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1. Prompt and delayed fluorescence at low excitation density and rate constants  

The PL decays of DABNA-2 were measured using the incident excitation fluence of 0.5 µJ/cm2 at 375 

nm. The decay time of the prompt fluorescence (PF) is τPF=5.4 ns, whilst that of delayed fluorescence 

(DF) τDF≈100 s, both showing no significant variation as a function of DABNA-2 concentration. 

 

Figure S1. Kinetics of prompt fluorescence (a) and delayed fluorescence (b) of DABNA-2 in mCBP films at 

different concentrations measured at 468 nm using time-correlated single photon counting and multi-channel 

scaling techniques, respectively. The instrument response functions (IRF) are shown as dashed lines. Excitation 

wavelength was 375 nm. 

The PF and DF contributions to the PLQY were estimated by taking the area under the corresponding 

PL decay curves, which give ΦPF= 0.75 and ΦDF = 0.07. The other rate constants were found using1 

kS = PF/PF=1.39 × 108 s-1;  

PF = kS  /(kS + kISC),  kISC = 1.6 × 107 s-1; 

kRISC = 
𝑘𝑃𝐹𝑘𝐷𝐹

𝑘𝐼𝑆𝐶

𝛷𝐷𝐹

𝛷𝑃𝐹
 =1.1×104 s-1 
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2. Distribution of DABNA-2 molecules in mCBP host 

In order to test the distribution of DABNA-2 molecules in blend films we excited the mCBP host at 343 nm 

and measured the kinetics of electronic energy transfer (EET) from mCBP to DABNA-2 by time-resolved PL 

using the streak camera in synchroscan mode (Figure S2ab). Nearly mono exponential decays of mCBP 

emission and the corresponding rise of DABNA-2 emission are observed which indicate that EET occurs 

with well-defined rate constants and points to a diffusion-mediated EET to DABNA-2 molecules which are 

homogeneously dispersed in mCBP matrix. The EET rate constant is approximately proportional to the 

density of DABNA-2 molecules at least up to 10 wt% which indicates no significant aggregation of DABNA-

2 molecules up to 10 wt% (Figure S2c).  

 

Figure S2. Time-resolved PL intensity of mCBP (a, detection 350-400 nm) and DABNA-2 (b, detection 450-

500 nm) in blend films with different concentrations of DABNA-2 in mCBP host following excitation at 343 

nm. IRF is the instrument response function. (c) The rate constant of energy transfer from mCBP to DABNA-2 

vs the density of DABNA-2 molecules, the dotted line indicates the proportionality. (d) Spectral overlap of 

mCBP PL and DABNA-2 absorption.   

The rate constant of the diffusion-mediated EET kEET can expressed by the Smoluchowski equation   

kEET = 4𝜋𝐷𝑠𝑁𝑎𝑅𝑐              (S1) 
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where Ds is the singlet exciton diffusion coefficient in mCBP, Na is the density of DABNA-2 molecules and 

Rc is the capture radius of mCBP exciton by DABNA-2 molecules. The exciton capture occurs by non-radiative 

Förster resonance energy transfer (FRET) from mCBP to DABNA-2 because mCBP PL spectrum overlaps 

with DABNA-2 absorption (Figure S2d). It has been shown that  

𝑅𝑐 ≈ 0.676 (
𝑅0

6

𝜏𝐷𝑠
)

1 4⁄

              (S2) 

In this case R0 is the Förster radius for FRET from mCBP to DABNA-2 and τ=1ns is the singlet exciton lifetime 

in mCBP. Using the Förster equation and the overlap of the measured spectra in Fig. S2d we calculate R0 = 

1.4 nm. Then from Equations S1 and S2 we obtain Ds = 0.002 cm2s-1 in mCBP which is similar to Ds = 0.003 

cm2s-1 measured in films of CBP.2 Slightly lower Ds for mCBP as compared to CBP is not surprising because  

mCBP films are more disordered than CBP. By taking the ratio of kEET to kEET+τ-1, we determined the energy 

transfer efficiency to be 93% and 95% for films with 3 and 5 wt% of  DABNA-2, respectively, whilst for films 

with 10 and 15 wt% DABNA-2 it is ~98%. 

3. The effect of singlet-singlet annihilation (SSA) 

To determine the effect of SSA on the exciton population we measured PL decays using a range of pulse 

densities. The PL decays measured at a pulse density of 5 µJ/cm2 and 10 µJ/cm2 are nearly identical 

which shows that SSA has no significant influence at this density (Figure S3).  

 

Figure S3. Photoluminescence kinetics in the 5 wt% DABNA-2:mCBP film (a) and 10 wt% (b) measured at 2 

kHz with different pulse energy densities.  
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4. Quenching dynamics for different pulse densities  

Taking the ratio of the time-resolved fluorescence intensities measured at the high and low frep , i.e., 

𝑃𝐿 𝑟𝑎𝑡𝑖𝑜 =
𝐼(ℎ𝑖𝑔ℎ 𝑓𝑟𝑒𝑝)

𝐼(2 𝑘𝐻𝑧)
⁄  divides out other decay channels of singlet excitons and gives a direct 

measurement of the STA effect.  We find that quenching by triplets at t>10 ns can be well approximated 

to a mono-exponential decay as shown by the linear fits to the natural logarithm of the PL ratio in Figure 

S4.  This indicates that the quenching rate is defined by the singlet exciton diffusion to the quencher on 

this time scale. The faster quenching component at t<10 ns is more pronounced when using a higher 

pulse density of 10 µJ/cm2 and a higher frep , and is attributed to the direct Förster resonance energy 

transfer (FRET) to triplets which are within the Förster radius from photogenerated singlets.  

 

Figure S4. Natural logarithm of the PL ratio (symbols) measured with varying frep of excitation pulses and 

the incident pulse density. Solid lines are fits to Equation 3.   

5. Determining the steady-state triplet density and  𝜸𝐓𝐓𝐀 

The density of singlet excitons in DABNA-2 generated by a single excitation pulse, N0 , was determined 

using  

𝑁0 =
f W Q

𝐿 𝐸𝑝ℎ𝑜𝑡
   (S3) 

where f=0.35 is the fraction of light absorbed in the film determined by subtracting the transmitted and 

reflected light intensities, W is the incident pulse density in J/cm2, Q is the energy transfer efficiency to 

DABNA-2, L=50 nm is the film thickness, and Ephot is the photon energy. The steady-state triplet exciton 

density, NT, was calculated using Equations 1 and 2 in the main paper with G=N0 frep and  𝑑𝑁𝑆
𝑑𝑡

⁄ =

𝑑𝑁𝑇
𝑑𝑡

⁄ = 0   whilst varying 𝛾TTA from 10-17 to 10-11 cm3 s-1. The calculated NT at different laser repetition 

rates and the ratio r = NT(200 kHz)/NT(50 kHz) are shown in Figure S5.  For 𝛾TTA< 10-15 cm3s-1 the ratio r≈ 3.5 

is close to the ratio of the singlet generation rate at 200 kHz and 50 kHz, the small difference being due to 

RISC and delayed fluorescence. As 𝛾TTA increases, the ratio, r, decreases sharply and reaches r = 2 at 

𝛾TTA >10-13 cm3s-1. This is the classical multistep-diffusion-assisted TTA limit where the triplet exciton 

density at infinity follows the square root dependence on the exciton generation rate. 
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Figure S5. Steady-state triplet exciton density (NT) calculated at different laser repetition rates using an incident 

pulse density of 10 µJ/cm2 and their ratio as a function of the triplet-triplet annihilation (TTA) rate constant γTTA.  

Because the effect of TTA on NT is very weak for 𝛾TTA< 10-15 cm3 s-1 , we considered  𝛾TTA in the range 10-15 – 

10-13 cm3 s-1. For each value of 𝛾TTA we calculated the triplet density and used this to determine different values 

of 𝛾STA as shown in Figure 4. We then measured the delayed fluorescence lifetime of DABNA-2 in the films 

under the background illumination by a continuous wave (CW) 450 nm laser diode to generate a large exciton 

population (Figure S5). Then we fitted  the delayed PL lifetime with different 𝛾𝑇𝑇𝐴 to refine the 𝛾𝑇𝑇𝐴 value.  This 

process resulted in a best-fit value of 𝛾𝑇𝑇𝐴 = 1.3 × 10-14 cm3 s-1 for 10 wt% DABNA-2: mCBP.  For 5 wt% there 

is a considerable spread of data.  Considering Figure S6(b) and noting that for a fit to 𝛾𝑇𝑇𝐴 of 1×10-14 cm3 s-1, 

nearly all data points are above the fit, we take 10-14 cm3 s-1 as an upper limit for considered  𝛾TTA. Additional 

lines are also included to show the effect of mis-fitting the data.  

 

Figure S6. Delayed PL lifetime data for the 10 wt% DABNA-2: mCBP film (a) and 5 wt% (b) with fits shown 

for different 𝛾TTA values.  

As a further check of the upper limit, we considered scaling of  𝛾TTA with intermolecular distance. Because TTA 

is mediated by triplet exciton diffusion which occurs by an electron exchange mechanism, the rate of triplet-triplet 

energy transfer (kTET) decreases exponentially with the distance R between molecules 𝑘𝑇𝐸𝑇 ∝ exp (−𝛽𝑅) where 

β is the attenuation factor. Typically β >1 Å–1 is observed in organic glasses as well as between chromophores 
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linked through nonconjugated bridges, but lower β values of 0.64 Å–1 and 0.39 Å–1 have been reported for 

chromophores linked through p-phenylene bridges.3 We estimate the average distance between adjacent DABNA-

2 molecules in the mCBP host to be cD
−1/3

. This gives 3.1 nm for 5 wt% DABNA-2 film and 2.5 nm for 10 wt%. 

Even with the lowest reported β=0.39 Å–1 we estimate the rate of triplet-triplet energy transfer for 5 wt% DABNA-

2 to be ten times lower than for 10 wt%. Because  𝛾TTA is approximately proportional to kTET, its value in 5 wt% 

DABNA-2 film is predicted to be at least ten times lower than in the 10 wt% film.   

6. EQE roll-off simulation  

Under electrical excitation, the singlet and triplet exciton densities, NS and NT, are described by  

𝑑𝑁S
𝑑𝑡⁄ =

1

4
𝛾eh𝑁𝑝

2 − (𝑘𝑆 + 𝑘ISC + 𝛾STA𝑁T + 𝛾SPQ𝑁P)𝑁𝑆 + 𝑘RISC𝑁𝑇 + 0.25𝛾TTA𝑁T
2              (S5) 

𝑑𝑁𝑇
𝑑𝑡⁄ =

3

4
𝛾eh𝑁𝑝

2 + 𝑘ISC𝑁S − 𝑘RISC𝑁T − 1.25𝛾TTA𝑁T
2                                               (S6) 

Here, Np is the density of recombining charge pairs, 𝛾eh is the recombination rate constant, 𝛾SPQ 

represents singlet quenching by polarons, the other rate constants are defined in Equations 1 and 2 

in the main paper. Here again we assumed that TTA in OLEDs generates singlet and triplet excitons 

with a 1:3 ratio. At the upper limit of 𝛾TTA< 10-14 cm3 s-1 which we found in films with 5 wt% DABNA-2, 

the TTA contribution to the singlet population is very small, therefore, the ratio has no significant 

effect on the EQE roll-off. The singlet and triplet densities under the steady-state condition were 

calculated using 𝑑𝑁𝑆
𝑑𝑡⁄ =

𝑑𝑁𝑇
𝑑𝑡⁄ = 0    and assuming that all injected charges form excitons, hence

 𝛾eh𝑁𝑝
2 =

𝑗

𝑒𝑤
                      (S7) 

Here, j is the steady-state current density, e is the elementary charge, w is the width of the 

recombination zone. The EQE roll-off was simulated as the ratio of Ns values calculated with and 

without annihilation losses and normalised to the experimental EQE maximum. First, we simulated 

the EQE roll-off assuming w=20 nm which is the thickness of the light emitting layer and found that 

TTA reduces STA losses at high current very slightly (Figure S7). The predicted EQE roll-off by STA is 

not as severe as experimentally observed. This indicates that other exciton loss mechanism should 

be considered besides STA and/or the width of the recombination zone w<20 nm. 
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Figure S7. Experimental EQE of OLEDs with 5 wt% DABNA-2 in mCBP host driven at constant current 

(symbols) and simulated EQE (lines) using the measured gSTA = 6 × 10-11 cm3 s-1 , gTTA = 1 × 10-15 cm3 s-1 and 

gSPQ =gSTA. The width of the recombination zone was set to w=20 nm which is the thickness of the light 

emitting layer. 

Next, we considered the quenching of singlets by polarons (SPQ). The electron-hole recombination 

rate in OLEDs is limited by carrier diffusion in directions perpendicular to the electric field and is 

governed by the zero-field charge mobility.4,5 Then, assuming Langevin-type recombination, 

𝛾𝑒ℎ =
𝑒(𝜇0𝑒+𝜇0ℎ)

𝜀0𝜀
   (S8) 

Here μ0e and μ0h is the zero-field electron and hole mobility, respectively, whilst ε0 and ε are vacuum 

and relative permittivity. Combining Equations (S7) and (S8) we get  

𝑁𝑝 =
1

𝑒
√

𝑗𝜀0𝜀

(𝜇0𝑒+𝜇0ℎ)𝑤
  (S9) 

To estimate carrier mobilities in the recombination zone, we have fabricated single-carrier devices 

with different DABNA-2 concentrations. In electron-only devices (EODs) we used electron 

transporting layers of 1,3,5-tri(m-pyrid-3-yl-phenyl)benzene) (TmPyPB), whilst in hole-only devices 

(HODs) the hole transporting layer of 1,1-bis[(di-4-tolylamino)phenyl]cyclohexane (TAPC) was used. 

The structures were as follows: 

EOD: ITO/TmPyPB(20 nm)/x% DABNA-2:mCBP(50 nm)/TmPyPB(20 nm)/LiF(0.8 nm)/Al  

HOD: ITO/TAPC(20 nm)/x% DABNA-2:mCBP(50 nm )/TAPC(20 nm)/Al 

The current density in EODs and HODs decreased about three times with the introduction of 

DABNA-2 into the mCBP host, indicating that the transport of electrons and holes is controlled by 

trapping-release on DABNA-2 (Figure S6). This is consistent with the ionization energy of DABNA-2 
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(5.38 eV) being substantially lower than that of mCBP (6.07 eV) and electron affinity higher (2.75 and 

2.55 eV for DABNA-2 and mCBP, respectively).6 

 

Figure S8. The J-V characteristics of single-carrier devices with different DABNA-2 concentrations. The red 

lines for EODs represent the fits with Equation S10. 

High electron mobility has been reported in TmPyPB, ~1×10-3 cm2 V-1s-1 at 6.4×105 V cm-1 with a very 

weak dependence on the electric field.7 There is just a small energy barrier for electron injection 

from TmPyPB into mCBP (electron affinities are 2.73 and 2.53 eV, respectively). At these conditions, 

the density of injected electrons is sufficiently high to form a space charge in the low conductivity 

mCBP layer. We fitted the current-voltage dependence in EODs with a space-charge limited current 

(SCLC) model according to the Mott-Gurney law .  

𝐽 =
9

8
𝜀0𝜀 µ𝑒  

(𝑉−𝑉𝑥)2

𝐿3
      (S10) 

Here V is the applied voltage, Vx is the onset voltage of SCLC regime, and L=90 nm is the thickness of 

the organic layer. This equation is only valid for V>Vx. We used a field-dependent mobility according 

to Poole-Frenkel mechanism. 

µ𝑒 = µ0𝑒exp {𝛽𝑒 [
𝑉

𝐿
]

½

}     (S11) 

Here, μ0e is the zero-field electron mobility, and βe is the Poole-Frenkel factor. The fitted parameters 

are given in Table S1. The μ0e and βe values for the EOD with a neat mCBP layer are similar to the 

previously reported μ0h=7×10-7 cm2 V-1 s-1,  and βh=0.017 values for holes,8 suggesting that electron 

and hole mobilities in mCBP are reasonably well balanced. As we observed very similar decreases 

of the current density in EODs and HODs with the introduction of DABNA-2 into a mCBP host, it is 

reasonable to assume μ0h≈μ0e for the mCBP layer with 5 wt % of DABNA-2. We use these mobilities 
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in Equation S5 to calculate the average density of charge pairs in the light-emitting layer. The 

predicted EQE roll-off by the combined effect of STA and SPQ for w=20 nm is still not as severe as 

experimentally observed (Figure S7). This suggests that the width of the recombination zone w<20 

nm. 

Table S1. Zero-field electron mobility μ0e and the Poole-Frenkel factor β0e obtained by fitting J-V 

dependence in EODs. 

Emitter 

concentration 

in mCBP 

Vx  

(V) 

μ0e 

(10-8 cm2 V-1 s-1) 

βe 

(cm0.5 V-0.5) 

0 wt% DABNA-2 

3 wt% DABNA-2 

5 wt% DABNA-2 

3.32 

3.44 

3.48 

90 

14 

3 

0.006 

0.008 

0.009 
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