
1 

 

Acridone-Amine D-A-D Thermally Activated Delayed Fluorescence Emitters 1 

With Narrow Resolved Electroluminescence and Their Electrochromic 2 

Properties 3 

 4 

Marharyta Vasylieva a,b, Piotr Pander *,c, Bharat K. Sharma d, Azam M. Shaikh d, 5 

Rajesh M. Kamble *,d, Fernando B. Dias c, Malgorzata Czichy a, Przemyslaw Data *,a,b,1 6 

 7 

 8 
a Faculty of Chemistry, Silesian University of Technology, M. Strzody 9, 44-100 Gliwice, Poland 9 
bCentre of Polymer and Carbon Materials of the Polish Academy of Sciences, ul. M. Curie-10 

Skłodowskiej 34, 41-819, Zabrze, Poland 11 
c Department of Physics, University of Durham, South Road, Durham DH1 3LE, United Kingdom 12 
d Department of Chemistry, University of Mumbai, Mumbai, 400 098, India 13 

 14 

 15 

E-mail: 16 

Dr Piotr Pander, piotr.h.pander@durham.ac.uk; 17 

Dr Rajesh M. Kamble, kamblerm@chem.mu.ac.in; 18 

Prof. Przemyslaw Data, przemyslaw.data@polsl.pl. 19 

 20 

 21 

 22 

 23 

Abstract 24 

Acridones have found their role in luminescent materials for OLEDs. Most interestingly, showing 25 

potential as weak charge transfer thermally activated delayed fluorescence (TADF) emitters, 26 

providing narrow photoluminescence. In this work, we present a comprehensive study of donor-27 

acceptor-donor (D-A-D) acridone-amine derivatives showing TADF and UV electrochromic 28 

properties. Structure-property relationships are studied using electrochemical and 29 

spectroelectrochemical methods as well as using photophysical characterization. Most successful 30 

emitters are used as luminescent materials in OLED, showing narrow (FWHM = 66-85 nm) 31 

electroluminescence in the green region with maximum EQE = 5.4%.   32 
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1 Introduction 36 

Increased interest in the more rational use of energy sources has stimulated the development of new 37 

technologies, such as organic light-emitting diode (OLED) devices.[1] One of the aims of OLED 38 

research is the selection of materials that could be used as the emitter in the active layer of such 39 

devices.[2–6] There are a plethora of molecular design strategies established to improve the 40 

performance of such devices. These are aimed, among other things, at increasing their 41 

photoluminescence quantum yield (ΦPL), improving solubility and charge-transport properties, and 42 

finally at achieving efficient triplet harvesting. Emitters showing effective triplet-harvesting have 43 

found a profound role in OLEDs as emitters and hosts.[7,8] It is because these types of emissive 44 

systems provide up to 100% exciton extraction in OLED devices.[9,10] The most common examples 45 

are metal-free thermally activated delayed fluorescence (TADF) emitters[11–16] and organometallic 46 

phosphorescent complexes.[2,6,17–19] However, metal-based compounds are not always desirable. 47 

Their usage in the displays and lighting, for example, may create additional problems due to the 48 

scarcity and large cost of heavy metals, such as iridium or platinum. Therefore, many turn their 49 

attention towards metal-free emitters showing TADF. The most common design pattern of these 50 

emitters is the donor-acceptor structure. This may appear in structures with various numbers of donors 51 

(D) and acceptors (A), but the most common are simple D-A (one donor, one acceptor) or D-A-D 52 

(two donors, one acceptor). The latter is explored in this work.   53 

Donor-acceptor systems provide an easy way to reach the synthetic goal using existing libraries of 54 

donors and acceptors. The properties of these systems can be easily tuned by using various known 55 

donors with a new acceptor or vice versa. One of the broadly available and low-cost acceptors is the 56 

9(10H)-acridanone (acridone). It has shown great feasibility to be used in blue TADF D-A-D emitters, 57 

showing narrow emission[20] and generally in other D-A-D or D-A luminophores as an acceptor.[21–58 

23] Acridone is also used as an acceptor in other, i.e. non-luminescent systems, such as 59 

electrodeposited films, due to the formation of a stable radical anion upon reduction.[24] Acridone 60 

skeleton has also been found in bioactive molecules.[25]  61 
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 62 

Scheme 1. Structure of the blue TADF emitter based on acridone acceptor.[20] 63 

 64 

One of the disadvantages of donor-acceptor emitters for application in displays is their extensively 65 

broad luminescence spectrum, which creates difficulties to achieve good color purity.[12,26,27] 66 

Therefore, efforts are being a pursuit to design systems with a sufficiently narrow emission spectrum 67 

to improve their potential use in OLED displays,[28] where narrow emission is crucial for proper 68 

color representation. The previously presented blue TADF BCbAc (Scheme 1) has shown narrow 69 

luminescence, thus indicating a strong potential to explore this property in other colors. With this 70 

aim, we decided to investigate molecules 1−4 (Scheme 2) to develop green emitters with narrow 71 

emission spectra.[29] 72 

 73 

 74 

Scheme 2. Structures of acridone-amine D-A-D molecules investigated in this work.[29] Note the 75 

acceptor is presented in blue and the donors in red. 76 

 77 
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2 Experimental 78 

General. All the reagents were purchased from commercial sources (Sigma Aldrich and Alfa Aesar) 79 

and were used without any further purification. The organic solvents were of analytical or 80 

spectroscopic grade and were dried and freshly distilled using the standard procedures whenever 81 

anhydrous solvents were required. 1H-NMR (300 MHz) and 13C-NMR (75 MHz) spectra were 82 

recorded on a Bruker 300 Ultrashield spectrometer with tetramethylsilane (TMS) as an internal 83 

reference and residual CHCl3 in CDCl3 as reference. Fourier transform infrared (FT-IR) spectra were 84 

recorded on a Perkin Elmer Frontier 91579. Mass spectrometric measurements were recorded using 85 

MALDI-TOF (Bruker). Melting points of the products were determined by the open capillary method.  86 

General synthesis. The synthetic route for the target compounds 1−4 is described in the Supporting 87 

Information. The synthetic procedures used follow the ones described in our earlier work.[29] 88 

Materials. Electrochemical measurements were conducted at 0.5 mM concentration (cyclic 89 

voltammetry measurements). In UV-Vis-NIR and Electron Spin Resonance (ESR) spectroscopy a 90 

higher concentration of 1.5 mM was used. Electrochemical studies were conducted in 0.1 M solutions 91 

of supporting electrolyte Bu4NBF4, 99% (Sigma Aldrich) in dichloromethane (DCM), 92 

CHROMASOLV1, 99.9% (Sigma Aldrich) at room temperature. UV-Vis spectroelectrochemical 93 

measurements were performed on the ITO (Indium Tin Oxide) quartz glass working electrode. 94 

Electrochemistry and spectroelectrochemistry. Electrochemical investigation was carried out 95 

using a CHInstruments660 potentiostat. The electrochemical cell comprised of the platinum electrode 96 

with a 1 mm diameter disc as a working electrode for electrochemical measurements and ITO glass 97 

as a working electrode for spectroelectrochemical studies, Ag/AgCl electrode as a reference 98 

electrode, and platinum coil as an auxiliary electrode. Cyclic voltammetry measurements were 99 

conducted at room temperature at a scan rate of 50 mV/s. The working electrode potential was 100 

calibrated against ferrocene/ferrocenium redox couple. UV-Vis-NIR spectroscopy and 101 

spectroelectrochemistry were performed using an Ocean Optics QE6500 and NIRQuest matrix 102 
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spectrometers. In situ EPR spectroelectrochemical experiments were undertaken using a JES-FA 200 103 

(JEOL) spectrometer. 104 

Calculations. DFT calculations were performed using Orca 4.2.1 software[30,31] and visualized 105 

using Gabedit 2.5.1[32]. Ground state geometry and molecular orbital (MO) isosurfaces were 106 

calculated using B3LYP[33,34] functional and 6-31G(d)[35] basis set and a Conductor-like 107 

Polarizable Continuum Model (CPCM) solvent model (CH2Cl2).  108 

Photophysics. Absorption spectra in solutions were recorded with a UV-3600 double beam 109 

spectrophotometer (Shimadzu). Photoluminescence (PL) spectra in solutions and films were recorded 110 

using FluoroMax-3 or FluoroLog fluorescence spectrometer (Jobin Yvon). Phosphorescence, prompt 111 

fluorescence (PF), and delayed fluorescence (DF) spectra and fluorescence decay traces were 112 

recorded using nanosecond gated luminescence and lifetime measurements (from 400 ps to 1 s) using 113 

either third harmonics of high energy pulsed Nd: YAG laser at 355 nm (EKSPLA) or an N2 laser at 114 

337 nm. Emission was focused onto a spectrograph and detected on a sensitive gated iCCD camera 115 

(Stanford Computer Optics) having sub-nanosecond temporal resolution. PF/DF time-resolved 116 

measurements were performed by exponentially increasing gate and integration times. Temperature-117 

dependent experiments were conducted using a liquid nitrogen cryostat (Janis Research) under  118 

nitrogen atmosphere, while measurements at room temperature were recorded in a vacuum in the 119 

same cryostat. Power dependence results were fitted using the expression y = a∙x for linear, 120 

proportional relation. Details of the iCCD setup and measurements can be found elsewhere.[36] 121 

 122 

OLED devices. OLEDs were fabricated with vacuum thermal evaporation. Devices of 4x2 mm pixel 123 

size were fabricated. HAT-CN – dipyrazino[2,3-f :2',3'-h]quinoxaline-2,3,6,7,10,11-hexacarbonitrile 124 

(LUMTEC), PO-T2T – 2,4,6-Tris[3-(diphenylphosphinyl)phenyl]-1,3,5-triazine (LUMTEC), mCP – 125 

1,3-Bis(carbazol-9-yl)benzene (LUMTEC), NPB - N,N′-di(1-naphthyl)-N,N′-diphenyl-(1,1′-126 

biphenyl)-4,4′-diamine (LUMTEC), TSBPA (4,4'-(diphenylsilanediyl)bis(N,N-diphenylaniline)), 127 

TPBi - 2,2′,2″-(1,3,5-benzinetriyl)-tris(1-phenyl-1H-benzimidazole) (LUMTEC), CBP - 4,4′-bis(N-128 
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carbazolyl)-1,1′-biphenyl (LUMTEC), LiF (99.995%, Sigma Aldrich), and Aluminium wire 129 

(99.9995%, Alfa Aesar) were purchased from the companies indicated in parentheses. NPB was used 130 

as a hole transport layer (HTL), while TSBPA played the role of an electron blocking layer and an 131 

additional hole transport layer to step-up the HOMO energy and reduce the injection barrier to CBP. 132 

HAT-CN was used as a hole injection layer. TPBi or PO-T2T were used as an electron transport layer 133 

(ETL), while CBP or mCP were used as a host material. OLED devices were fabricated using pre-134 

cleaned with ozone plasma indium-tin-oxide (ITO) coated glass substrates with a sheet resistance of 135 

20 Ω cm-2 and ITO thickness of 100 nm. All organic and inorganic layers were thermally evaporated 136 

using Kurt J. Lesker Spectros II deposition system at 10-6 mbar. All organic materials and aluminum 137 

were deposited at a rate of 1 Å s-1. The LiF layer was deposited at a rate of 0.1-0.2 Å s-1. 138 

Characterization of OLED devices was conducted in a 10-inch integrating sphere (Labsphere) 139 

connected to a Source Measure Unit and coupled with a spectrometer USB4000 (Ocean Optics). 140 

Further details can be found in the literature.[37] 141 

 142 

3 Results and discussion 143 

3.1 Photophysics in solution 144 

The molecules presented in this work belong to the same structural group of D-A-D compounds 145 

sharing a common acceptor and strong similarities between donors. Therefore, it is no surprise that 146 

their absorption and emission spectra show good resemblance among the series (Figure 1). All 147 

compounds show green fluorescence with high to moderate photoluminescence quantum yield.[29] 148 

The absorption spectra show two general groups of absorption bands: those related to charge transfer 149 

(CT) transitions and those related to π-π* transitions (Figure 2 and S1). The CT absorption bands 150 

clearly show a lower absorption coefficient ≈5000 M-1 cm-1 and unequivocal positive 151 

solvatochromism which is a sign of a charge transfer band involving π-π* transitions. The other group 152 

of absorption bands is associated with localized π-π* transitions. This is evidenced by their absorption 153 

coefficients ≈25000-50000 M-1 cm-1 being larger by one order of magnitude. Further to that, no 154 
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significant solvatochromic shifts are observed involving these bands. Having this established, the 155 

localized π-π* transitions are associated with absorption below 370 nm in compounds 1−3 and below 156 

330 nm in  4, while absorption bands at longer wavelengths are related to CT transitions. It is worth 157 

to mention that, most likely, the absorption bands at λabs ≈ 350 nm in 1-3 are associated with the donor 158 

– this is evidenced by the lack of such band in 4. Moreover, these bands are affected by the type of 159 

diarylamine donor in a way consistent with structure of the substituent (i.e. red shift with larger 160 

conjugation). The maximum λabs = 348 nm in 1, for example, is subsequently red shifted in 3 to λabs 161 

= 353 nm due to the electron-donating effect of the methoxy groups. On the other hand, in 2 the band 162 

shows a shoulder at 350-400 nm – this can be associated with the absorption of the naphthylamino 163 

group in the donor. 164 

 165 

 166 

Figure 1. Absorption (continuous lines) and normalized photoluminescence (dotted lines) spectra 167 

recorded in the toluene solution. 168 

 169 

All compounds in the series show narrow photoluminescence spectra and those of 1−3 group show a 170 

degree of vibronic resolution, contrary to typical spectra of D-A-D molecules with CT emissive states. 171 

However, the vibronic resolution is lost and accompanied by a pronounced redshift of the emission 172 

maxima in polar solvents (Figure 2 and S1). This is an indication that all the molecules studied in the 173 

work show a CT excited state, but with a moderate degree of charge transfer. Compound 3 shows the 174 

most red-shifted emission λem = 530 nm in respect to 1, λem = 502 nm, which is related to the strongest 175 

electron-donating properties of the donor in 3. This is also evidenced by the smallest energy gap of 176 
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3. Finally, all the molecules show strong re-absorption in the high energy side of their emission 177 

spectra due to a small Stokes shift: 45-48 nm (240-260 meV) in 1 and 2, and slightly larger in 3, 56 178 

nm (280 meV) and 66 nm (360 meV) in 4. 179 

 180 

Figure 2. Absorption (continuous lines) and normalized photoluminescence (dotted lines) spectra of 181 

1 recorded in three different solvents indicated in the figure legend. 182 

 183 

3.2 DFT calculations  184 

The acridone acceptor remains generally nearly planar in the ground state with either of the 185 

diphenylamino aryl groups in 1−3 orthogonal to the acceptor plane. The HOMO is localized not only 186 

on the donors, as typically found in D-A-D molecules with strong CT character, but shows a rather 187 

elevated contribution of the acceptor. This is an indication of a partial conjugation existing between 188 

each of donors with the acceptor as well as the donors between each other (through the acceptor). 189 

HOMO and HOMO-1 generally show symmetric geometry, suggesting that the donors are in all cases 190 

equal and processes such as excitation or one-electron oxidation should involve both moieties. 191 

LUMO’s are localized on the acceptor in all cases. This renders the HOMO→LUMO transition to 192 

have a partial CT character due to generally moving the charge away from the donors and towards 193 

the acceptor in the excited state. This is consistent with the photophysical properties of these 194 

compounds as they show only a weak CT character. HOMO and LUMO energy follow the trend 195 

established in electrochemistry (Table 1) and follow the expected donor strength. The calculated 196 

values show an offset of 0.5-0.7 eV towards HOMO and 1.2-1.3 eV towards LUMO if absolute energy 197 

values are considered. 198 
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 199 
Figure 3. Molecular orbital isosurfaces and energy calculated at B3LYP/6-31g(d) level of theory 200 

with iso value of 0.03. All values are shown in eV. 201 

  202 



10 

 

3.3 Electrochemistry 203 

 204 

 205 

Figure 4. Electrochemical oxidation and reduction processes recorded with cyclic voltammetry in 206 

0.1M Bu4NBF4 / CH2Cl2 supporting electrolyte. Note: the current of reduction process (red) has 207 

been scaled for clarity. 208 

Molecules 1−4 all show oxidation and reduction processes in the electrochemical window of the 209 

supporting electrolyte (Figure 4). The first oxidation process is reversible in all cases, while all 210 

reduction processes are irreversible. The oxidation onset potential follows the expected donor 211 

strength, with the lowest observed in 3. The methoxy substituents act as group donating electrons to 212 

the diphenylamino unit, destabilizing the HOMO. Interestingly, the naphthylamino group in 2 does 213 

not affect the oxidation potential of the molecule, which remains virtually identical to that of 1. The 214 

reduction onset potential does not significantly change between the molecules, confirming the 215 

location of LUMO on the acceptor – this being the only common unit of all four. Each of the 216 

compounds shows two consecutive reversible oxidation processes, likely related to withdrawal of the 217 
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first and the second electron, respectively, jointly from the two donor moieties. Electrochemical 218 

properties of 1−4 are summarized in Table 1. 219 

 220 

Table 1. Summary of electrochemical results and calculations. 221 

 

Cyclic voltammetry Calculations 

E½
ox, V Eox

onset, V Ered
onset, 

V 
IP, eV 

EA, 

eV 

Eg
el, 

eV 

HOMO, 

eV 

HOMO-

1, eV 

LUMO, 

eV 

Eg
calc, 

eV 

1st 2nd 1st 2nd 

1 0.26 0.60 0.19 0.54 -2.24 5.29 2.86 2.43 -4.70 -5.04 -1.62 3.08 

2 0.25 0.62 0.18 0.55 -2.24 5.28 2.86 2.42 -4.71 -5.00 -1.65 3.06 

3 0.08 0.31 0.00 0.26 -2.28 5.10 2.82 2.28 -4.44 -4.73 -1.55 2.89 

4 0.19 0.55 0.12 0.48 -2.29 5.22 2.81 2.41 -4.82 -5.50 -1.49 3.33 

 222 

3.4 Spectroelectrochemistry 223 

Figure 5 shows the UV-Vis-NIR absorption spectra of the initial, neutral compound, and its gradual 224 

transformation into the oxidation product, a cation radical. Isosbestic points are visible in all spectra 225 

and indicated with a line at the respective absorption energy. A presence of an isosbestic point 226 

suggests that one species is transformed into another in a single process: the bands diminishing in 227 

intensity are related to the substrate and those arising are related to the product. Not surprisingly, all 228 

spectra show only one isosbestic point, which indicates a single product being formed, without further 229 

reactions or intermediates involved. All absorption bands rising at an energy below the isosbestic 230 

point are attributed to the cation radical, while all bands diminishing at energies larger than the 231 

isosbestic point are attributed to transitions within the neutral compound. Each of the radical cations 232 

shows many additional absorption bands at lower energy than the respective neutral compound, 233 

including a pronounced NIR band. Interestingly, the NIR absorption band (<1.5 eV) that is associated 234 

with each cation radical is at lower energy in 1−3 with arylamino donors, than in 4, with a morpholino 235 

donor. The bands at lower energy are likely to be associated with the electron transitions from lower 236 

HOMO orbitals to the SOMO of the radical. 237 
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 238 

 239 
Figure 5. UV-Vis-NIR absorption spectra recorded upon in situ potentiostatic oxidation of 1−4 at 240 

the first oxidation peak potential. Each spectrum is recorded at 10 s time interval. The thicker blue 241 

line indicates the first (neutral), while the thicker red line indicates the final spectrum of the product 242 

(cation radical). 243 

  244 
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3.5 Electrochromic properties 245 

 246 

Figure 6. UV-Vis transmittance of pristine films of a) 1, b) 2, c) 3 and d) 4 under electrooxidation. 247 

The analyzed compounds show very interesting active electrochromic properties in the UV region 248 

(Figure 6). As many light sources emit UV-A / deep blue light, devices like displays or lighting often 249 

comprise additional blue light filters. Such blue light may cause eye fatigue. In that matter, the 250 

development of novel active UV-A / deep blue filters is a very important part of organic electronic 251 

devices. In our case, the active layers were spin-coated, obtaining thickness of ca. 200 nm, and used 252 

for electrochromic characterization. In this case electrochromic behavior of two bands was studied: 253 

the π-π* absorption band of neutral compounds in UV-A (< 400 nm) and the UV (340 nm) / deep 254 

blue (400-420 nm) polaronic band. Interestingly, both of the investigated bands in compound 4 fall 255 

within the UV-A region. The best results were obtained for compounds 1 and 3, where the coloration 256 

efficiency values (CE > 200, Table 2) are promising for future structural optimization. On the other 257 
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hand, compound 4, which presents slightly lower CE, possess the property of active shielding from 258 

UV-A light. Note that these results obtained in neat films well correlate with the behavior in solution 259 

(Figure 5) .  260 

Table 2. Electrochromic properties of investigated compounds. λ – investigated wavelength; Tox – 261 

transmittance of oxidized film at given wavelength λ; Tred – transmittance of neutral film at given 262 

wavelength λ; OD – a difference of optical density between neutral and oxidized film at given 263 

wavelength λ; QD – charge density calculated in a chronoculometric experiment; CE – coloration 264 

efficiency; CR – contrast ratio. For further information please see previous works.[38–40] 265 

Compound λ, nm (eV) 
Tox, 

% 

Tred, 

% 
OD 

QD, 

mC·cm-2 

CE, 

cm2·C-1 
CR (-) 

1 
345 (3.59) 60.90 9.03 0.829 

2.84 
291.88 6.74 

408 (3.04) 18.56 86.52 0.669 235.40 4.66 

2 
340 (3.65) 67.61 26.39 0.408 

2.62 
155.94 2.56 

400 (3.10) 46.65 86.38 0.267 102.12 1.85 

3 
348 (3.56) 39.59 6.35 0.795 

2.61 
304.53 6.23 

417 (2.97) 28.16 73.18 0.415 158.91 2.60 

4 
306 (4.05) 73.18 28.16 0.415 

3.17 
130.84 2.60 

367 (3.37 ) 37.82 95.48 0.402 126.87 2.52 

 266 

 267 

3.6 EPR 268 

Electron Paramagnetic Resonance (EPR) spectroscopy gives a better insight into the radical species 269 

formed in solution than simple UV-Vis-NIR absorption measurement does. Through analysis of 270 

signal shift and structure, the localization of the unpaired electron density can be identified. All 271 

compounds but 1 give featureless EPR absorption that cannot be easily resolved (Figure 7, S6). 1 272 

shows a visible hyperfine structure that can easily be spotted, yet the resolution is not high. The reason 273 

for it is most likely a strong delocalization of the radical and existence of multiple couplings with 274 

many nuclei. The cation radicals formed upon oxidation of 1 is showing a complex hyperfine 275 

structure. Assuming the oxidation should appear on the diarylamino group(s) the most simple model 276 

should comprise of N +xH nuclei, where x=2-6 due to the presence of two symmetric N-phenyl 277 

groups. Such a model, N + 4H gives a poor fit (Figure 7). While knowing the calculated HOMO 278 
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isosurfaces show that both donors are partly conjugated with each other through the acceptor group. 279 

It is possible for the radical to be delocalized over both donors. In this case, a model with two 280 

diarylamine units has to be used, i.e. (NI + 4HI) + (NII + 4HII). As shown in Figure 7 the model with 281 

delocalization of the radical over two donor units fits the experimental spectrum very well. Similar 282 

g-factors are observed in cation radicals formed from molecules 2−4 (Table 3), therefore a similar 283 

nature of the paramagnetic species is to be expected. Especially that all molecules 1−4 show similarly 284 

equal contributions of both donors to the HOMO with a small contribution from the acceptor. Strong 285 

delocalization of the radical cations is in line with their expected nature as there occurr multiple 286 

couplings from the N and H nuclei in donor units as well as additional nuclei, such as H or N from 287 

the acceptor unit.  288 

 289 

 290 
Figure 7. EPR spectrum of cation radicals formed upon in situ oxidation of 1 to the first oxidation 291 

potential. Model 1: 1N (0.20 mT); 4H (0.53 mT); Model 2: 1NI (0.42 mT); 4HI (0.18 mT); 1NII 292 

(0.18 mT); 4HII (0.08 mT). 293 

 294 

Table 3. Giromagnetic factor (g-factor) of cation radicals formed by in situ oxidation of 1−4. 295 

  g-factor 

1 2.0036 

2 2.0037 

3 2.0038 

4 2.0038 
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3.7 Photophysics in a solid film 296 

Fluorescence spectra of the studied acridone derivatives in Zeonex are in general similar to those 297 

obtained in toluene solutions (Figure 8). Molecules 1−3 show delayed fluorescence (DF) at 300 K 298 

with the spectrum collected at 20 ms delay being identical to the prompt fluorescence (nanosecond 299 

delay). In all of the delayed fluorescence spectra, a low energy shoulder or additional low energy 300 

peak can be seen. The contribution of this additional emission decreases at higher temperatures, i.e. 301 

from 300 to 320 K. Furthermore, at 80 K the delayed fluorescence is no longer dominating the delayed 302 

emission, and instead, at 20 ms delay, phosphorescence is observed. A comparison of 303 

phosphorescence spectra at 80 K with the low energy shoulder/peak suggests that phosphorescence 304 

is also present at temperatures around 300-320 K. On the other hand, low-temperature 305 

phosphorescence spectra of 1 and 3 reveal a high energy shoulder that coincides with prompt 306 

fluorescence spectrum, clearly indicating the existence of delayed fluorescence at low temperatures. 307 
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 308 

Figure 8. Prompt fluorescence (black line), delayed fluorescence at 20 ms delay (at 300 K – red 309 

line; at 320 K – green line), and phosphorescence at 20 ms delay at 80 K (blue line) in Zeonex 0.2 310 

% (w/w) thin film. The phosphorescence spectrum of 4 was recorded at a 10 ms delay. The vertical 311 

dashed line is shown as an eye-guide for the maxima of prompt fluorescence and phosphorescence 312 

spectra of 1. 313 

 314 

Excited-state energy of 1−4 estimated from fluorescence and phosphorescence spectra onsets are 315 

summarised in Table 4. The singlet-triplet energy splitting, ΔEST in 1−3 is virtually identical, at 316 

0.35−0.36 eV, but the value in 4 is only 0.16 eV. The lowest triplet excited state, T1, in D-A-D 317 

molecules is often localized[41] on the part of the molecule, i.e. only the donor or acceptor, in contrary 318 

with the CT character of the S1. Similarities in the shape of the phosphorescence spectrum of 1−3 319 

may indicate localization of the T1 at the same moiety. A previously studied[42] D-A-D molecule 320 
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with an N,N-dianisylamino donating group has shown T1 at 2.21 eV, identical with the value obtained 321 

in 3, which uses the same donor. The acceptor T1 energy, in that case, was 2.40 eV, indicating the 322 

2.21 eV value was likely related to the donor. The energy of T1 in 1−4 series depends on the donor 323 

used and thus T1 in 1−3 is likely to be located on the N,N-diarylamino unit. Consequently, in 4 T1 is 324 

most likely to be located on acridone acceptor, as its T1 energy coincides with the energy of the T1 in 325 

BCbAc, attributed to the 2,6-substituted acridone acceptor (N-substituted acridone shows triplet 326 

energy of 2.8 eV[43]). Non-aromatic morpholine donor in 4 will have a high-lying  n-* or -* T1 327 

due to lack of π electrons and thus the observed phosphorescence should be attributed to the acceptor 328 

rather than the donor. 329 

Table 4. Photoluminescence properties of 1−4 in Zeonex thin film. 330 

Compound τPF, nsa τTADF, msb τPH, msc S1, eVd T1, 

eVe 

ΔEST, eVf Ea, eVg 

1 30.2±0.3 98±6 200±40 2.68 2.32 0.36 0.24±0.01 

2 15.3±0.5 95±3 300±60 2.70 2.35 0.35 0.21±0.01 

3 

36.2±0.9 

79±8 (73%) 

3.0±0.7 (27%) 

τav = 78±8 

105±9 2.56 2.21 0.35 0.20±0.01 

4 24.1±0.3 - - 2.68 2.52 0.16 - 
a Prompt fluorescence lifetime at 300 K; b TADF lifetime at 300 K; c phosphorescence lifetime at 80 331 

K; d singlet state energy from fluorescence spectrum; e triplet state energy from phosphorescence 332 

spectrum at 80 K; f singlet-triplet energy gap; g TADF activation energy estimated from temperature-333 

dependent spectra. 334 

 335 

Photoluminescence decay of 1−4 in Zeonex is shown in Figure 9, while the decay constants are 336 

summarized in Table 4. All D-A-D molecules studied here show a fast prompt fluorescence 337 

component, with a decay lifetime in a range of 15-36 ns. 1−3 show a second decay component, with 338 

an emission spectrum identical to prompt fluorescence. This second component, with a lifetime of 339 

≈80-100 ms is attributed to delayed fluorescence. The delayed fluorescence shows a visible 340 

temperature dependence (Figures S3 and S4), consistent with thermally activated delayed 341 

fluorescence. At temperatures below 200 K, the long-lived emission is dominated by 342 

phosphorescence which has a longer lifetime than TADF at RT: 105-300 ms. Given that the ΔEST in 343 

4 is less than half of the value in the other emitters it seems not straightforward to explain why that 344 
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is not reflected on stronger TADF emission. Smaller ΔEST would normally promote TADF. However, 345 

small ΔEST is not the only requirement for TADF. In general, the T1 decay through TADF should be 346 

faster than the radiative or non-radiative deactivation of T1 directly to the ground state, S0. It appears 347 

that in 4 the T1 is too short-lived to support the TADF pathway, while long-lived (τPH > 100 ms) T1 348 

in 1−3 can do so. Finally, due to small signal intensity, phosphorescence decay of 4 could not be 349 

resolved. 350 

Laser fluence experiment (Figure S5) shows a linear dependence of delayed fluorescence upon 351 

excitation power (energy per pulse) in 1 and 2 confirming its TADF mechanism. The power 352 

dependence of DF in 3 is supralinear with the power law of 1.38. While a power law of 1, or linear, 353 

proportional relation, identifies TADF, the value of 2 indicates triplet-triplet annihilation (TTA). A 354 

value of 1.38 does indicate that TADF is the main mechanism, but TTA is also present. The existence 355 

of two parallel mechanisms is evidenced by the biexponential character of the DF decay: the longer-356 

lived component, τ1 = 79 ± 8 ms, attributed to TADF and the shorter-lived, τ2 = 3.0 ± 0.7 ms, attributed 357 

to TTA. The appearance of TTA in the solid film does not indicate i.e. that 3 is a less efficient TADF 358 

emitter, but TTA occurs due to close contacts between emitter molecules, i.e. related to some degree 359 

of aggregation. Interestingly, the occurrence of delayed fluorescence at 80 K despite relatively large 360 

ΔEST, as seen in 1-3, is highly likely to be attributed to TTA. For an example, identical behavior has 361 

been observed previously in BCbAc.[20] 362 
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363 

Figure 9. Photoluminescence decay of 1−4 in Zeonex 0.2% (w/w) thin film. 364 

Finally, to understand the properties of 1−4 in OLED host, CBP, their photoluminescence decay 365 

(Figure 10) and time-resolved photoluminescence spectra (Figure S6) have been collected at 300 K. 366 

The behavior of molecules 1−4 (5%) in CBP is in agreement with their behavior in Zeonex. Only 367 

molecule 1 shows an additional decay component that is not present in Zeonex films. This medium-368 

lived component is associated with TTA. This is justified by the higher concentration of molecules 369 

in OLED host than Zeonex, which promotes close contacts between emitter units. 370 

 371 

Figure 10. Photoluminescence decay of 1−4 in CBP 5% (w/w) thin film. 372 

 373 

 374 

 375 
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 376 

3.8 Electroluminescent devices 377 

OLED devices were fabricated only using compounds 1-3 as the only to show clear TADF 378 

characteristics in CBP, later used as host in OLED devices. A device structure ITO | NPB(40 nm) | 379 

TSBPA(10 nm) | CBP co 5% 1-3 (20 nm) | TPBi (50 nm) | LiF (0.8 nm) | Al(100 nm)  (Dev 1-3) was 380 

found to be initially the most successful for all three derivatives (Table 5, Figure 11). Having noticed 381 

some devices may suffer from re-absorption of electroluminescence by the emitter, we have 382 

fabricated another OLED using 1 at concentration reduced to 1.5 % (Dev 4). This device had a 383 

different structure than the previous Dev 1-3, comprising a blend host for improved charge balance: 384 

ITO | HAT-CN (10 nm) | TSBPA(40 nm) | mCP (2 nm) | mCP:PO-T2T (60:40) co 1.5% 1 (20 nm) | 385 

PO-T2T (50 nm) | LiF (0.8 nm) | Al(100 nm).  Device turn-on voltage VON = 4.0 V of Dev 1 and 2  386 

and 4.5 V in Dev 4 suggests a good alignment of energy levels, indicating no significant charge 387 

injection barriers. In Dev 3 the VON = 5.1 V is slightly higher, which is most likely related to the 388 

generally lower current density in this device. The maximum external quantum efficiency, η ext., max, 389 

achieves the highest value for Dev 4, 5.4 %, and a minimum value of 1.8 % in Dev 3. Devices 1 and 390 

2 show an exceptionally large luminance, above 20000 cd m-2. The lower luminance of Dev 3 is a 391 

combination of both: lower device current and external quantum efficiency. The full width at half 392 

maximum (FWHM) remains in a range of 69-85 nm for devices 1-3, while it is even smaller, at 66 393 

nm in Dev 4 (Figure 12). These figures are larger than the 53 nm recorded for BCbAc. This supposed 394 

broadening is caused by the fact that wavelength scale is not proportional to excited state energy, thus 395 

FWHM cannot be compared in emitters with different colors. Despite FWHM expressed in nm is still 396 

broadly used. If using energy scale instead, the FWHM appears to be much more consistent between 397 

the acridone-based emitters, with 300 meV in Dev 1 and 4 and 340 meV in Dev 2 and 3, compared 398 

with 290 meV in the BCbAc-based device. These values are very small in comparison with typical 399 

green CT emitters with usual broad emission, i.e. FWHM ≈ 600 meV.[3] The narrowest 400 

electroluminescence spectra of TADF emitters reach FWHM ≈ 170 meV or 28 nm in the blue 401 
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region.[28] Further comparison of electroluminescence spectra between Dev 1 and 4, comprising the 402 

same emitter shows the latter to be blue shifted in respect to the former. This apparent behaviour is 403 

caused by partial re-absorption of the electroluminescence by the emitting layer in Dev 1 which does 404 

not occur in Dev 4 due to a very low dopant concentration of only 1.5 %. 405 

Table 5. Summary of electroluminescent properties of OLED devices Dev 1−4. 406 

Device Dev 1 Dev 2 Dev 3 Dev 4 

Emitter 1 2 3 1 

Doping concentration, 

% 
5 5 5 1.5 

VON (at 10 cd m-2), V a 4.0 4.0 5.1 4.5 

Lmax, cd m-2 b 20800 22900 5900 9500 

λmax, nm c 516 508 543 509 

CIE 1931 (x; y) d 0.30; 0.62 0.25; 0.57 0.41; 0.56 0.24; 0.55 

FWHM, nm 69 72 85 66 

η L, max, cd A-1 e 11.9 8.0 5.6 11.1 

η ext., max, % f 3.9 2.7 1.8 5.4 

2
 m

A
 c

m
-2

 

η L, cd A-1 g 11.9 8.0 5.4 8.3 

η ext., % h 3.4 2.5 1.6 2.8 

1
0
 m

A
 

cm
-2

 η L, cd A-1 g 10.1 7.6 5.0 7.3 

η ext., % h 2.9 2.4 1.4 2.3 

1
0
0
 m

A
 

cm
-2

 η L, cd A-1 g 7.3 5.7 3.4 4.8 

η ext., % h 2.0 1.8 1.0 1.5 

 407 
a turn-on voltage at 10 cd m-2; b maximum luminance; c electroluminescence spectrum maxima; d 408 

color coordinates at maximum brightness as defined in International Commission on Illumination 409 

color space CIE 1931; e maximum current efficiency; f maximum external quantum efficiency; g 410 

current efficiency at specified current density;  g external quantum efficiency at specified current 411 

density.   412 

 413 
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 414 

Figure 11. OLED device characteristics: a) current density – voltage characteristics; b) luminance – 415 

voltage characteristics; c) EQE vs. luminance; d) current efficiency vs. luminance. 416 

 417 

 418 

Figure 12. Electroluminescence spectra of devices Dev 1-4. 419 

 420 
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4 Conclusions 421 

A group of acridone-amine D-A-D green emitters with a narrow photoluminescence spectrum and 422 

TADF properties has been demonstrated. The emitters have been used in bright OLED devices. The 423 

emitters have shown a prompt photoluminescence lifetime of 15-36 ns and a TADF lifetime of ≈ 90 424 

ms. We present a relatively uncommon approach to achieve TADF by exploring the effect of a long-425 

lived triplet state rather than aiming to reduce the ΔEST. Studying the presented D-A-D systems using 426 

spectroelectrochemical methods as well as calculations showed conjugation between the donor units 427 

and the acceptor. Such conjugation provides weak charge transfer properties of the excited state and 428 

provides a strategy to obtain a narrow photoluminescence spectrum in a TADF emitter. 429 

Electroluminescent devices presented in this work have shown luminance o up to 22900 cd m-2 (Dev 430 

2) and EQE of up to 5.4 % (Dev 4). Furthermore, the presented acridone derivatives show excellent 431 

properties as electrochromic layers for potential application in UV-A / deep blue active shielding. 432 
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