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A Charge-transfer-featured naphthalimide derivative with 

small exchange energy but lower lying 
3
ππ* than 

3
CT state is 

found to contribute to the triplet harvesting through P-type 

rather than E-type delayed fluorescence, and could act as a 10 

quite promising host to achieve highly efficient OLEDs. 

Owing to the low-cost together with much enhanced efficiency 

through triplet exciton harvesting, organic light-emitting diodes 

(OLEDs) based on delayed fluorescence (DF) materials have 

attracted significant attention recently.1 Generally, two kinds of 15 

DF could be identified, namely, thermally activated DF (TADF, 

E-type DF) and triplet-fusion DF (TFDF, P-type DF). For TADF 

materials, their small singlet-triplet energy gaps (ΔEST) enables 

triplet excitons to be thermally converted into singlet ones via 

reverse intersystem crossing (RISC), thus the theoretical internal 20 

quantum efficiency (ηint) of TADF-OLED could reach 100%. 

Based on enormous research efforts, highly efficient TADF-

OLEDs have been realized.2 In principle, both small ΔEST and 

high photoluminescence quantum yield (PLQY) are essential 

factors for TADF emitters. Yet to achieve small ΔEST, electron 25 

and hole should be decoupled on spatially separated frontier 

orbitals of the compound, which would lead to intermolecular 

charge-transfer (ICT) transition with low possibility, hence poor 

PLQY.2a Thus the conflict between low ΔEST and high PLQY 

makes it difficult to develop high performance TADF materials. 30 

On the other hand, for TFDF materials whose prerequisite is 

2ET ≥ ES,3 additional singlet excitons could be yielded through 

triplet-triplet annihilation (TTA) process, and the ηint of TFDF-

OLEDs could reach 62.5%.4 More importantly, the harvesting of 

triplet excitons could be realized not only by the emitters,1c,1d,5 35 

but also by the hosts via energy transfer (ET) to emitting 

guests.4,6 For example, non-doped blue TFDF-OLED with 

maximum external quantum efficiency (ηextmax) of 7.18%,1d,5a and 

red doped one with ηextmax of 11.3%6b have been achieved 

successfully, indicating that TTA process could also contribute 40 

significantly to the improvement of efficiency in case of 

fluorescent OLEDs. In fact, it should be more promising if extra 

singlets could be produced through host rather than emitter, since 

intense solid state fluorescence, which is difficult to be acquired 

for most fluorophores due to the notorious concentration 45 

quenching, is not an indispensable factor for doping matrices. 

However, most of the current investigations are focused on 

elucidating of the role TTA process plays in the enhancement of 

electroluminescence (EL) efficiency,1c,7 while the small-

molecular TF materials studied intensively are mostly limited to 50 

anthracene derivatives,1c,1d,5b,8 Alq3,
9 and rubrene,10 whose S1 and 

T1 states are both of ππ* character. Little attention has been paid 

to the TFDF character of ICT-featured compounds. Nevertheless, 

a recent study from Jankus et al.11 has revealed that in an 

intermolecular CT exciplex system whose exchange energy is 55 

nearly zero, if 3ππ* is lower lying than 3CT state, it is TFDF not 

TADF process that dominates the EL, and highly efficient blue 

fluorescence TFDF-OLED has been achieved. Thus compounds 

with ICT character might not only act as TADF emitters, but also 

act as promising TFDF materials.  60 

In this paper, we report on our discovery that CzPhONI, an 

ICT-featured compound with quite small exchange energy but 

lower lying 3ππ* than 3CT state, is promising TFDF- rather than 

TADF-OLED material. According to magneto-EL (MEL) 

measurement results, TTA process should dominate in OLEDs 65 

with CzPhONI as both non-doped emitter and doping matrix. 

Using it as host, an orange-red OLED with ηextmax of 3.59% has 

been achieved, which is much higher than its theoretical limited 

25% singlet production (ηextmax : 2.50%). 

 70 

Fig. 1 Molecular structures of CzPhONI, PhONI and FNIb. 

The molecular structure of the compounds discussed here is 

illustrated in Fig. 1. Because XRD characterization results reveal 

that the Ph and naphthalimide (NI) segments of PhONI are 

almost orthogonally twisted (Fig. S1), two electron-rich carbazyl 75 

(Cz) units are introduced to the meta-position of Ph segment to 

construct CzPhONI, so that electronic coupling between Cz 

donor and NI acceptor could be minimized. This supposition is 

further validated by density functional theory (DFT) calculations, 

since the dihedral angle between NI and Ph units is calculated to 80 

be 89.5º in the ground-state optimized geometry of CzPhONI, 

and the HOMO of CzPhONI is merely localized on the 

dicarbazylphenyl moiety, whereas the LUMO is only distributed 

on the NI unit, showing zero overlap with the HOMO (Fig. 2). 
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Fig. 2 The HOMO (left) and LUMO (right) of CzPhONI calculated at the 

B3LYP/6-31G(d) level. 

In solution, CzPhONI displays two main absorption bands 

(Fig. S2), which could be chiefly assigned to the π-π* transition 5 

of Cz (~300 nm)12 and NI moieties (~360 nm),13 respectively. No 

significant solvatochromism is observed, excluding the formation 

of ICT complex in its ground state. However, the PL emission 

spectrum of CzPhONI shows distinct solvent effect. In hexane 

(Hex), it displays one emission band with vibrational structure; 10 

but in more polar solvents, it exhibits dual fluorescence (Fig. 3a). 

In addition, the emission band with lower energy shows positive 

solvatochromism, and linear correlation and large slope could be 

discerned in the corresponding Lippert-plot (Fig. S3). Therefore, 

CzPhONI might show twisted ICT (TICT) character.14 This 15 

deduction is verified by in-depth investigations on the PL 

excitation spectra, temperature effects and transient PL 

measurements of CzPhONI (Fig. S4-S7, Table S1). Furthermore, 

the PLQY of CzPhONI is much lower than that of PhONI (~0.8, 

vide Table S2), e.g., 0.02 in Hex and CCl4, 0.01 in toluene (Tol), 20 

< 0.01 in CHCl3 and dichloromethane (DCM). The very low 

PLQY of CzPhONI even in nonpolar Hex suggests the strong 

TICT-character of CzPhONI.14 In solid film state, CzPhONI 

displays a relatively broad PL spectrum (emmax: 493 nm) with 

half width of 78 nm (Fig. S7), and its PLQY is as low as 0.08, 25 

indicative of its retained CT character even in condensed state. 

 

Fig. 3 (a) PL spectra of CzPhONI in solvents with different polarities. (b) 

Time-resolved PL decay traces of the TICT band of CzPhONI in Tol 
under N2 or O2 atmosphere (ex=370 nm, em=504 nm); inset: changes on 30 

PL spectrum of CzPhONI in Tol upon bubbling of O2 (10 min). 

As shown in Fig. 3b, in N2-degassed Tol, the TICT emission 

band of CzPhONI displays a triple-exponential decay (τ1=0.88 ns, 

71.4%; τ2=4.83 ns, 21.9%; τ3=23.0 ns, 6.7%). Upon bubbling of 

O2, the PL intensity of this band decreases gradually, together 35 

with much shortened decay lifetime (τ1=0.70 ns, 66.1%; τ2=2.24 

ns, 25.7%; τ3=6.75 ns, 8.2%). If it is the long-lived 3CT state 

yielded via RISC process that is involved in the luminescence of 

TICT emission band, a much long-lived tail should be observed 

in the fluorescent decay curve.2c However, the decay lifetimes of 40 

CzPhONI under different conditions are relatively short, 

suggesting that TADF process should not dominate here. 

The energy level of 1ππ* (3.14 eV) and 1CT (2.51 eV) states 

for CzPhONI is determined from the highest energy peak of its 

emission band in nonpolar Hex, and onset of the TICT band in 45 

more polar DCM, respectively;15 while the energy of 3CT state 

(2.46 eV) is estimated to be 50 meV below that of 1CT state,1f,11 

since the exchange energy in TICT excited state should be quite 

small due to its spatially separated frontier orbitals.14,2a The 

lowest T1 energy of CzPhONI is determined to be 2.33 eV from 50 

the onset of its phosphorescence spectrum at 77 K in DCM (Fig. 

S8).2c,11 Thus the ΔEST of CzPhONI is calculated to be 0.18 eV. 

It is noteworthy that the phosphorescence spectrum of CzPhONI 

resembles that of PhONI, suggesting that its T1 state should be of 
3ππ* character localized mainly on the NI moiety. 55 

 

Fig. 4 The MEL of (a) Device I; and (b) Device II as a function of the 

external magnetic field (MEL=(EL(B)-EL(0))/EL(0)). 

The HOMO and LUMO energy levels of CzPhONI are 

estimated to be -5.64 eV and -3.14 eV respectively according to 60 

electrochemical measurements (Fig. S9). Therefore, a non-doped 

Device I with CzPhONI as emitter is fabricated with structure of 

ITO/PEDOT (35 nm)/NPB (60 nm)/CzPhONI (30 nm)/TPBI (40 

nm)/LiF (0.8 nm)/Al, and low field MEL ( 0.2 T) is employed 

as a tool to identify if there exists RISC or TTA process in the 65 

device.16 As shown in Fig. 4a, at applied bias of 4V (slightly 

higher than the turn-on voltage), the MEL of Device I increases 

sharply within low-field regime (< 50 mT), then saturates in 

higher B-field. Yet with increasing applied bias hence current 

density, after reaching the maximum value, the MEL of Device I 70 

decreases gradually at higher B-field strength. Accordingly, it 

should be TTA rather than RISC process that dominates the EL 

of Device I,16a despite the quite small ΔEST of CzPhONI. Based 

on the MEL and fluorescent decay results, CzPhONI should be a 

TFDF- not TADF-featured emitter, which is consistent with the 75 

report from Jankus et al.11 Furthermore, to evaluate the potential 

of CzPhONI as TFDF-featured host, a doped Device II with 

structure of ITO/MoO3 (10 nm)/NPB (35 nm)/TCTA (10 nm)/ 

FNIb:CzPhONI (6 wt%, 30 nm)/TPBI (40 nm)/LiF (0.8 nm)/Al 

is also fabricated. Here, CT-featured FNIb is employed as the 80 

emitting dopant,17 and the PLQY of FNIb:CzPhONI (6 wt%) 

doped film is determined to be 0.50. Similar to the case of Device 

I, TTA-charactered MEL responses are discerned in Device II, 

suggesting that CzPhONI could also contribute to the harvesting 

of triplet excitons through TTA-process when acts as host. 85 

 

Fig. 5 Energy level diagram showing the proposed TTA and energy 

transfer processes in Device II. The energies given are for CzPhONI. 
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According to the energy level diagram, a mechanism for the 

TTA and ET processes within Device II is proposed tentatively 

(Fig. 5). Upon charge injection, 1CT singlets are formed mainly 

on CzPhONI, which could lead to the emission of the guest 

through ET process. Concurrently, 1CT singlets also could be 5 

transformed into 3CT triplets due to their nearly degenerated 

energy levels. The majority of 3CT triplets formed by charge 

recombination will be quenched by the lower lying 3ππ* state of 

CzPhONI. These triplets then undergo TTA process to generate 
1ππ* singlets of CzPhONI, which could be converted to 1CT via 10 

internal conversion, and so on round this loop. 

Although in Device II, the presence of TTA process should 

benefit the triplet harvesting, and a maximum brightness of 7250 

cd/m2 could be achieved, its current efficiency is not satisfactory, 

indicating the poor carrier balance in this device (Fig. S11). To 15 

unravel which carrier is more predominant, the carrier mobility of 

CzPhONI is measured. The results indicate that CzPhONI 

posseses much higher hole mobility (1.13×.1-5 cm2/V s) than 

electron mobility (1.38×.3-8 cm2/V s). Therefore, similar with 

most OLEDs, holes may be the dominant charge carrier in Device 20 

II, hence better charge balance should be achieved if hole current 

is reduced. Consequently, Device III with structure of ITO/NPB 

(30 nm)/CBP (2 nm)/FNIb:CzPhONI (6 wt%, 20 nm) /Bphen 

(40 nm)/Mg:Ag is fabricated, in which CBP acts as hole-blocking 

material, Bphen with higher electron mobility than TPBI acts as 25 

electron-transporting material.18 As depicted in Fig. 6, Device III 

is a high performance orange-red OLED with maximum current 

efficiency of 7.2 cd/A and brightness of 16840 cd/m2. The EL 

spectra of Devices III and II are almost identical, but both 

slightly red-shifted and broadened relative to the PL spectrum of 30 

the emitting composite film. It is noteworthy that the ηextmax of 

Device III is 3.59%, which is much higher than that predicted 

from 25% singlet production limit (2.50%). Thus the break 

through of ηextmax in Device III should be attributed to the 

efficient harvesting of triplet excitons via TTA. 35 

 
Fig. 6 (a) Current density-voltage-luminance and (b) current efficiency- 

current density curves of Device III. Inset: EL spectra of Device III. 

In conclusion, although the ICT-featured CzPhONI possesses 

quite small exchange energy and ΔEST, its lower lying 3ππ* 40 

relative to 3CT state quenches TADF, but does contribute to the 

triplet harvesting through TTA process. More importantly, 

CzPhONI is demonstrated to be a quite promising host candidate, 

and OLED based on it could show high efficiency that break 

through the 25% singlet production limit. Our results show the 45 

importance of TFDF in producing efficient OLEDs, and may 

shed light on the molecular design strategy for host materials to 

achieve efficient OLEDs by way of P-type DF. 
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