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Red-emitting Delayed Fluorescence and Room Temperature 

Phosphorescence from Core-substituted Naphthalene Diimides 

Suman Kuila,[a] Anaranya Ghorai,[b] Pralok K. Samanta,[c]  Raja B. K. Siram,[a] Swapan K. Pati,[c] K. S. 

Narayan[b] and Subi J. George*[a] 

Dedicated to Professor C. N. R. Rao on the occasion of his 85th birthday 

Abstract: Unprecedented ambient triplet mediated emission in core-

substituted naphthalene diimide (cNDI) derivatives is unveiled via 

delayed fluorescence and room temperature phosphorescence. 

Carbazole core-substituted cNDIs, with a donor-acceptor design, 

showed deep-red triplet emission in solution processable films with 

high quantum yield. This study, with detailed theoretical calculations 

and time-resolved emission experiments, enables new design 

insights into the triplet harvesting of cNDIs; an important family of 

molecules which has been, otherwise, extensively investigated for its 

n-type electronic character and tunable singlet fluorescence.    

1,4,5,8-Naphthalenetetracarboxylic acid diimides (NDIs) are a 

very important class of molecules in functional organic and 

supramolecular materials.[1] NDIs have been extensively used in 

organic FETs and photovoltaic applications as air-stable, n-type 

semiconductors.[2] Improved synthetic methodologies to access 

library of core-substituted NDIs (cNDIs) with tunable energetic 

levels have further expanded its scope to various optoelectronic 

and sensor applications and also as a model system in 

supramolecular chemistry.[1a,3] Novel anion-π interactions have 

been experimentally realized in electron deficient cNDIs and later 

used in halide sensing, organocatalysis and for anion transport 

through lipid bilayers.[4-6] Remarkably, air-stable radical anions of 

cNDI derivatives are now synthetically feasible[7] and may be of 

potential use in artificial photosynthetic cascades for efficient 

solar energy conversion.[8]  Apart from its electronic properties, 

the tunable fluorescence of cNDIs in solution are used in energy 

transfer and circularly polarized luminescence.[9] However, for 

advanced luminescence applications such as solid state lighting 

and organic light emitting diodes (OLEDs),  triplet harvesting of 

these molecules is an important requirement to improve the 

efficiency of these devices.[10] In this respect, however, NDIs are relatively unexplored 

in spite of the presence of multiple carbonyl groups in its core to 

promote fast intersystem crossing (ISC) and despite having 

excellent triplet yield. [11] Very recently, efforts have been made in 

stabilizing these NDI triplets  by heavy atom substitution or by 

intermolecular charge-transfer in confined supramolecular 

microenvironments, to harvest ambient room temperature 

phosphorescence (RTP).[12] However, molecular engineering of 

cNDIs to modulate the excited state energy levels (Sn and Tn) and 

emission wavelengths and also to realize other means of triplet 

harvesting such as thermally activated delayed fluorescence and 

triplet-triplet annihilation up-conversion still remains a challenge. 

We envisage that low lying triplets of cNDIs would also benefit in 

the design of red to NIR triplet emitters.[13] Charge-transfer (CT) 

states created by the spatially separated donor and acceptor 

subunits is a crucial design to obtain a small singlet-triplet gap 

(ΔEST) to aid triplet mediated delayed emission from 

chromophores.[10a,14] In this work, we introduce a donor-acceptor 

molecular design to harvest the triplets in cNDI derivatives, by 

Figure 1. a) Molecular structures and corresponding sample photographs of 

CzNDI (left) and CzPhNDI (right). b) Natural transition orbitals for S1 state at 

the optimized S0 geometry for optical absorption of CzNDI (left) and CzPhNDI 

(right) calculated using *B97XD/6-31+g(d) level of theory in vacuum. Hole 

and electron wave functions with the largest weight (v) and the oscillator 

strength for the transition (f) are also provided. c) Proposed singlet and triplet 

energy states of CzNDI (left) and CzPhNDI (right). F = fluorescence, DF = 

delayed fluorescence, P = phosphorescence. 
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substituting the electron-deficient NDI cores with carbazole (Cz) 

donor moieties. Remarkably, these core-substituted NDI 

derivatives CzNDI and CzPhNDI, showed red-emitting delayed 

fluorescence (DF) and room temperature phosphorescence 

(RTP), phenomena rarely reported in NDI based molecules 

(Figure 1a). With detailed time dependent density functional 

theory (TDDFT) calculations and time-resolved emission 

spectroscopy, further we provide a structure-property study on 

how to increase the oscillator strength of emission in these cNDI 

derivatives, which depends heavily on the excited state geometry 

of the chromophores.   

CzNDI and CzPhNDI were synthesized from dibromo 

naphthalene diimide derivative 3, using Pd-catalysed Buchwald-

Hartwig amination and Suzuki coupling reactions, respectively 

(Figure 2a, Supporting Information). TDDFT studies of the ground 

state geometries (S0) revealed dihedral angles of 57º and 61º 

between donor (Cz) and acceptor (NDI) moieties for CzPhNDI 

and CzNDI, respectively (Table S1). Further natural transition 

orbital (NTO) analysis was performed to understand the nature of 

transitions in the molecules. In both molecules for optical 

absorption to S1 state, the hole NTO is localized on carbazole 

units and the electron NTO is localized on NDI core, in consistent 

with the molecular design having suitable charge-transfer 

transitions (Figure 1b). This was further supported experimentally 

by cyclic voltametry (CV) studies where highest occupied 

(HOMO) and lowest unoccupied (LUMO) molecular orbital 

energies were estimated (Figure S1). The calculated HOMO 

energies of CzNDI and CzPhNDI were -5.26 eV and -5.17 eV, 

respectively. The calculated LUMO energies of CzNDI and 

CzPhNDI were -3.86 eV and -3.71 eV respectively. The HOMO 

and LUMO energy levels closely match with the HOMO level of 

carbazole and NDI LUMO levels, respectively.[15] This observation 

also shows the spatial separation of HOMO-LUMO for a suitable 

charge-transfer state formation in the molecules in their ground 

states.[13c] 

In solution state (THF), both CzNDI and CzPhNDI show 

a locally excited (LE) absorption band at around 300-400 nm and 

a charge-transfer (CT) band in the longer wavelengths (420-650 

nm) (Figure 2b). The locally excited or charge-transfer nature of 

the absorption bands were confirmed by their sensitivity towards 

the polarity of the solvents (Figure S2). Both the molecules 

showed characteristic LE emission bands with sharp vibrational 

features at 400-500 nm with short lifetime (0.99 ns and 0.90 ns for 

CzNDI and CzPhNDI, respectively) on excitation at 380 nm 

(Figures 2b-c). Interestingly, CzPhNDI showed a CT emission 

with a maximum at 580 nm, whereas CzNDI does not show any 

CT emission in THF (λexc. = 380 nm, Figure 2b and Figure S2). 

The CT nature of CzPhNDI emission is evident from the long 

lifetime of 9.3 ns and its solvatochromic behaviour (λexc. = 373 nm, 

λmonitored = 580 nm) (Figure 2c and Figure S2). In order to get 

further insight into this remarkable difference in emission 

characteristics, we theoretically investigated the nature of excited 

states using TDDFT methods. In the excited state of CzNDI, the 

Cz and NDI units are found to be perpendicular to each other 

(dihedral angle ~90o), thus forming a stable twisted intramolecular 

charge transfer (TICT) state (S1), with complete spatial separation 

of hole and electron wavefunctions (Figure 2d, left panel); a 

geometry that weakens the transition dipole moment matrix 

element as evident from the low oscillator strength of emission (f 

= 0.00). On the contrary, due to the presence of a phenyl spacer 

in CzPhNDI, the TICT state is not stable and both the Cz and NDI 

units tend to adapt a more planar conformation (dihedral angle 

~2º) in its optimized excited (S1) state (Table S1-S2). This leads 

to a comparatively higher spatial overlap between hole and 

Figure 2. a) Synthetic scheme for CzNDI and CzPhNDI. Reagents and conditions: i) 1,1-dibromo-5,5-dimethylhydantoin, conc. H2SO4, 50 ºC, 24 h, 93%; ii) n-octyl 

amine, acetic acid, 100 ºC, 24 h, 88%; iii) Carbazole, Pd(OAc)2, P(o-tol)3, potassium tert-butoxide, toluene, 120 ºC, 24 h, 42%; iv) 9H-Carbazole-9-(4-phenyl)boronic 

acid pinacol ester, Pd(PPh3)4,  aq. K2CO3, toluene, 120 ºC, 24 h, 64%. b) Absorption and normalized emission spectra of CzNDI and CzPhNDI in THF ([CzNDI] 

and [CzPhNDI] = 0.05 mM, λexc. = 380 nm) and c) corresponding lifetime decay spectra collected at the locally excited emission wavelength (430 nm) and charge-

transfer emission wavelength (580 nm). IRF is the instrument response function and λexc. = 373 nm; d) Natural transition orbitals for S1 states at optimized S1 state 

geometry for emission of CzNDI (left) and CzPhNDI (right) using *B97XD/6-31+g(d) level of theory in vacuum. Hole and electron wave functions with the largest 

weight (v), the oscillator strength for the transitions (f) are also provided. 
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electron wavefunctions with large oscillator strength (f = 0.40) for  

S1-S0 transition leading to emissive CT for CzPhNDI (Figure 2d, 

right panel, Table S1-S2). Thus it is evident that a balance 

between twist angle and HOMO-LUMO overlap is crucial for high 

photoluminescence quantum yield in cNDI derivatives.  

In an attempt to harvest the triplets in these cNDI 

derivatives, we further studied them in solid state as non-radiative 

pathways arising from vibrational relaxation can quench the triplet 

excitons in solution state.  However, neat thin films of both CzNDI 

and CzPhNDI, made from chloroform solutions showed only weak 

emission due to the aggregation induced quenching (Figure S3-

S4). On the other hand, emission spectra of  CzNDI and CzPhNDI 

dispersed in poly(methylmethacrylate) (PMMA, 1 wt. % dye to 

polymer ratio, exc. = 380 nm) showed a substantial blue-shift (30 

nm and 50 nm for CzNDI and CzPhNDI, respectively) and 

concomitant enhancement in charge-transfer (CT) emission 

intensity compared to neat films (Figure S3-S4) suggesting less 

aggregation and also a plausible triplet state stabilization due to 

reduced oxygen diffusion contributing effectively in the total 

emission (vide infra).[16] Unlike  the solution state, the intensity of 

LE emission (400-500 nm) in PMMA films was less compared to 

the CT emission and hence all further studies were focussed on 

CT emission. CzPhNDI films showed higher emission quantum 

yield of 32% compared to the 2% of CzNDI.   

 To elucidate the triplet contribution in the emission of 

CzPhNDI detailed time-resolved and temperature dependent 

fluorescence spectroscopy measurements were performed by 

exciting the LE state at 380 nm. Steady-state emission at 300 K, 

showed a broad emission (500-800 nm) with a maximum at 640 

nm (Figure 3a). Interestingly, a gated emission spectrum with a 

short time delay (0.5 ms) showed similar emission spectrum 

suggesting the presence of a delayed emission in CzPhNDI 

chromophores (Figure 3a). Further, the gated emission with a 

longer delay time of 20 ms at 300 K, revealed vibronic features  in 

the 600-800 nm range, accompanied by a broad structureless 

emission band at 550-600 nm with reduced intensity, hinting 

towards the presence of an additional low energy excited state. 

Low temperature (15 K) gated emission (20 ms delay) further 

showed that the emission band in the 600-800 nm region retains 

its vibronic spectral features with the complete disappearance of 

the emission contribution in the 550-600 nm suggesting its 

phosphorescence nature. This was further confirmed by 

temperature dependent, time-resolved emission measurements 

at different temperatures (monitored = 640 nm), which showed a 

decrease in average lifetime on increasing temperature (tavg. = 

6.45 ms and 2.43 ms at 15 K and 300 K, respectively, Figure 

3b).[17] Along with this long lifetime decay, CzPhNDI also showed 

a prompt CT fluorescence with an average lifetime of 7.3 ns (exc. 

= 373 nm, monitored = 640 nm) (Figure S5). On the other hand, 

average lifetime of the delayed emission at lower wavelength 

region, selectively monitored at 550 nm showed an increase in 

lifetime with increase in temperature (exc. = 380 nm, tavg. = 78 µs 

and 1.2 ms at 15 K and 300 K, respectively) characteristic of 

molecules with delayed fluorescence (DF) mediated via triplet 

excitons (Figure 3c) consistent with its small singlet-triplet energy 

gap (ΔEST = 0.17 ± 0.03 eV). In addition, a threefold increase in 

emission intensity and corresponding increase in average lifetime 

under vacuum compared to the emission under ambient 

conditions, reiterates the contribution from triplet states in 

CzPhNDI emission (Figure 3d, Figure S6).[13c] Low temperature 

solvatochromism studies with appropriate control molecules 

further revealed that triplet states are of locally excited character 

Figure 3. a) Normalized emission spectra of the PMMA films of CzPhNDI at different temperature with varying delay times (0.5 ms and 20 ms) showing DF and 

phosphorescence. Temperature dependent lifetime decay profiles of CzPhNDI monitored at b) 640 nm and c) 550 nm. d) Comparision of steady-state emission 

intensity of CzPhNDI in air and under vacuum and the inset shows the photograph of CzPhNDI film under 365 nm UV-lamp. e) Normalized emission spectra of 

PMMA films of CzNDI at different temperatures with different delay times (50 µs and 20 ms) showing DF and phosphorescence. Inset: Photograph of CzNDI in film 

state under 365 nm UV-lamp.  f) Lifetime decay spectra of CzNDI at different temperatures (λmonitored = 680 nm).  In all cases 1 wt. % CzNDI or CzPhNDI in PMMA 

was used and the excitation wavelength was 380 nm.  
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originating from the acceptor NDI unit rather than charge-transfer 

in nature (Figure S7-S9). These experiments provides an 

unequivocal proof for the co-existence of both DF and RTP 

emission in the red-wavelength region with excellent quantum 

yield. To the best of our knowledge, this is the first report of dual 

DF and RTP from donor-acceptor cNDI derivatives under ambient 

conditions.[12] Direct excitation at the charge-transfer band at 500 

nm,  also resulted in similar spectroscopic features suggesting 

that triplet state harvesting is possible via both  LE and CT states 

(Figure S10). 

On the other hand, PMMA (1 wt. %) films of CzNDI showed 

a weak CT emission (exc. = 380 nm) in the 550-800 nm region 

unlike its non-fluorescent nature in solution state (Figure 3e) with 

a prompt lifetime of 3.45 ns (exc. = 373 nm, monitored = 680 nm), 

probably due to a non-orthogonal, excited state conformation in 

the solid-state  (Figure S11). Delayed emission feature is also 

observed for CzNDI films at 300 K as confirmed by a gated 

emission spectrum (delay time = 50 µs, exc. = 380 nm) in the 

same wavelength region (550-800 nm, max. = 680 nm) hinting 

towards similar DF and RTP characteristics like CzPhNDI (Figure 

3a and 3e). Time-gated emission spectra (20 ms delay time, exc. 

= 380 nm) obtained at 15 K showed a 80 nm red-shift compared 

to room temperature steady-state emission (Figure 3e). This low 

energy emission with a maximum at 680 nm, can be attributed to 

the locally excited phosphorescence because of its high lifetime 

(tavg.= 3.1 ms, exc. = 380 nm,  monitored = 680 nm) (Figure 3f, Figure 

S12a). However, unlike CzPhNDI, this phosphorescence band 

neither originates from carbazole (donor) or NDI (acceptor) 

components (Figure S12b). Similar phosphorescence behaviour 

at low temperatures has been recently shown in donor-acceptor 

cNDI derivatives,  wherein certain conformations of the molecule 

lead to enhanced conjugation between the donor (triphenyl 

amine) and acceptor sub-units (NDI) resulting in new locally 

excited triplet state.[13b] In addition, gradual decrease in the 

lifetime on increasing the temperature (Figure 3f) reiterates (3.1 

ms at 15 K to 80.5 µs at 300 K, exc. = 380 nm, monitored = 680 nm) 

its phosphorescence character similar to CzPhNDI at this 

wavelength. Accordingly, temperature dependent steady-state 

emission also showed a gradual red-shift (652 nm to 672 nm) and 

enhanced emission intensity on decreasing the temperature 

(Figure S13). Presence of triplet mediated (ΔEST = 0.15 ± 0.02 eV) 

deep-red-NIR dual DF and RTP emission was further confirmed 

via various experiments (Figure S14-S16). However, overall 

quantum yield (2 %) was found to be much weaker than 

CzPhNDI. 

In conclusion, we have shown an efficient dual DF and RTP 

emission under ambient and amorphous conditions from cNDI 

derivatives by a clever molecular design to facilitate the triplet 

harvesting. Time-resolved photoluminescence studies and 

TDDFT calculations further provided a structure-property 

relationship to fine-tune the emission oscillator strength and 

charge-transfer states of these donor-acceptor molecules. We 

envisage that this study opens up an exciting, hitherto unexplored 

triplet harvesting of interesting class of cNDI family, by using the 

well-established, rich chemistry of core-substitution. Further 

extension of these designs to other electron deficient arylene 

diimides would be the next step to achieve NIR-emitting triplet-

emitting dyes for applications in bio-imaging and OLEDs.[18]     
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