pure) glassy-phase spectrum and fitting the resulting 

difference spectra with a series of Gaussian peaks (see SI Figure S1 and the associated text 
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for more details), the glassy and β-phase contributions can be separated as indicated in Figure 

1. Integration of the π‒π* absorption contributions up to 3.88 eV (320 nm), and correction for 

the calculated difference in oscillator strength of glassy and β-phase chain segments,68 allows 

the fraction of β-phase chain segments to be estimated (using SI equation S1), yielding 8 ± 2 

%  and 23 ± 2 %. As expected, the formation of β-phase gives rise to lower energy absorption 

peaks relative to the disordered glassy-phase, with clearly resolved vibronic structure.30 The 

energy difference between the absorption maxima of the glassy and β-phase is 380 meV. This 

offset represents a substantial difference in the energetics of the two conformations, which 

will be present at the interface between glassy and β-phase segments, both along and between 

polymer chains. The β-phase chain segments have also been previously shown to display a 

notable increase in polarizability (by 80%),48 demonstrating an extended delocalisation of the 

exciton wavefunction.
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Having established the presence of the β-phase conformation from steady-state optical 

spectra, the generation of excited state species is examined. Figure 2 shows ultrafast low-

temperature transient absorption spectra from pure glassy-phase and 23% β-phase PFO 

samples excited at 385 nm with FWHM ≈ 150 fs pump pulses. 

 

Figure 2. Low temperature transient absorption spectra (T = 15 K, λexc = 385 nm, pump fluence = 30 

µJ cm−2, variable pump-probe delay times) of PFO thin films containing: (a) 100% glassy-phase 

chains and (b) 23 (± 2) % β-phase. Early pump-probe delay spectra (red lines) are dominated by the 

singlet excited state. The lower panels in each sub-plot indicate typical Gaussian and Lorentzian 

peaks used to represent glassy and β-phase triplet (shaded green lines) and polaron (shaded blue 

lines) transitions. Insets: Film microstructure schematics (a) without and (b) with β-phase chain 

segments present. 

In this report, we primarily consider the low temperature measurements (T = 15 K) since the 

TA spectral features are more clearly resolved (room temperature spectra are compared in SI 

Figure S2). For the glassy-phase samples at Δt = 300 fs, a broad excited state band with a 

maximum at ~ 1.60 eV is observed and assigned to the S1  Sn singlet transition. A relatively 

narrow peak subsequently emerges around 2.10 eV, superimposed on the S1  Sn band and 
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resolved within the first 500 fs following excitation. This peak is assigned to polaron 

absorption, in line with previous spectroelectrochemical studies of doped PFO and the closely 

related polyfluorene PF6.63,69 The observation demonstrates the ultrafast photogeneration of 

polarons in neat PFO, consistent with previous TA measurements,7,55,70 and also provides an 

explanation for why PFO is such a poor host material for optical gain when used in 

conjunction with the green emitter poly(9,9-dioctylfluorene-co-benzothiadiazole).71 A second 

narrow peak/shoulder at around 1.5 eV becomes evident from Δt ~ 1 ps, which is assigned to 

T1  Tn triplet absorption, on the basis of its long lifetime, sensitivity to oxygen and the lack 

of any accompanying charge related infrared activated vibrations.48,53–55  

For the samples containing β-phase chain segments, an additional set of TA peaks appear at ~ 

1.93 eV and 1.42 eV, red-shifted by ~ 0.2 and 0.1 eV respectively and narrowed compared to 

the glassy-phase polaron and triplet counterparts. The assignment of these peaks to polarons 

and triplets localised on β-phase chain segments follows from their lower energy and 

narrower linewidths, akin to the additional β-phase transitions in steady-state PFO absorption 

spectra. The β-phase polaron assignment has previously been confirmed by the expected PIA-

detected magnetic resonance for a doublet.72 Tellingly, the S1  Sn band is also broadened on 

the low energy edge due to the presence of a red-shifted β-phase singlet absorption 

contribution. The larger red-shift of the β-phase polaron vs triplet is consistent with greater 

localisation of the triplet state; a common feature of conjugated aromatic systems.  

Taking a similar approach to that used for the steady-state absorption spectra, the various 

glassy- and β-phase absorption species that comprise the TA spectra were also isolated 

through fitting. Typical fitting profiles used for the excited state species are shown in the 

lower panels of Figure 2, with further details described in the experimental section. The 

ability to spectrally resolve signals from different excited state species, and thereby 

distinguish signals originating from glassy and β-phase chain segments, allows the impacts of 
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conformation and microstructure on polaron photogeneration to be elucidated and quantified 

as presented further on.  

Additional TA measurements, under selective excitation of β-phase chain segments at 437 

nm, were also performed on both the 8% and 23% β-phase samples (β-phase fraction 

calculations are detailed in the SI) and are shown in Figure 3. Selective excitation, at 385 nm 

vs 437 nm, provides a comparison of polaron photogeneration originating from majority 

glassy-phase excited states (and a minority of β-phase chain segments when present) vs β-

phase only excited states respectively. Following excitation at 437 nm, Figure 3 (b) and (c), 

the polaron and triplet contributions associated with the β-phase chain segments are more 

clearly resolved.  
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Figure 3. Low temperature (T = 15 K) transient absorption spectra for 8 (± 2) % β-phase PFO thin 

films excited at (a) 385 nm and (b) 437 nm; and (c) 23 (± 2) % β-phase PFO excited at 437 nm, for 

varying pump-probe delay times at a pump fluence of 30 µJ cm−2.  

TA spectra are presented for a pump fluence of 30 μJ cm−2, where the signal intensity–

fluence response across the photoinduced absorption band is linear (shown in SI Figure S3). 

It is also noted from Figure S3 that the intensity–fluence response becomes sub-linear at 

higher fluence, with an inflection point at ~ 100 μJ cm−2, consistent with previous TA studies 

of PFO.7 

In order to test the longevity of photogenerated polarons with varying microstructure, 

photoinduced absorption spectra of glassy-phase and β-phase PFO thin films were also 
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obtained and are displayed in Figure 4. There is close correspondence between the Δt = 3 ns 

TA and PIA spectra, which are both consistent with previous PIA measurements of PFO 

films,53,54 confirming the identification of polaron and triplet peaks on ultrafast timescales.  

 

Figure 4. Low temperature ultrafast transient absorption (TA) and continuous-wave photoinduced 

absorption (PIA) spectra for (a) glassy-phase and (b) 23 (± 2) % β-phase PFO thin films. TA spectra 

are shown for a pump-probe delay of 3 ns at T = 15 K (385 nm excitation, pump fluence = 30 µJ 

cm−2). PIA spectra were recorded at a modulation frequency of 170 Hz, for 406 nm excitation at T = 

12 K. 

Notably, for the β-phase PFO sample, the sharp β-phase polaron signal remains even for the 

long (~ 1 ms) timescales probed by PIA. In contrast, no long-lived polarons are visible in the 

PIA of glassy-phase PFO. A similar observation is noted for the β-phase sample, where the 

glassy-phase polaron observed on the fs–ns timescales of TA measurements is also lost at the 

longer timescale of PIA. The glassy-phase PIA spectrum is instead dominated by the T1  Tn 

triplet absorption. The variation in microstructure due to the presence of segments adopting 
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the β-phase conformation has a significant impact upon both the initial population, evolution 

of said population and the subsequent lifetime of photogenerated polarons and triplets. 

Here, there is further evidence that β-phase chain segments act as highly efficient energetic 

traps, in line with previous reports:32,49,73 TA spectra show a relative reduction in glassy-

phase vs β-phase polaron and triplet peaks over time, which indicate polaron and triplet 

migration from glassy-phase to β-phase sites for β-phase containing samples. Then, by the ms 

timescale of PIA measurements, these glassy-phase species are completely absent while β-

phase species remain. Isolation of triplets and polarons on β-phase chain segments leads to 

reduced mobility and hence the lower rate of recombination and/or losses due to migration, 

explaining their longer lifetimes vs glassy-phase species.53 The β-phase polaron and triplet 

signals are also narrower than their glassy-phase counterparts, reflecting the reduced 

conformational variation within the rigid β-phase chain segments and the resulting narrower 

energetic density of states. The significantly narrower linewidth of the β-phase vs glassy-

phase polaron is also qualitatively consistent with the longer observed polaron lifetime, on 

the order of ms rather than ns. At higher energies, all PIA spectra show a positive ΔT/T 

signal, attributed to residual background steady-state PL.  

 

Measured TA spectra are superpositions of overlapping singlet, polaron and triplet excited 

state absorptions. By fitting spectra and accounting for the different excited state absorption 

cross-sections, excited state populations as a function of pump-probe delay can be extracted. 

Further details are described in detail in the experimental section. Spectral fits and resulting 

excited state kinetics are presented in SI Figures S2 & S4–S7.  

A discussion of the TA spectral fitting methodology is provided in the supporting 

information. Excited state kinetics presented in SI Figures S5 and S6 reveal that the singlet 
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population peaks at early times as expected at Δt ~ 200–300 fs. Meanwhile polaron and triplet 

populations peak later at 500 fs–1 ps and 1–6 ps respectively (SI Figure S5–S7), depending 

on the sample. This observation confirms the different timescales of polaron and triplet 

formation. For the following decay in the polaron signal, there is some variation but no 

obvious trends with varying β-phase fraction and excitation wavelength (SI Figure S7). 

The excited state kinetics provide a quantitative yield for the generation of polarons and 

triplets from the initial photoexcited singlet population. Figure 5 shows the polaron 

generation yield for samples of varying β-phase fraction measured at low pump fluence, 

under the selective excitation of glassy- and β-phase chain segments. Remarkably, the 

polaron yield increases by ~ 3–4 times in samples containing both glassy and β-phase (ϕpol = 

4.4 – 6.3 %) compared to pure glassy-phase samples (ϕpol = 1.6 %). This is equally true in β-

phase samples for both selective excitation of glassy-phase chains (and a minority of β-phase 

segments when present) at 385 nm and the lower-energy β-phase segments only at 437 nm, 

with the 8% β-phase sample showing a markedly higher polaron generation for excitation of 

β-phase chain segments alone.  
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Figure 5. Photogenerated polaron yields for PFO thin films with varying β-phase fraction (0, 8 ± 2 & 

23 ± 2 %). Yields are obtained from TA spectra (T = 15 K), and compared for selective excitation of 

glassy-phase (and a minority of β-phase when present) chain segments at λexc = 385 nm (blue bars) 

and β-phase chain segments only at λexc = 437 nm (orange bars), for a pump fluence = 30 µJ cm−2. 

Table 2. Summary of photogenerated polaron and triplet yields (in %) for PFO thin films with varying 

β-phase fraction, following excitation at 385 nm and 437 nm at varying temperature and pump 

fluence. Each yield value is quoted with a percentage uncertainty of ± 60 %. 

   Polaron yield, ϕpol (%) Triplet yield, ϕtrip (%) 

T (K) Pump fluence 

(µJ cm−2) 

β-phase 

fraction (%) 

λexc = 385 

nm 

λexc = 437 

nm 

λexc = 385 

nm 

λexc = 437 

nm 

15 30 0 1.6 - 6.5 - 

8 (±2) 4.4 6.3 10 7.4 

23 (±2) 4.7 5.1 9.7 4.2 

15 180 0 1.0 - 6.3 - 

8 (±2) 3.0 8.2 7.3 4.6 

23 (±2) 4.1 5.6 7.0 4.6 

290 30 – 40 0 1.5 - 3.3 - 

7 (±2) - 2.6 - 3.1 

23 (±2) - 7.0 - 1.8 

290 180 – 230 0 1.6 - 3.6 - 

7 (±2) - 3.0 - 3.1 

23 (±2) - 4.9 - 3.4 
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Photogenerated yields of polarons and triplets from excited state singlets are summarised in 

Table 2, for a range of measurements taken at varying pump fluence and temperature. PFO 

polaron yield values are comparable to those previously reported for other neat polymers, on 

the order of 1‒10 %.3,5,8,12,13 Upon the introduction of β-phase into the thin film 

microstructure, a definite increase in polaron generation yield is evident and persistent across 

all measurement conditions. For low temperature measurements at higher pump fluence, 

where the signal–fluence dependence is sub-linear (SI Figure S3), a 3–8 times increase in 

polaron yield is again observed for samples containing β-phase. Similarly, for room 

temperature measurements, a 2–4 times increase in polaron yield is observed for β-phase 

samples at both low and high fluence. Curiously, no consistent trend is found for the increase 

in polaron yield vs the fraction of β-phase chain segments, with the 8% and 23% β-phase 

samples giving similar results. Were an argument to be formed which related the increase in 

polaron yield to the number of glassy/β-phase interfaces, this result would perhaps suggest 

that clustering of the β-phase chain segments may be occurring for larger β-phase 

concentrations. However, as discussed further on, other factors are also likely to play a role. 

What is clear is that across all measurements at low and room temperature and low and high 

fluence, β-phase-containing samples have higher polaron yields compared to glassy-phase 

samples by a factor of 3.4 on average: ϕpol =  4.9 % vs 1.4 %, with standard deviations of 1.7 

% and 0.3 % obtained across 12 and 4 measurements respectively. The results confirm the 

influence of conformation on polaron generation in PFO, and further support the view that a 

microstructure containing chains with ordered and disordered molecular conformations can 

lead to enhanced polaron generation.  

Finally it is noted that samples containing β-phase segments consistently yield more 

‘secondary’ species (polaron and triplets) in general. Interestingly, the balance between 

polaron and triplet generation is dependent upon the environment of the initial excitation, 
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with the yield of polarons generally higher and triplet yield lower following β-phase 

excitation at 437 nm than glassy-phase at 385 nm (visualised in SI Figure S8).  

 

Discussion  

The key finding of this study is that PFO thin films containing a fraction of chain segments 

adopting the highly-ordered β-phase conformation in addition to twisted, disordered glassy-

phase conformations, generate significantly higher populations of polarons than glassy-phase 

only samples from photoexcitation. Notably, the increase in polaron generation is retained 

even when exciting the lower-energy β-phase chain segments only. 

Selective excitation of PFO at 437 nm initially generates excitons exclusively on the β-phase 

chain segments (glassy-phase absorption is negligible at this wavelength). Yet, polaron 

signals from both β- and glassy-phases are still clearly observed (SI Figure S4 (e) & (f)), with 

polaron signals seen in 100% glassy-phase samples closely overlapping the signals seen in β-

phase samples. Furthermore, both polaron peaks are first resolved on the same ultrafast 

timescale, showing that glassy and β-phase polarons form concurrently. Considered together 

this is compelling evidence that exciton dissociation occurs at the interfaces between glassy 

and β-phase chain segments. It follows that this interfacial exciton dissociation is the origin 

of the enhanced polaron generation in samples containing β-phase chain segments. 

One interpretation for why polaron generation is enhanced at glassy/β-phase interfaces is that 

the sharp energetic offsets between the two conformational species drives spatial separation 

of charges. The hypothesis is drawn from similar studies of the effect of microstructure on 

polaron generation in P3HT by both Paquin et al.,12 and Reid et al.,13 who proposed that the 

local energetic offsets between amorphous and crystalline regions were the driver for 

enhanced exciton dissociation in semicrystalline vs polycrystalline (where amorphous regions 



24 

 

are absent) samples. As well as discussing further the effects of local energetic offsets, 

additional, not necessarily mutually exclusive, explanations for the increased exciton 

dissociation are considered. These are namely electron delocalisation and disparities between 

electron and hole charge carrier mobilities.  

Firstly, several reports have found evidence to suggest that photoexcitations in conjugated 

polymers are initially highly spatially delocalised on ultrafast timescales.21,74,75 For such 

cases, significant spatial separation of the bound charges within excitons can lead to 

dissociation and polaron formation in neat polymer films. Theoretical studies of 

donor:acceptor systems have also suggested that introducing local energy fluctuations at D:A 

interfaces, akin to the large energetic offsets exhibited at glassy/β-phase interfaces, increases 

the likelihood of coherence between exciton and charge-transfer/polaron states on similarly 

ultrafast timescales.24 This may be the case in PFO samples containing β-phase segments, 

while the higher polarizability and electronic delocalisation of the β-phase, in addition to the 

mismatch in conjugation lengths of the glassy and β-phases,48,63 may too act to enhance 

spatial separation of charges within excitons formed at or near to glassy/β-phase interfaces.  

Again examining the effect of energetic offsets, the driving forces for photoinduced charge 

transfer, in the context of more localised excitations, can also be considered by examining 

molecular orbital energy levels. One of the most well-known properties of the β-phase in 

PFO is its ability to act as a highly efficient energetic trap, with efficient exciton and charge 

carrier transfer from glassy- to β-phase chain segments observed in photo- and electro-

luminescence measurements.32,49,73 These observations mean that glassy/β-phase interfaces 

are thought to form type I heterojunctions that favour exciton migration to the β-phase over 

charge separation, with both β-phase HOMO and LUMO levels lying within those of the 

glassy-phase. Experimental determinations of the relative positions of the β-phase HOMO 

and LUMO levels are, however, inconclusive – spectroelectrochemical hole doping of β-
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phase PFO samples has shown that the β-phase oxidation potential is lower than the glassy-

phase by ΔE ≈ 100–150 meV,63 indicative of a shallower HOMO level; and photocurrent and 

impedance spectroscopies suggest that the β-phase HOMO is also shallower by ΔE ≈ 300 

meV.76 Meanwhile, trap-filling thermally stimulated current measurements exhibit no 

evidence of a difference in glassy and β-phase HOMO levels, but find the LUMO of the β-

phase to be deeper than the glassy-phase by ΔE ≈ 120 meV.32 Given this uncertainty, in 

combination with the local variation in HOMO and LUMO energies of glassy-phase chains 

due to conformational variation, it is reasonable to speculate that within a PFO film there may 

be a (small) fraction of glassy/β-phase interfaces which form type II rather than type I 

heterojunctions, where offsets between HOMO or LUMO levels of neighbouring glassy and 

β-phase chain segments favour charge separation over energy transfer. If this were the case 

for only a small fraction of interfaces, it could explain the enhanced polaron yield in β-phase 

containing films. 

In the case of semicrystalline P3HT, where type I heterojunctions are again expected between 

ordered and disordered regions, it has also been proposed that polaron generation is enhanced 

at ordered/disordered interfaces as a result of a mismatch in hole and electron mobilities, 

increasing the probability of spatial separation of charges rather than exciton migration.13 A 

similar argument may equally apply to PFO. However, there is much variation in the hole and 

electron mobilities of PFO quoted in the literature spanning several orders of magnitude and 

comparatively few reports of electron mobilities,32,77–81 thus making reliable assessment 

difficult. This noted, reports where both charge carrier mobilities were determined, suggest a 

large mismatch between hole and electron mobilities.80–82 Moreover, if there are differences 

in the mobilities of the same charge carrier type between glassy and β-phases, this may act to 

further increase the likelihood of spatial separation of charges at the glassy/β-phase interface. 
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Testing this speculation experimentally would be very challenging, due to the macroscopic 

nature of the mobility measurements and the difficulty in isolating β-phase segments.  

It is noted that the assignment of polaron signals to holes or electrons is also not possible, as a  

high degree of overlap between hole and electron absorption signals is expected, as 

previously observed from electrochemical doping of the closely related polyfluorene PF6 

(hexyl rather than octyl side-chains).69 As a result, it is not possible to know whether and to 

what extent the formation of a particular polaron within a particular conformation segment is 

favoured. 

While various postulations can be made to explain why exciton dissociation is enhanced at 

glassy/β-phase interfaces, their size and order of importance is as yet unknown. What is clear, 

and consistent with other system studies, is that the introduction of varying structural order, 

which provides a gradient in both the energetic landscape and degree of electronic 

delocalisation, is key to driving enhanced exciton generation in conjugated polymers. 

 

Conclusion 

In conclusion, the results presented in this study reinforce the key relationship between 

microstructure and exciton dissociation in conjugated polymers. Results of ultrafast transient 

absorption spectroscopy show that introducing small fractions of highly-ordered β-phase 

chain segments into otherwise disordered, glassy films of poly(9,9-dioctylfluorene) 

significantly increases the yield of polarons formed by ultrafast exciton dissociation of singlet 

excited states, on average by a factor of 3.4. Selective photoexcitation of the lower energy β-

phase species only was found to produce as many polarons as when pumping a majority of 

the higher energy glassy-phase chain segments. Furthermore, dissociation of the β-phase 

excited state singlets produced higher energy glassy-phase polarons on the same femtosecond 
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timescale as β-phase polarons. Based on these findings, the increase in polaron generation in 

β-phase containing films is attributed to exciton dissociation at interfaces between glassy and 

β-phase chain segments. Increased polaron generation at these interfaces is suspected to be 

driven by a combination of the large energetic offsets between glassy and β-phase chain 

segments, the higher electronic delocalisation of the β-phase, and asymmetry in charge carrier 

mobilities. Our observations and proposals are consistent with those previously reported for 

P3HT, where focus was made on increased charge separation at interfaces between 

amorphous and crystalline regions. In this regard, the relationship between energetic offsets, 

delocalisation and increased exciton dissociation appears to be widely applicable to other 

conjugated polymer systems. Consequently, the role of microstructural variation within neat 

polymers in separating charge should be considered in the design of future materials and 

applications where exciton dissociation is desired. Likewise, if polaron generation is an 

unwanted by-product of photoexcitation, heterogeneous microstructures within neat 

conjugated polymers containing multiple species with large energetic differences and 

variations in delocalisation should be avoided. 
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