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Thermally activated delayed fluorescence with circularly polarized 

luminescence characteristics† 
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a
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b

A metal-free aromatic compound with a chiral carbon sandwiched 

between a donor moiety and an acceptor moiety was designed. 

Under thermally activated delayed fluorescence, the compound 

displayed a photoluminescence quantum yield of 26%, and 

showed circularly polarized luminescence with a dissymmetry 

factor of 10
-3

. 

Metal-free aromatic molecules displaying thermally activated 

delayed fluorescence (TADF) are becoming important for future 

display and lighting applications.
1-3

 When using TADF molecules as 

emitters in organic light-emitting diodes (OLEDs), electronically 

generated triplet excitons, which do not generally result in emission 

for metal-free aromatic emitters, can be extracted as a delayed 

fluorescence through reverse intersystem crossing (RISC) from the 

lowest triplet excited state (T1) and the lowest singlet excited state 

(S1). The efficient RISC process is facilitated by the small energy 

difference between S1 and T1, ΔEST, which is accomplished by 

leveraging steric hindrance in the molecule to induce a large 

separation between the highest occupied molecular orbital (HOMO) 

and the lowest unoccupied molecular orbital (LUMO).
4
 Recent 

reported internal electroluminescence quantum yields using metal-

free TADF molecules have reached nearly 100%.
1-3

 Therefore, 

display and lighting applications using the TADF should be 

developed. 

In flat panel displays using OLEDs, films composed of a polarizer 

and a quarter-wave plate are typically used to reduce reflectance 

from the surroundings for higher image contrast (See Fig. S1a, 

ESI†).
5
 However, half of the emission from the OLEDs is then 

absorbed by the polarizer because there is no polarized emission 

from the emitting layer when conventional TADF molecules are 

used as emitters (Fig. S1b, ESI†). If TADF molecules with circularly 

polarized luminescence (CPL) could be developed, efficient 

electroluminescence from the TADF molecules can be extracted 

without absorption loss to the polarizer, leading to an energy 

savings in the OLED display (Fig. S1c, ESI†). While previous reports 

have detailed fluorescence compounds with CPL characteristics,
6,7

 

compounds with CPL as well as TADF characteristics have not been 

reported.
 

Here, we report a metal-free aromatic compound that displays 

both CPL and TADF characteristics. A metal-free aromatic molecule 

with a chiral carbon sandwiched between a triphenyl amine (TPA) 

moiety as a donor and naphthacen-5(12H)-one (NC) moiety as an 

acceptor was designed. Calculations using time-dependent density 

functional theory (TD-DFT) showed that the molecule’s HOMO and 

LUMO are localized in the TPA and NC sections of the molecule at S1, 

respectively. Because of the large spatial separation of the HOMO 

and LUMO, the molecule has a small ΔEST and shows green TADF 

with a photoluminescence quantum yield (ΦPL) of 26% in host film. 

Enantiomers of the molecule showed circular dichroism (CD) and 

CPL, with dissymmetry factors of were |1.2×10
-3

| and |1.1×10
-3

| for 

CD and CPL, respectively. In addition, sign inversion between the CD 

and the CPL was observed for the molecule because of a large 

conformation change between the ground state (S0) and the S1. 

The enantiomers of 12-(2-(diphenylamino)phenyl)-12-

hydroxynaphthacen-5(12H)-one (DPHN) as shown in Fig. 1a were 

designed. Racemic DPHN was prepared by the nucleophilic addition 

reaction using n-BuLi as a catalyst (See Fig. S2, ESI†).
8
 The 

enantiomers of DPHN were separated using a chiral column 

(Chiralpak ID, Daicel, Japan) (Fig. S3, ESI†). Ultraviolet (UV)-visible 

absorption and emission spectra were obtained using an UV-visible 

absorption spectrometer (V-560, Jasco, Japan) and a multi-channel 

analyzer (PMA-12, Hamamatsu, Japan), respectively. Emission 

lifetime was obtained using a fluorescence lifetime spectrometer 

(Quantaurus-Tau, Hamamatsu). Temperature dependence of the 

emission lifetime was measured using a cryostat (Optistat DN-V, 

Oxford, UK). Finally, CD and CPL were measured using a circular 

dichroism dispersion meter (J-720, Jasco) and a 

spectrofluoropolarimeter (CPL-200, Jasco), respectively. 
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Fig. 1 (a) Chemical structures of (R)-DPHN and (S)-DPHN. (b) Molecular 

conformations and molecular orbitals of (R)-DPHN calculated using TD-DFT 

calculations at the B3LYP/6-31G(d,p) level. Molecular orbitals related to 

transitions with control factors larger than 0.3 are described. Other local 

minimum conformations at S0, S1, and T1 are shown in Figs. S7, S9, and S10 of 

ESI†, respectively 

 

 

Figure 1b shows a representation of the HOMOs and LUMOs of 

(R)-DPHN, as calculated using TD-DFT at the B3LYP/6-31G(d,p) level 

of theory, as implemented in Gaussian09.
9
 For the optimized S0 

structure, the transition that generates the first absorption band 

has weak charge transfer (CT) character. For the optimized S1, pure 

CT character between the HOMO and LUMO was observed. In the 

S1 with pure CT character, the HOMO is localized over the TPA unit 

of (R)-DPHN while the LUMO is localized over the NC one. In 

contrast, π-π* character was mainly observed for the transition 

between S0 and T1. Because of the π-π* character of T1, the energy 

of T1 was slightly lower relative to the energy of S1. Consequently, 

ΔEST did not become completely zero; indeed, ΔEST determined by 

the energy difference between the S1 and T1 was 0.07 eV. This ΔEST 

is significantly small compared with that of conventional fluorescent 

molecules, and, therefore, generation of TADF characteristics is 

anticipated for DPHN. 

DPHN showed small ΔEST in solution. Figure 2a shows the 

absorption, fluorescence, and phosphorescence spectra of DPHN in 

toluene solution. DPHN has a first absorption band at around 400 

nm as a shoulder of a large absorption peak at 363 nm. DPHN 

displays a broad fluorescence spectrum devoid of distinct 

vibrational structures that has maximum wavelength at 513 nm. 

The spectral shape suggests that the green fluorescence is caused 

by a CT transition.
10

 CT fluorescence characteristics are reasonable 

because the HOMO and LUMO of the S1 are largely separated, as 

shown in Fig. 1b. In contrast, the phosphorescence spectrum (Fig. 

2a) has a distinct vibrational structure. This indicates that the T1 of 

DPHN contains a π-π* character,
8
 which is reasonable as the HOMO 

and LUMO overlap in the NC region of the molecule in the T1, as 

shown in Fig. 1b. Consequently, ΔEST determined as the energy 

difference of the onset between the fluorescence and 

phosphorescence spectra was 0.26 eV. This value is small compared 

with that of conventional chiral aromatic compounds showing CPL 

characteristics (See Fig. S4, ESI†),
11

 and the small ΔEST observed is  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 2 Spectral characteristics of DPHN in toluene. (a) Absorption (black) and 

fluorescence (green) spectra at room temperature and phosphorescence 

spectrum (orange) at 77 K. Black dashed lines represent supporting lines to 

determine the S1 and the T1 energy. (b) CD and CPL spectra. Dotted and solid lines 

represent CD and CPL spectra, respectively. Blue and red represent data of (R)-

DPHN and (S)-DPHN, respectively. Absorption and CD spectra were measured 

using solutions of DPHN in toluene (3.3×10-4 M). , Fluorescence, phosphorescence, 

and CPL spectra were measured using solutions of DHPN in toluene (8.8×10-5 M). 

For CD spectra at 420–500 nm, a DHPN concentration of 2.5×10-3 M was used to 

observe small CD peaks. For the CD spectra at 420–500 nm, the vertical scale was 

enlarged 20 times 

 

consistent with the results of a TD-DFT calculation. 

DPHN showed small oscillator strengths for absorption and 

fluorescence. Gaussian fitting to the shoulder absorption peak at 

around 400 nm suggested that DPHN has the longest absorption 

peak at 386 nm (See Fig. S5, ESI†). The molar absorption coefficient 

(ε) at 386 nm was 4.0×10
2
 M

-1
 cm

-1
 (Fig. 2a). The value of the 

oscillator strength for absorption (F) at 386 nm is calculated using F 

= 4.3×10
-9 

n
-1 
∫εdν,

12
 where n is the refractive index of toluene as a 

solvent and ν is the absorption wavenumber, and was evaluated to 

be 5.7×10
-3

. This small F value is caused by the large HOMO and 

LUMO separation in the S0, as shown in Fig. 1b.
3
 The experimentally 

determined F is of comparable order to the F value computed with 

DFT shown in Table 1. Therefore, it is reasonable to presume that 

the conformation and molecular orbitals of DPHN optimized by DFT 

for the S0 are useful to discuss other absorption characteristics such 

as CD. In addition, ΦPL and the fluorescence lifetime (τf) of DPHN in 

toluene solution were 4% and 13.9 ns (See Fig. S6, ESI†), 

respectively. Here, we note that TADF does not typically appear in 

solutions exposed to air because solvated oxygen in the solvent 

quenches the triplet excitons of the TADF emitters,
13

 resulting in 

single decay characteristics of the fluorescence lifetime from the 

TADF emitters. The fluorescence rate constant (kf) calculated using 

kf=ΦPLτf from the values of ΦPL and τf was 3.0×10
6
 s

-1
. The 

fluorescence oscillator strength (F’) can be determined as 3.6×10
-3 

using the kf value (See Section 4, ESI†).
14

 This value is almost two 

orders of magnitude smaller than typical values of conventional 
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Table 1 Photophysical characteristics of (R)-DPHN. TD-DFT at the B3LYP/6-

31G(d,p) level is used for the calculations. Theoretical F and Δε are calculated for 

the optimized S0 structure. The theoretical F’ is calculated for the optimized S1 

structure. Theoretical ΔEST is the energy difference between the S1 energy in the 

optimized S1 structure and the T1 energy in the optimized T1 structure. Data for 

other local minimum conformations at S0 and S1 are shown in Table S1 and S2 of 

ESI†, respectively. The experimental F’ value is determined by the method as 

described in Section 4 of the ESI. Experimental Δε is the value at 386 nm shown in 

Fig. 2b. Experimental ΔEST is the difference of the onset energy between the 

delayed fluorescence spectrum and the phosphorescence spectra as shown as 

dashed lines of Fig. 3a 

Calculation 
 

Experimental 

     

Solution 
 

Film 

F F’ Δε ΔEST 
 

F F’ Δε 
 

ΔEST 

(10-3) (10-3) (M-1cm-1) (eV) 
 

(10-3) (10-3) (M-1cm-1) 
 

(eV) 

2.1 1.5 -0.42 0.07 
 

5.7 3.6 -0.87 
 

0.19 

 

 

fluorescent molecules.
15

 The F’ value computed using TD-DFT was 

of comparable order to the experimentally obtained value, as seen 

in Table 1. The small value of F’ is again caused by the large spatial 

separation between the HOMO and LUMO in the S1, as shown in Fig. 

1b.  

The results of the DFT calculations suggested the appearances 

of CD and CPL for DPHN. As shown in Table 1, the difference in ε of 

the enantiomers of DPHN (Δε) was −0.42 M
-1 

cm
-1

 for the 

conformation of (R)-DPHN with the largest ratio at S0 (Table S1, 

ESI†). In addition, the TD-DFT shows the appearance of Δε in the 

optimized S1 structure (Table S2, ESI†), suggesting the appearance 

of CPL from (R)-DPHN. We deem the appearance of the CD and CPL 

to be caused by the chiral configuration between the HOMO and 

LUMO in the S0 and S1, respectively. 

The enantiomers of DPHN display CD and CPL characteristics. 

Figure 2b shows the CD and CPL spectra of the DPHN enantiomers 

in toluene solution. The value of Δε for (R)-DPHN was −0.87 M
-1

 cm
-

1
 at 386 nm. The experimentally observed value of Δε was 

comparable to that computed with DFT, shown in Table 1. Using the 

value of ε at 386 nm of 4.0×10
2
 M

-1
 cm

-1
, the dissymmetry factor of 

CD (gabs) can be estimated to be −1.2×10
-3

 from gabs=Δε/ε.
6
 

Although the experimentally observed absolute configuration of 

each enantiomer should be discussed, the single crystals of the 

enantiomers needed for X-ray characterization have not yet been 

obtained because of the large twisted structure of DPHN. Because 

the determination of absolute configurations of enantiomer pairs 

using DFT calculations has been reported in rigid aromatic 

structures,
16-19

 we identified DPHNs showing the negative and the 

positive Cotton effect (CE) at 386 nm as (R)-DPHN and (S)-DPHN, 

respectively, according to the DFT results. In addition, (R)-DPHN and 

(S)-DPHN showed CPL at fluorescence wavelengths, as shown in Fig. 

2b. The CPL dissymmetry factor (glum), defined as ΔI/I, where ΔI and 

I are the CPL and fluorescence intensities, respectively, was 1.1×10
-3

 

for (R)-DPHN.
6
 The value is moderate compared to other metal-free 

chiral aromatic compounds (Fig. S4, ESI†).
6,7

 

More importantly, the CPL is opposite in sign to the CD at 386 

nm in DPHN. As shown in Fig. 2b, (R)-DPHN and (S)-DPHN showed 

negative and positive CE for the CD at 386 nm while they had 

positive and negative CE for the CPL, respectively. The sign of CD 

and CPL is typically defined using the following equation,
20 

cos
||

||
4

HL

LH
LH

P

M
g  ,                                    (1) 

where gLH is the dissymmetry factor that corresponds to gabs for CD 

and glum for CPL, PHL is the LUMO-to-HOMO electric transition 

dipole moment, MLH is the HOMO-to-LUMO magnetic transition 

dipole moment, and θ is the angle between PLH and MHL. For the 

optimized S0 structure, the negative value of gabs can be explained 

from the negative value of cosθ, where θ =145° (Table S1, ESI†). 

However, the optimized S1 conformation is different from the 

optimized S0 conformation because of molecular relaxation after 

absorption. More specifically, the TPA and NC units are symmetric 

with respect to the chiral carbon in the S0, but the NC unit position 

substantially changes when the molecule is excited to the S1, as 

shown in Fig. 1b. The TPA location changes θ from 145° to 46° 

(Table S2, ESI†), causing the gLH value to change from negative to 

positive. Such sign inversion between the CD signal for the first 

absorption band and CPL has been reported.
21-24

 Careful 

investigation revealed that (R)-DPHN has a very small positive CD 

peak at 430 nm, as shown in Fig. 2b. The small CD peak is also 

caused by the transition from HOMO located over the TPA unit to 

the LUMO over the NC unit for a local minimum conformation at S0 

(See Section 6, ESI†). Because the ratio of the local minimum 

conformation is smaller than that of the most populated 

conformation presented in S0 of Fig. 1b and the local minimum 

conformation has small Δε (See Table S1, ESI†), the CD value at 430 

nm is very small compared with that of the main peak of the 

optimized S0 structure at 386 nm, as observed in Fig. 1b. 

Furthermore, DPHN showed TADF when doped into a solid host.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 3 Emission characteristics of 9 wt% DPHN-doped mCP film under excitation 

light at 340 nm. (a) Transient PL decay under vacuum conditions. The inset 

represents the PL spectra of prompt fluorescence at room temperature (blue; 0–

300 ns), delayed fluorescence at room temperature (green; 0.7–50 ms), and 

phosphorescence component at 77 K (orange; 0.7–50 ms). Black dashed lines 

represent supporting lines to determine ΔEST. (b) Temperature dependence of 

ΦPF (blue), ΦDF (green), and ΦPL (red) 
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Figure 3a represents the fluorescence decay characteristics of 9 

wt % DPHN-doped N,N’-4,4’-dicarbazole-3,5-benzene (mCP). Long 

delayed emission with the lifetime of milliseconds was observed, 

and this delayed emission was delayed fluorescence because the 

emission spectrum of the delayed component (green line in the 

inset of Fig. 3a) is similar to that of the prompt component (blue 

line in the inset of Fig. 3a). The orange line in the inset of Fig. 3a 

shows phosphorescence spectrum of the doped film, which was 

measured at 77 K. The energy difference of the onset between the 

delayed fluorescence spectrum and the phosphorescence spectrum 

was 0.19 eV.
10

 This value is comparable to that computed with TD-

DFT shown in Table 1. Therefore, it is supposed that the delayed 

fluorescence is caused by the TADF process through RISC between 

the T1 and S1. 

Temperature-dependent delayed emission experiments 

revealed that the delayed emission is TADF. Figure 3b represents 

the temperature dependence of the prompt (ΦPF) and delayed (ΦDF) 

fluorescence quantum yields. ΦPF and ΦDF at room temperature 

were 11 and 15%, respectively, indicating that ΦPL was 26%. ΦPF 

was not dependent on temperature, while ΦDF increased as the 

temperature increased (See Fig. S12, ESI†). The activation energy of 

ΦDF was determined to be 0.14 eV. The lack of temperature 

dependence to ΦPF in Fig. 3b indicates that internal conversion from 

the S1 does not occur; instead, the small ΦPF is caused by a large 

intersystem crossing (ISC) yield from the S1 to the T1. The small kf 

value also leads to a large ISC yield, causing the small ΦPF. For ΦDF, 

the small ΦDF is caused by not only the small kf but also the 

moderate ΔEST. Although we note that DPHN has a small ΔEST 

compared to conventional fluorescent molecules with CPL 

characteristics, room temperature thermal energy is not sufficient 

to drive the RISC process from the T1 to the S1. Even with the few 

excitons that are thermally up-converted from T1 to S1, most of 

them return to T1 before the generation of delayed fluorescence 

because the rate constant of the ISC is higher than the small kf. 

Consequently, multiple cycles of ISC between the S1 and the T1 will 

occur without generating delayed fluorescence, resulting in a 

deactivation of the excitons from T1.
3,4

 Therefore, a decrease in ΔEST 

as well as an increase in kf are necessary to obtain a large ΦDF. For a 

large kf, a large delocalization of the HOMO and LUMO, coupled 

with maintaining spatial separation of the HOMO and LUMO will be 

required.
3 

The existence of the lowest triplet π-π* state, as shown 

in Fig. 1b, precludes the minimization of ΔEST. Therefore, molecules 

having pure lowest triplet CT states while keeping the chiral 

relationship of the HOMO and LUMO for the chiral carbon should 

be designed in the future. 

In this article, we reported a metal-free aromatic compound 

with both CPL and TADF characteristics. The enantiomers of DPHN 

showed CD and CPL with a dissymmetry factor of 10
-3

 resulting from 

the chiral configuration between the HOMO and LUMO relative to a 

chiral carbon. Moreover, the CPL of the CT transition of DPHN 

possessed the opposite sign to the CD signal of the CT transition in 

the most populated conformation of DPHN because of a large 

configurational change of the HOMO and LUMO induced by large 

conformation change between the S0 and S1. In addition, DPHN 

showed TADF with ΦPL of 26% in mCP film owing to a separation of 

the HOMO and LUMO. Arrhenius plots of the delayed fluorescence 

yield showed ΔEST of 0.14 eV. A further decrease of ΔEST is necessary 

to harvest triplet excitons as a delayed florescence. The molecular 

design of chiral aromatic compounds with the lowest triplet CT 

state will improve TADF yield while keeping CPL characteristics. 

This research was supported by a Grant-in-Aid for Challenging 

Exploratory Research (24655175) and a Grant-in-Aid for Scientific 

Research on Innovative Areas “Photosynergetics” (26107014) from 

the Ministry of Education, Culture, Sports, Science and Technology, 

Japan. 
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