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Figure S1. (a) Device structure for F8BT PLED and corresponding energy levels. (b) Current 
density (A/m2)-Voltage-Luminance (cd/m2) plot for F8BT PLED. (c) Current Efficiency 
(cd/A) and EQE (%) of the same device. 
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Figure S2. (a) Electrically stimulated DF emission from the F8BT PLEDs under a negative 
pulse of -6V height and ~2µs duration (applied after the end of positive bias voltage of height 
3V and 4V). The negative pulse was adjusted to fall after 900ns from the ending of the main 
positive pulse as shown in the inset Figure. The DF gets quenched slightly during the negative 
pulse and remains almost unaffected after that as seen from the comparison of the DF decay 
dynamics in presence and absence of a negative pulse in the case (b) 3V positive voltage and 
(c) 4V positive voltage.  
 
 
To verify the origin of DF emission under electrical excitation density a negative bias pulse of 

-6V has been applied to the PLED after ~900ns of the end of the positive electrical pulse (see 

in Figure S2b-S2d). It has been observed in the case of F8BT PLEDs the DF emission gets 

slightly quenched during the presence of negative bias pulse. However, the DF emission 

completely recovers once the negative bias gets switched off. The complete recovery of DF, 

clearly suggests that its origin in these devices is due to triplet excitons which are neutral to the 

applied negative electric field.2,3 
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Figure S3. Solvent polarity dependent time-resolved photoluminescence decay of F8BT 
polymer in solution (a) Chlorobenzene (CB, ε~5.62) (b) o-di chlorobenzene (o-DCB, ε~9.93). 
With the increase in solvent polarity the DF lifetime increases as given in Table R1.  (c) Steady-
state PL intensity in F8BT solution of increased polarity. The PL spectra get red-shifted with 
an increase in solvent polarity. 
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We have performed time-resolved emission decay in F8BT as a function of increased solvent 

polarity (see in Figure S3). For this purpose, two other solvents, i.e., Chlorobenzene (CB: 

ε~5.65) and o-dichlorobenzene (o –DCB: ε~9.93) with higher polarity have been chosen. In 

case of all the solutions, F8BT’s TRES decay reflects a transparent transition from PF to DF 

region at ~10’s ns followed by a long-lived delayed emission component. The DF decay 

consists of three distinct luminescence decaying time regions for CB (see in Figure S3a) 

solution whereas for o-DCB (see in Figure S3b) there are two different regions. For each of the 

solution region, A has a faster exponential decay nature (which will be called DF1 now 

onwards) whereas region B has much slower exponential decay (which will be named DF2 

from here onwards). Both DF1 and DF2 have bi-exponential decay 

( 0 1 1 2 2exp( / ) exp( / )I I A t A tτ τ= + − + − , I0 and Ai are constants, with τi’s are associated 

lifetimes). The fitted lifetimes for DF1 and DF2 are summarized in Table S1. Both DF1 and 

DF2 lifetime gets enhanced in the high polarity solvent where the PF lifetime also shows slight 

enhancement in the lifetime (Table S2). The third part of the delayed fluorescence region, i.e., 

region C (will be called DF3 here onwards) deviates from the exponential nature and follows 

a power law decay instead. A clear red-shifted emission is visible in the steady-state PL spectra 

(see Figure S3c) by enhancing the solvent polarity which signifies the charge transfer (CT) 

character of the F8BT polymer.4 

Table S1: Solvent polarity dependent PF and DF lifetimes of the F8BT polymer. 

Solution τPF (ns) <τDF1> (ns) <τDF2> (µs) 

p-xylene (ε~2.2) 2.23 12 20 

CB (ε~5.62) 2.33 28 28 

o-DCB(ε~9.93) 2.53 46 35 
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Figure S4 (a) Time-resolved PL decay of F8BT solution under O2 atmosphere. The DF follows 
a t-2 power law decay. (b) Normalized PF vs. excitation fluence shows a unity sloe and thus 
rule out the possibility of SSA.  

 

To verify the DF origin in F8BT solution due to triplet excitons we have measured the TRES 

in an aerated solvent (see in Figure S4a). The power law generated DF in case of the aerated 

solution (Figure S4a) may be considered as polaron pair5,6 caused rather than triplet excitons 

made. Therefore, it is needed to be mentioned here; the polaron pair created DF decay shows 

a ~t-1.0 decay law2,7 instead a t-2.0 decay law which is most commonly treated as a signature of 

TTA.2,8 Moreover, the primary cause of polaron pairs recombination generated delayed 

emission in solution media is singlet-singlet annihilation whose presence can be inferred from 

the excitation fluence dependent PF data.7,9 But our excitation fluence dependent PF intensity 

in aerated solution shows a unity slope (see in Figure S4b), thus ruling out any essence of 

bimolecular singlet-singlet annihilation process. 

Table S1.2: Thickness dependent photoluminescence lifetime values of F8BT films. 

Thickness (nm) Lifetime (ns) 

110 1.75 

310 1.86 

560 2.17 
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Figure S5. Thickness dependent lifetime measurement in F8BT films on quartz substrate using 

time correlated single photon counting (TCSPC). 
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Figure S6. (a) PF intensity vs. excitation fluence as a function of solvent polarity. (b) Time-
integrated DF1 intensity captured at 200ns time delay concerning excitation fluence. (c) Time-
integrated DF2 intensity captured at 10µs time delay as a function of solvent polarity. PF and 
DF emission spectra at different time scale for (d) p –xylene (e) CB and (f) O-DCB as solvent 
media. 
 
To know the origin of the DF from different regions in F8BT solution, the laser fluence 

dependent DF intensities have been recorded for DF1 and DF2 along with PF. The integrated 

PF intensity vs. laser fluence has been shown in Figure S6a for CB and o-DCB as solvent 

media. The PF vs. laser fluence dependency gives a slope ~0.84 for all the solutions of different 

polarities used in this study. In the solution media, DF1 and DF2 have a nearly linear 
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dependence on laser fluence as shown in Figure S6b and S6c for CB and o-DCB captured at 

the time delay ~200 ns and ~10 µs, respectively. The delayed fluorescence at different time 

delays in case of F8BT solution in CB and o-DCB can be seen Figure S6d and S6, respectively. 

The DF spectra in F8BT solution also matches with the PF Figure S6d to S6f.  

 

Figure S7. Gated time-resolved PL decay kinetics at low (~30 µJ/cm2) and at high fluence 
(~640 µJ/cm2) for F8BT films with (a) ~110 nm (b) ~560nm thicknesses. (d) Normalized DF 
emission integral vs normalized PF emission integral showing a linear DF intensity increment 
relative to PF intensity up to 100 µJ/cm2 above which the DF intensity increases quadratically. 
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Figure S7a to Figure S7b show the excitation intensity dependent time-resolved PL decay of 

F8BT polymer films of different thicknesses, spin cast from varying polymer concentration in 

solution. Figure S7a shows the long-lived time-resolved PL decay kinetics for ~110nm thick 

F8BT film (recorded by intensified CCD using variable gate delay technique1_ENREF_30 

under a dynamic vacuum of 10-5 mbar). The TRES decay consists of two parts; one is due to 

the prompt fluorescence (PF), and the other contribution is coming from the long-lived delayed 

fluorescence (DF) spanning up to hundreds of µs with PL intensity drops over several orders 

of magnitude. The complete kinetics have been captured at low (30 µJ/cm2) and high fluence 

(640 µJ/cm2) for all the polymer films. Figure S7b shows TRES decay for ~560nm F8BT films, 

respectively, as a function of excitation fluence. For all the film thicknesses, a definite turn 

over from PF to DF region is visible at ~10’s ns. At low fluence, the DF intensity decays at a 

much slower pace with evident exponential features for all the three film thicknesses. At low 

fluence, the DF has a bi-exponential decay nature ( 0 1 1 2 2exp( / ) exp( / )I I A t A tτ τ= + − + − ) for 

thinnest film and follows a tri-exponential decay 

( 0 1 1 2 2 3 3exp( / ) exp( / ) exp( / )I I A t A t A tτ τ τ= + − + − + − ) for ~560 nm thick films. The average 

DF lifetime <τDF> increases from 730ns for 110nm film to ~2.4 µs for the 560 nm film. It is 

observed that the non-exponential contribution increases in the DF decay with the increase in 

the film thickness, even at lower fluence. The DF decays much faster at high excitation fluence 

following power laws transiting from slope 1.2±0.1 at early times to nearly a slope ~3.0 at 

longer times, in case of all the film thicknesses studied here. Figure S7c shows an increase of 

normalized DF emission integral relative to normalized integrated PF emission intensity as a 

function of excitation fluence. For all the film thicknesses, the DF intensity follows a linear 

increase concerning PF intensity until 100 µJ/cm2 beyond which DF follows a near quadratic 

rise relative to PF intensity.  
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Figure S8. Prompt fluorescence and delayed fluorescence at one µs delay for (a) 110 nm and 
(b) 310 nm (c) 560 nm F8BT solid film, respectively. Both PF and DF emission get narrower 
with an increase in polymer film thickness due to more ordered polymer chain packing whereas 
the PL peak is red shifted due aggregation effect in thicker films. 
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Figure S9. Temperature-dependent time-resolved PL decay for F8BT films of different 
thicknesses. Each decay curve has a fast and a slow component. (a) For thinnest film (~110 
nm) the DF is almost remained unaffected relative to temperature, whereas (b) for intermediate 
thickness (~310 nm) and (c) thickest film (~560 nm) studied the DF decay dynamics changes 
from exponential to power-law decay at lower temperatures. The inset shows the magnified 
picture of the DF decays. 
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Figure S10. DF Intensity as a function of temperature for F8BT film of different thicknesses. 
(a) to (c) shows temperature activated region for DF intensity in case of ~110 nm ~310 nm and 
~560 nm F8BT films, respectively, whereas Figures (d) to (f) temperature dependent tunneling 
regions for DF intensity for the similar thicknesses 
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Figure S11. MEL response (EL(B)-EL(0)/EL(0)) under constant injection current mode of 
F8BT PLEDs (a) 110 nm (b)310 nm (c) 560 nm as emissive layer thickness. MEL response is 
positive at the low injection current level with an initial rise at the low applied magnetic field 
which starts to decrease at a field exceeding 50 mT for thick devices where for thinner devices 
the decrease happens at lower field. At high injection current, the MEL response becomes 
negative for all the emissive layer thicknesses. The MEL decay is faster for thinner devices as 
compared to thick devices. 
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Figure S12. (a)- (c) 2D GIWAXS scattering images of F8BT thin films of different thickness 
over Si substrate. 1D scattering profile extracted from 2D GIWAXS image along (d) out-of-
plane (OOP) direction and (e) in-plane(IP) for different thickness F8BT polymer films. 
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was calibrated using a silver behenate sample. The results were analyzed by an altered version 

of the NIKA 2D12 based in IgorPro. 

 

Figure S13. (a) Time-resolved emission kinetics in 1wt% F8BT dispersed in PS at room 
temperature (RT~300 K) and 10K. (b) DF intensity at a time delay of 200ns with an integration 
time of 1µs vs. temperature. (c) Prompt and delayed (200 ns) PL spectrum for F8BT dispersed 
in PS at room temperature. (d) Time-resolved emission kinetics in F8 film at room temperature 
(RT~300 K) and 10 K. (e) DF intensity at a time delay of 200ns with an integration time of 
10µs vs. temperature for pristine F8 film. (f) Prompt and delayed (200 ns) PL spectrum for F8 
film at room temperature. 
 
 
Fluorene being a weak donor unit, the charge transfer character of F8BT is not so strong as 

also reflected by the solvent polarity dependent small stoke shift in the PL spectra (Figure S3c). 
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The dihedral angle between fluorene and benzothiadiazole unit is only ~150 as predicted from 

the PBC-DFT calculations.13 This undermines the possibility of conventional TADF character 

(involving triplet to singlet reverse intersystem crossing) in this system. Besides that, the 

calculated energy gaps between S1 and T1 states are around 700 meV (as shown in Table S2) 

which are significantly larger than what is typically observed/reported in high-efficiency TADF 

OLED materials based on twisted D-A molecular architecture. It is to be noted that such a large 

energy gap value also seems quite consistent with the non-negligible spatial overlap between 

the HOMO and LUMO of F8BT, as depicted in Figure 1a in the manuscript. It is shown by 

Donley et al.14 in the solid state the F8BT polymer chains form an “alternate structure” where 

adjacent neighboring polymer chains are shifted from each other in such a way that the ‘F8’ 

donor unit in one chain faces the acceptor ‘BT’ unit of the neighboring chain. Also, the 

interchain energy transfer is much stronger than intrachain energy transfer in case of F8BT. 

TADF being an intramolecular process should be reflected in the dispersive film in an inert 

matrix. To further clarify the DF origin in F8BT, we have measured temperature dependent 

TRPL in 1wt% F8BT dispersed in inert PS (polystyrene) matrix and only F8 (PFO) polymeric 

system. 

Dispersed F8BT film in an inert matrix (Figure S13a) doesn’t show any temperature dependent 

DF decay. Both at room and low temperature the DF decay follows a power law ~t-1.3. The 

corresponding DF intensity is less dependent on temperature from 300 K to 250 K range as 

seen in Figure S13b. After that, DF intensity increases rapidly and achieves almost a 

temperature independent value below 70 K. The similar behavior has been observed in case of 

only donor polyfluorene (F8) unit (Figure S13c). Time-resolved PL decay in case of 

Polyfluorene follows power law decay (~t-1.3) both at room temperature and low temperature 

showing the minimal effect on decay pattern. The DF intensity (Figure S13d) remains almost 

independent of temperature till 150 K below which it increases rapidly up to 70 K and then 

slowly increases with lowering the temperature. The contrasting behavior of temperature 
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dependent PL decay of F8BT from dispersed F8BT in inert matrix suggests that thermally 

assisted triplet energy transfer in F8BT is a strongly interchain process where solid chain 

packing controls triplet energy transport and thus the efficiency of DF. 

S.2.1. Computational Details: 

The ground state geometry of the F8BT molecule and the relaxed structure of F8BT molecules 

with different dihedral angle (Φ; manually fixed) between the donor and the acceptor moieties 

was obtained using density functional theory (DFT) based method, as implemented in Gaussian 

09 software package,15 using B3LYP16,17 level of theory with 6-311+G(d, p) basis set.18,19 The 

harmonic oscillator frequency calculations were also performed to confirm that the optimized 

structure is at the global minima of the potential energy surface. The optimized geometry of 

each molecule was obtained by considering atomic forces to be less than 0.0005 atomic unit 

(a.u.), while the convergence criteria for energy and density was set to 10-6 and 10-8 a.u., 

respectively. 

 

Figure S14: Schematic representation of the potential energy surfaces of neutral and charged 
molecules. The reorganization energy is calculated as: λ= λ1+λ2, where λ1/λ2 represents the 
energy difference between neutral/charged configurations of neutral and charged molecules. E 
and E+ denote the energy of the relaxed neutral and charged molecules, respectively, while E* 
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gives the energy of the neutral configuration of optimized positively charged geometry, and 
E*

+ is the energy of the charged configuration of optimized neutral geometry.  
The reorganization energy (λ) is mainly comprised of two parts: the internal part, which is 

associated with the fast changes in molecular configurations due to charge transfer and the 

external part, that describes the changes due to the polarization of the surrounding solvent 

molecules. Here, we neglect the contribution of the external part while calculating λ because a 

spin triplet excited state is overall charge neutral, and thus, it is less sensitive to the polarization 

effects of the environment.20 Figure S14 depicts a schematic diagram for calculation of λ from 

the adiabatic potential surfaces of neutral and charged molecular configurations, within the 

framework of Marcus-Hush theory.21 

As shown in the Figure S1, the reorganization energy is calculated using the expression: 

𝜆 = 𝜆# + 𝜆% = 𝐸∗ − 𝐸 + (𝐸*∗ − 𝐸*). 

Here, E and E+ represent the energy of the relaxed neutral and charged molecules, respectively, 

while E* gives the energy of the neutral configuration of optimized positively charged geometry 

and E*
+ is the energy of the charged configuration of optimized neutral geometry. 

To estimate the contribution of the TTA process in explaining the high efficiency of F8BT 

polymer based PLEDs, the singlet (ES1) and triplet (ET1) excitation energies corresponding to 

the ground state to lowest singlet and triplet excited state transitions, respectively, were 

calculated using time-dependent density functional theory (TDDFT)22,23 as implemented in 

Gaussian09 software suite. We computed lowest 25 singlet-singlet and 25 single-triplet 

transitions for all molecules by adopting the B3LYPxc-functional, along with the same basis 

set used for DFT calculations. It is well reported that B3LYP xc-functional gives a good 

description of singlet, triplet energy states23 and thus, singlet-triplet energy splitting (ΔEST) and 

the ratio, ET1/ES1. 
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S.2.2.Optimized geometry of F8BT molecule: 

 
Figure S15: Front (left) and the side (right) view of the optimized structure of F8BT. Here, Φ 
represents the dihedral angle between the donor (F8) and the acceptor (BT) moieties. 
 

S.2.3. Lowest single-triplet excited state transition energy: 

Table S2. Variation in the lowest singlet (ES1) and triplet (ET1) exciton energy, ΔEST (=ES1-
ET1), and  ET1/ES1 with respect to the dihedral angle (Φ) between the donor and the acceptor 
moieties of F8BT.  
 Φ=50° Φ=37° Φ=30° Φ=25° Φ=20° Φ=15° 

ES1(eV)  2.80 2.76 2.74 2.72 2.70 2.68 

ET1(eV)   2.05 1.98 1.94 1.91 1.89 1.86 

ΔEST(eV)    0.75 0.78 0.80 0.81 0.81 0.82 

ET1/ES1  0.732 0.717 0.708 0.702 0.700 0.694 
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