Slow Energy Transfer in Self-Doped fConformation Film of Steric Polydiarylfluorenes
toward Stable Dual Deep-Blue Amplified Spontaneous Emission
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Abstract. Exciton behavior is crucial for improving the optoelectronic properties of light-
emitting conjugated polymers. Herein, the photoexcitation dynamics of exciton migration and
energy transfer in self-doped f-conformation film of the polydiarylfluorene, poly[4-(octyloxy)-
9,9-diphenylfluoren-2,7-diyl]-co-[ 5-(octyloxy)-9,9-diphenylfluoren-2,7-diyl] (PODPF) are
demonstrated. Compared to the first generation of the f-conformation polyfluorene, poly(9,9-
dioctylfluorene) (PFO), energy transfer occurs in PODPF f-conformation films in a time period
of ~150 ps, much longer than for PFO films (< 5 ps), associated with the effective intrachain
energy transfer (few hundred picoseconds), rather than interchain Forster energy transfer (a
few picoseconds). Similar to PFO, the PODPF f-conformation also displays well-resolved
vibronic emission peaks at 20 K, attributed to the planar and rigid conformation. Interestingly,
a residual 0-0 band emission of non-planar conformation chain segments (435 nm, 2.85 eV at
20 K) also further confirms the exciton migration paths from the disordered state to the /-
conformation domains in PODPF films. The stable dual amplified spontaneous emission (ASE)
behavior of the PODPF self-doped films observed at 461 nm (2.69 eV) and 483 nm (2.57 eV)

at room temperature, originates from both the disordered and f-conformation domains.

1. Introduction: Intra-chain m-Electron delocalization of conjugated polymers is a
fundamental factor to control a variety of processes spanning from charge transport to the
photo-physics of neutral excited species or charged states.!!) In general, conjugated chains
consist of many aromatic units with an 6-bond as a link, which enable their one-dimensional
(ID) p-orbital overlap along the conjugated backbone.! The long-range structural chain
conformation can precisely control exciton diffusion, charge transport and energy transfer.[!-2%

31 Compared to non-planar conformation chains, planar conformation chains have a longer

effective conjugation length, a narrower optical-gap and more anisotropic
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Scheme 1. Self-dopant formation in conjugated polymer by controlling intrachain
conformation. (a) Self-dopant formation in spin-coated films.!”! (b) Conformation transition of
polyfluorene. Text describes the novel properties of planar conformation chain segments,
compared to non-planar conformation segments.!*?! (¢) Route of intra- and inter-chain exciton
migration and energy transfer.l'® 1% 1] Inter-chain energy transfer located within a Forster
transfer radius is much faster than for intra-chain transfer (up to two orders of magnitude).[!!]
(d) Schematic showing the energy transfer and exciton migration from disordered matrix to
planar conformation segments in this heterogeneous system.[*> 191

optoelectronic behaviour, which is desirable to meet the requirement of various optoelectronic
devices.'® 4 However, as a consequence of the low rotational energy barrier along the
conjugated backbone, the metastable planar conformation is preferentially stabilized by rigid
environments.®) In addition, it is highly challenging to obtain homogeneous and uniform films
with a fully-planar chain conformation, but self-doped structures comprising ordered chain
segments randomly distributed in a disordered matrix (Scheme 1a) are possible.['® 4> 71 The
ordered chains will act as guest energy sinks to trap excitons and energy from the matrix non-

te.7.81 Multiple conformations coexist in thin films of

planar conformation chains (Scheme 1b).!
all conjugated polymers but obtaining a red-shifted absorption and emission behaviour,

effective charge transport, and long exciton diffusion length for high performance

optoelectronic devices needs careful conformation control.[”) Diverse inter-chain electronic



couplings assisted by non-covalent interactions exist and it is of great interest to fully explore
the intra- and inter-chain exciton migration and energy transfer in such complicated condensed

structures.

Linear-type conjugated chains can be defined as a number of segments with a distribution of

1a,1d,26] Exciton diffusion and energy

effective conjugation length and energy gap (Scheme 1c).!
transfer occurs along backbone structures from the non-planar conformation segments (host
segments) to the relatively planar ones with a lower energy gap (also called guest segments)
(Scheme 1d).1'% Inter-chain packing also enables effective n-electron coupling, with exciton

migration via: Forster transfer, tunneling and thermally assisted hopping, where the transfer

process and rate are associated with the local microscopic geometry and the molecular

8b, 10,12 10, 12a

conformation.! I Previous studies,! I showed that energy transfer from the non-planar
conformation chains to the f-conformation chains in poly(9,9-dioctylfluorene) (PFO) occurs
at a picosecond timescale, < 5 ps. This is attributed to the close proximity of non-planar and
planar conformation chains, and the large spectral overlap between the emission spectra of the
non-planar conformation chains and the absorption spectra of the planar chains.®> 1% Therefore,
even at an extremely low fraction (< 0.4%) of the fconformation in the film, the characteristic
optical and electronic behaviour of the fconformation chain is observed, and this is associated
with the synergistic effect of the strong inter-chain interaction and fast exciton migration.”! In
this regard, the exciton diffusion in PFO f-conformation films may not precisely reveal the

8b, 10, 11

real intra-chain exciton migration and energy transfer. I ' To further systematically

investigate this exciton migration and energy transfer, we synthesised a second generation /-
conformation polydiarylfluorene, namely poly[4-(octyloxy)-9,9-diphenylfluoren-2,7-diyl]-co-
[5-(octyloxy)-9,9-diphenylfluoren-2,7-diyl] (PODPF), as a new example within which to

4c,5a,9a,13

explore exciton diffusion (Figure 1a).! 1 Compared to PFO, steric units at the 9-position



can effectively suppress inter-chain n-n interaction and inter-chain packing to partially isolate
the chain in the condensed state and thereby improve the emission spectral stability. According
to previous work,*®! the critical fraction to induce pure Sconformation emission for PFO was
calculated to be <0.4%. As expected, the characteristic emission of the f-conformation chain
for PODPF could only be observed at a critical fraction >10%, 25-fold higher than that of PFO
films (Figure 1b). This result was consistent with previous work.*? In addition, energy transfer
occurred from the non-planar conformation chains to the f~conformation chains in a time
period of >150 ps, much longer than that of PFO. Fast energy transfer for pristine PFO /-
conformation films leads to stable dual wavelength amplified spontaneous emission (ASE) not
being obtained simultaneously from both the glassy and f-conformation chain segments.
However, partial photoxidative degradation, that reduces the energy transfer rate from glassy
PFO chain segments to f~conformation segments, does then allow ASE from both glassy and
S-conformation chain segments.¥ Consistent with this observation, the longer transfer time
meant that it was possible to obtain stable dual ASE peaks at 461 nm (2.69 eV) and 483 nm
(2.57 eV) for PODPF films. These results help to confirm the slower rate of energy transfer
between the disordered and f-conformation chain segments in PODPF films as compared to

PFO.

2. Results and Discussion

As discussed above, non-planar and planar conformations can coexist within fluorene-based

le, 7, 9d, e, 10

conjugated polymer films.! I The ordered chain segments are randomly dispersed

within a disordered matrix, following generation by various post-deposition treatment
processes, such as low temperature thermal cycling, solvent additives, and solvent exposure in

vapour or liquid form (Scheme 1a).l'¢ 3% b 7,9b.d,¢, 10, 13]
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Figure 1. Optical properties of PODPF pristine and annealed films. (a) Absorbance and (b)
PL spectra of PODPF films after thermal treatment at various annealing temperatures up to
300°C. Films were annealed at elevated temperatures in air for 3 min and measured at room
temperature after cooling.

A significantly different approach to that for PFO-type systems, namely elevated temperature
thermal treatment is a specific experimental method to induce chain planarization of PODPF.
Such annealing for many PFO-type systems leads to crystallization.” Here, high p-
conformation fractions >10% are possible, as required to ensure complete energy transfer from
non-planar conformation chains to f-conformation chains, and thus obtain the characteristic
emission spectra of the latter. Desirably, the fraction of PODPF fS-conformational chains in
amorphous matrix can be tuned by controlling the thermal annealing temperature.5® °¢ Figure

la, b and Figures S1, S2 and S3 in the Supporting Information display the absorbance and

photoluminescence (PL) spectra of PODPF pristine and variously annealed films (~ 100 nm).

As the annealing temperature is increased to 210 °C, the appearance of the characteristic extra
absorbance peak at 444 nm and red-shifted PL spectra confirmed the formation of f-
conformation PODPF chains in the annealed films. Films annealed at temperatures higher than
210 °C, showed a steady increase in the extra absorption band at 444 nm and associated changes
in the PL emission spectral profile (Figure 1 and Figure S4 in the Supporting Information); this
aligns with a thermal transition in differential scanning calorimetry curves at 212 °C in previous

work. The critical temperature for PODPF S-conformation formation was estimated to be



210 °C (see tangent line in Figure S4 in Supporting Information). For higher temperatures, the
p-conformation fraction rose sharply with increasing annealing temperature before then

saturating at > 255 °C. All of the absorption spectra presented broad peaks at =~ 390 nm (3.18

eV) with the characteristic f-conformation peak at 444 nm (2.79 V). %3 131 The former was

attributed to the broadened So—S: transitions in the glassy PODPF matrix. In addition, a

shoulder absorption peak at 410 nm (3.02 eV) was also clearly observed, a vibronic replica (0-
1) of the 444 nm (0-0) f-conformation transition. The characteristic f-conformation absorption
peaks are also clear in reflection corrected absorption spectra (Figure S1, Supporting
Information). Additionally, as a result of longer effective conjugation length, the PL emission
from the f-conformation chains was characterized by vibronic peaks at 450, 480, 512 and 550
nm (2.76, 2.58, 2.42 and 2.25 eV, respectively) while the emission peaks of non-planar
conformation chains were seen at 436, 463 and 496 nm (2.84 ¢V, 2.68 eV and 2.50 ¢V,
respectively). In both cases the peaks were attributed to vibronic transitions 0-0, 0-1 and 0-2
with, in the case of the f-conformation, an additional 0-3 peak, as seen in previous reports for
PODPEF.[%¢- 3. 92, 13] Red-shifted and narrower linewidth PL peaks are consistent with the S-
chains adopting a more highly ordered, rigid planar geometry, leading to lower inhomogeneous
broadening, and a narrower energy gap than for non-planar conformation chains. e 4¢ 54 71
Figure S4 in the Supporting Information displays the fraction of f-conformation chains in the
annealed film, and the fraction of emission from the f-conformation chains across several
PODPF films (100 nm) as a function of annealing temperature. The exponential functions are
fitted to explore the rate of energy transfer from disordered to -conformation chains prior to
emission for PFO and PODPF. Similar to PFO, the f-conformation PL fraction for PODPF was
non-linear with f-conformation absorption fraction; it exhibited a shallower rise and didn’t
saturate until =~ 97 %. This again confirms a much lower rate of energy transfer from the

disordered chains to the f-conformation chains. The f-conformation fraction-dependent PL



spectra are also shown in Figure 1. The emission from the f-conformation chains increased, as
expected, with the fraction of f-conformation chain absorption. Unlike PFO, however, the f-
conformation emission of PODPF was only found at high f-conformation fractions. As above,

the corresponding critical fraction of f-conformation for PODPF was estimated to be > 10%,

much higher than that for PFO (< 0.4%.).[**] Additionally, we further explored this behaviour
directly through time-resolved PL measurements on films containing varying fractions of j-
conformation chains (Figure 2 and Figure S5 Supporting Information). According to our

4¢.9¢] the B-conformation domains of PFO are larger in size than for PODPF.

previous works,!
Beyond inter-chain packing mediated transfer, intra-chain exciton migration and energy
transfer should also be present for both PFO and PODPF. Inter-chain transfer is understood to
generally be faster than intra-chain (Scheme 1) 1% but the steric unit at the 9-position for
PODPF should be able to suppress this “fast”-type exciton migration and hence significantly

%3, 12] T order

reduce the transfer rate from non-planar conformation segments to planar ones.!
to further check this hypothesis, we recorded time-resolved PL spectra for the disordered and
f-conformation films (obtained at various delay times ranging from 0 to 600 ps with 50 and
100 ps time windows; Figure 2 and Figures S5, S6 and S7 in Supporting Information). No

significant emission was observed from non-planar chains in such PL spectra (data not shown)

for PFO p-conformation films even with a low fraction ~ 1%, confirming that all the

photoexcited excitons migrate rapidly to f-conformation segments. This fast energy transfer
may be plausibly explained by the strong inter-chain exciton transfer for transfer distances
within the Forster transfer radius ~8 nm. Similar to PFO disordered films, > 1% the PODPF
pristine films showed emission spectra that varied little from 0 ps to 600 ps (Figure S7 in
Supporting Information). PODPF f-conformation films, in contrast, show significant changes

in time (Figure 2 and Figures S5 and S6 in Supporting Information) and by separating the



kinetics for the different spectral contributions, we can estimate the f-conformation PL
emission fraction as a function of delay time. The f-conformation PL fraction is constant at =
30% up to ~ 150 ps, close to where the peak in the integrated signal is reached. The fraction
then increases for times out to 600 ps, as the overall (integrated) signal falls. A constant fraction
would be consistent with an absence of energy transfer during the pump pulse (Atrwam = ~ 60
ps), as both disordered and S-conformation chains will be excited through absorption at 379
nm (3.27 eV) and the system is in a quasi-steady-state ‘equilibrium’. The subsequent rising /-
conformation PL fraction shows that energy transfer is taking place over these extended times.
The flexible alkyl chains at the fluorene C9-position for PFO versus the rigid phenyl rings for
PODPF allow PFO to show stronger interchain interactions with a smaller separation distance
(~ 0.4 nm) and hence to support “faster” inter-chain transfer. Inter-chain exciton migration is,

however, relatively suppressed for PODPF compared to “slow” intra-chain transfer.
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Figure 2. (a) Time-resolved PL spectra of PODPF annealed film obtained at different delay
times in the range from 0 to 600 ps. (b) Integrated PL area as a function of time for PODPF
annealed film with 20 % f-conformation fraction, showing energy transfer from disordered to
p-conformation chains. The separated non-planar and f-conformation contributions are
obtained by spectral subtraction methods. The bottom curve shows the variation in the
fractional f-conformation contribution to the PL spectra as a function of time.



Temperature affects molecular vibration and conformation and we have, therefore, also
measured temperature-dependent PL spectra to further probe exciton migration and energy
transfer in PODPF films.['& b 4e. 7. 101 Figure 3a shows the red-shifting and narrowing of the
vibronic emission lines for a 20% f-conformation PODPF film with decreasing temperature,
also revealing fine structure due to the presence of different modes coupled to the electronic
transition. This appears as a splitting of the 0 = n > 1 vibronic bands, with up to the 0-4
vibronic band clearly resolved on the log scale. The linewidth of the 0-0 emission peak in the
pS-conformation films reduced at low temperature, from 6.2 nm (= 56 meV) at room temperature
(RT) to 5 nm (= 25 meV) at 20 K. This is a result of exciton migration to the lowest energy-
gap regions in a hierarchical energy structure with emission occurring predominantly from the
deepest levels, also yielding the observed red-shift. In this regard, the hierarchical uniform
artificial superstructure can provide an effective electronic landscape to promote exciton
diffusion.!"*! The reduction of the PL spectrum full-width at half-maximum (FWHM) further
indicates that the planarity and long effective conjugation length of f-conformation chains
increases as the temperature is reduced. Compared to room temperature (290K), the 20K 0-0
emission peak of PODPF f-conformation films is red-shifted by = 4.0 nm closer to that of the
fully planar MeLPPP. Figure 3b shows that the well-resolved vibronic progression at low
temperature closely matches between S-conformation emission of PODPF and PFO, with the
PODPF emission, however, red-shifted by = 85 meV relative PFO. In contrast, the absorption
peak of the f-conformation of PODPF was only red shifted by = 20-30 meV relative to that of
PFO at room temperature. Both the splitting between peaks and the relative intensities were
closely matched. This suggested that vibrational modes of very similar energies and likely
physical composition (e.g. stretching and bending) were strongly coupled to the radiative

S1=2 Sy electronic transitions.
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Figure 3. Low temperature PL spectra of the PODPF f-conformation self-doped fil. (a)
Temperature-dependent area normalised PL spectra of PODPF annealed film (100 nm) with a
p-conformation fraction of 20%. PL spectra were obtained for excitation at 405 nm and the
temperature was varied from 290 K to 20 K. (b) Peak normalised experimental (black line) and
theoretical (red line) PL spectra for PODPF (top panel) and experimental PL for PFO (bottom
panel), with an energy x-axis showing the offset from the 0-0 vibronic peak at low temperature
(20 K for PODPF and 12 K for PFO), exciting at 405 nm and 355 nm respectively.

In Figure 3b, we also plotted a theoretical PODPF emission spectrum calculated from its
Raman mode energies and relative intensities as obtained from experimental ground state non-
resonant Raman spectra. The methodology of the calculation is detailed in previous works.!5!
The Raman intensities are allowed to vary in the calculation to fit the 0-0 and 0-1 vibronic
bands of the experimental spectra between AE = -0.25 and 0.03 eV. For both materials, the
experimental PL data were well reproduced well using similar experimental Raman modes at
1600, 1350 cm™ for PODPF and 1601, 1352 cm’' for PFO. As discussed above, the
characteristic emission of the f-conformation for PODPF can only be obtained with a fraction
of >10%. What is more, as displayed in Figure 3b, it is easy to observe that weak emission
occurs with a peak at 2.85 eV with intensities =~ 0.004 and 0.00083 for PODPF and PFO
respectively. This is expected to originate from the residual 0-0 vibronic band emission of non-
planar conformation chains. The emission intensity is 250 times (Intensity ratio: 1/0.004 = 250)

weaker for PODPF self-doped films than disordered films. The corresponding 0-0 emission

peak from non-coplanar conformation chains in f-conformation PFO films at 20K is 1200



times lower (Intensity ratio 1/0.00083 = 1200). This confirms the weaker rate of exciton

migration in PODPF self-doped films than in PFO.

In the last several years, many investigations have explored the effect of f-conformation
formation on the photo-physical processes in PFO. Compared to the disordered films, the PFO
p-conformation self-doped films exhibit deep-blue emission spectral stability, lower lasing

[4b, ¢, e, 52,9b,d] Ag discussed above, the f-conformation

threshold and higher device performance.
microstructure can trap excitons from the disordered matrix. In addition, the fast energy
transfer enables the self-doped film to easily obtain characteristic f-conformation emission,
even at a < 0.4% fraction for PFO. Therefore, it is difficult to obtain a dual stable ASE
behaviour from the non-planar and planar conformation chains in a single self-doped film.[*
%1 In fact, the ASE behaviours of the PFO S-conformation self-doped film show a relatively
dramatic dependence on pump beam energy. An ASE peak from pS-conformation chains is
observed at low pump excitation but ASE from the glassy non-planar conformation arises on

4e, 9d

increasing pump excitation.[*® *dl This has been attributed to a reduction in the fast energy

transfer rate following pump-induced chemical/structural changes.

Interestingly, as observed above, the mixed PL emission behaviour of disordered and f-
conformation PODPF chains was readily obtained for self-doped films. The corresponding
ASE spectra under various pump energies are shown in Figure 4a. Both disordered and /-
conformation ASE are simultaneously observed, with peaks at 461 nm (2.69 eV) and 483 nm
(2.57 eV), respectively. Their intensity ratio changed little as the excitation energy increased
from 0.46 to 2.89 wJ/pulse (Figure 4a inset) and the corresponding ASE thresholds are very

similar, = 0.68 and ~ 0.70 pJ/pulse (Figure S8 in Supporting Information).
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Figure 4. Dual ASE behaviour of PODPF p-conformation self-doped films obtained via
thermal annealing at 230 °C. (a) ASE spectra of PODPF self-doped film with increasing
excitation laser energy. Inset shows the intensity ratio of the ASE peaks at 483 nm and 461 nm
upon increasing laser excitation pulse energy. (b) Atomic force microscope image of PODPF
self-doped film. (c) Schematic showing the ASE behaviour of the multiple conformations in
self-doped heterogeneous thin films.

3. Conclusion

We have reported a detailed investigation of the energy transfer processes in the second
generation f-conformation polydiarylfluorene PODPF via room-temperature absorption,
room- and low-temperature PL, time-resolved PL and ASE measurements (see Supporting
Information for experimental details). As a result of increased steric interactions between chain
segments, exciton migration in PODPF f-conformation films is relatively slow, with intra-
chain energy transfer then key. The characteristic transfer time from disordered to S-
conformation chain segments of =~ 150 ps is much longer than the <5 ps transfer time reported
for PFO. Time-resolved PL spectroscopy for PODPF consequently reveals the clear signatures
of spectral diffusion with red-shifted PL characteristic of the f-conformation growing in

strength relative to the disordered non-planar conformation PL. In addition, as for the PFO S-

conformation PL, very well-resolved vibronic peaks are also observed for PODPF p-



conformation films, and as for PFO are attributed to a rigid extended chain structure. Finally,
stable dual deep-blue ASE emission is observed from the PODPF f-conformation self-doped

films, a further consequence of slow exciton migration between the two exciton populations.
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Supplementary Materials

Figure S1. (Left) Absorbance spectra for a 100 nm PODPF thin film before and after
annealing sequentially for 3 minutes at increasing temperatures. The lower panel shows
the change in absorbance spectra after annealing compared to the as cast film. (Right) The
corresponding peak normalised photoluminescence (PL) spectra for the sequentially
annealed PODPF film.

Figure S2. Reflection corrected absorption spectra for 100 nm PODPF thin films after
step-wise annealing in 15 °C steps from 210 °C to the temperature stated in the figure
legend.

Figure S3. Example absorbance and PL spectra separated into disordered (A) and S-
conformation components, using Gaussian peak fitting and normalisation and subtraction
methods. The annealing temperature for the samples are indicated in the legend.

Figure S4. (a) The fraction of absorption and PL emission originating from /-
conformation chains within 100 nm PODPF thin films, estimated by Gaussian peak fitting
and spectral subtraction methods, as a function of annealing temperature. Sigmoidal curves
are displayed to guide the eye. (b) The fraction of f-conformation PL emission as a
function of the fraction of f-conformation chains. The corresponding data for f-
conformation PFO films is also displayed for comparison.

Figure SS. Time resolved spectra for varying time delay bins (left) for PODPF pg-
conformation self-doped thin films in the time range out to 1ns. (Right) A comparison of
the extreme cases of disordered non-planar PL at early times and f-conformation PL at
later times, together with a time integrated spectrum.

Figure S6. Area normalised (left) and un-normalised (right) time resolved spectra for
varying time bins for a PODPF fS-conformation self-doped film over a 4 ns total time
window.

Figure S7. Time resolved spectra for varying time bins (left) for a PODPF disordered film.
(Right) A comparison of the extreme cases of disordered non-planar PL at early times and
p-conformation PL at later times, together with a time integrated spectrum.

Figure S8. ASE peak FWHM and output intensity as a function of excitation pump energy
for PODPF disordered (left, 461 nm) and S-conformation (right, 483 nm) chains.



Film preparation and characterization. Thin films of PODPF were spin coated at 2000 rpm
for 60s from 10 mg/mL Chloroform solution onto fused silica substrates (12x12 mm, Spectrosil
2000, UGQ optics) at room temperature, giving 100 £ 10 nm films (thickness was measured
using a Bruker Dektak XT stylus profiler). Films were annealed within an oxygen-free N>
environment on a Linkam heating stage, controlled by a Linkam TP-93 controller. The stage
was calibrated with a Testo surface thermometer with = 1 °C accuracy to ensure accurate
annealing temperatures. Each film was annealed on the pre-heated stage at a series of
temperatures for 3 minutes each, with temperatures increasing step-wise, €.g. sequentially at
210, 225, 240, 255 °C. After annealing, films were removed from the heating stage and quickly
transferred in air to a metal plate and allowed to cool to room temperature. The annealing
temperatures used varied between 190 and 300 °C. After annealing at each temperature, the
transmission and PL of the films was measured to characterise the temperature dependence of
the B-conformation chain formation. Atomic force microscope (AFM) images were obtained
using a Dimension 3100 (Veeco, CA) instrument in tapping model with a Si tip (resonance

frequency: 320 kHz; spring constant: 42 N/m).

Optical analysis. Absorbance spectra were measured with a Shimadzu UV-3600 spectrometer
and photoluminescence (PL) emission spectra were recorded on a Shimadzu RF-5301(PC)
luminescence spectrometer, at 25 °C. Additional transmission measurements were performed
with a Shimadzu UV-2550 spectrophotometer, with a slit width of 1 nm to ensure fine
resolution of the B-phase vibronic absorption features. All films exhibited Fabry-Perot
oscillations in the transmission at longer (non-absorbing) wavelengths > 460 nm and low losses
due to scattering, demonstrating high-quality interfaces between substrate and film and good
film uniformity. PL measurements were performed using a HORIBA Scientific FluoroMax-4

spectrophotometer, selectively exciting the disordered phase absorption peak at 385 nm.



Time-resolved PL measurements were performed with a Streakscope, simultaneously
collecting emitted photons as a function of delay time from the pump pulse, At, and emission
energy. The samples were excited with a laser at Aexe = 379 nm. The FWHM of the pump pulse

was ~60 ps, and the spectral resolution of the detector was 0.1 nm.

Low temperature measurements were performed within a cryostat, in a Helium gas
environment. The samples were excited at Aexe =405 nm with a Fianium supercontinuum laser,
and emission collected with an optical fibre interfaced via a spectrometer to an Andor charge
coupled device (CCD) array. The PL intensity was calibrated using an Ocean optics HL-200-

cal calibration light source with a known spectral response.

ASE Characterization: For gain measurements, planar waveguides were formed by spin-
coating PODPF self-doped films onto polished synthetic quartz substrates. The samples were
optically pumped with a Q-switched, neodymium ion doped yttrium aluminum garnate
[Nd*":YAG] laser-pumped optical parametric oscillator (OPO) that delivered 10 ns pulses at a
10 Hz repetition rate. The pump wavelength was chosen to match the absorption maximum of
the polymers. The pulse energy incident on the sample was adjusted by insertion of calibrated
neutral density filters into the beam path. The pump beam was focused with a cylindrical lens
and spatially filtered through an adjustable slit to create a 400 pm * 4 mm excitation stripe on
the sample. At sufficient excitation intensity, the spontaneously emitted photons that are wave

guided along the stripe-shaped gain region are amplified via stimulated emission.
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Figure S1. (Left) Absorbance spectra for a 100 nm PODPF thin film before and after annealing
sequentially for 3 minutes at increasing temperatures. The lower panel shows the change in
absorbance after annealing compared to the as cast film. (Right) The corresponding peak

normalised PL spectra for the sequentially annealed PODPF film.
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Figure S2. Reflection corrected absorption spectra for 100 nm thickness PODPF films after
step-wise annealing at 210, 225, 240 and 255°C.
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Figure S3. Example PODPF absorbance and PL spectra (for 230 and 255°C annealed samples)
separated into their disordered (A) and S-conformation components using Gaussian peak fitting
and normalisation and subtraction methods.
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Figure S4. (a) The f-conformation absorbance (left ordinate, black data points) and PL (right
ordinate, red data points) fractions as a function of annealing temperature for 100 nm thickness
PODPF films, estimated by Gaussian peak fitting and spectral subtraction methods. Sigmoidal
curves are shown as a guide to the eye. The dashed line tangent suggests a critical onset
temperature of = 210°C. (b) The fraction of f-conformation PL emission as a function of the
fraction of f-conformation chains (estimated from the absorbance data). The corresponding
data for PFO films is also displayed for comparison. Fitted inverse exponential functions for
both data sets are displayed by the solid lines.
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Figure S6. (Left) Area normalised and (Right) un-normalised time-resolved PL spectra

collected in different Streakscope time bins for a PODPF f-conformation self-doped thin film

across a longer time range from 0 to 4ns.
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Figure S7. (Left) Time resolved PL spectra for different Streakscope time bins for a disordered
PODPF thin film. (Right) Comparison of the PL emission observed at the earliest (blue line)

and latest (green line) times, together with the PL time-integrated across the whole range (red
line).
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Figure S8. ASE full-width at half-maximum (FWHM) and output intensity as a function of
pump energy for (Left) disordered PODPF (461 nm peak) and (Right) S-conformation
PODPF (483 nm peak) films.



