
 1 

Highly Twisted a-Diketone-Based Thermally Activated 1 

Delayed Fluorescence Emitters and their use in Organic 2 

Light-Emitting Diodes 3 

Abhishek Kumar Gupta,a,b Tomas Matulaitis,a David B. Cordes,a Alexandra M. Z. Slawin,a  4 

Ifor D. W. Samuel*b and Eli Zysman-Colman*a 5 

aOrganic Semiconductor Centre, EaStCHEM School of Chemistry, University of St Andrews, Fife, KY16 6 

9ST, UK 7 

bOrganic Semiconductor Centre, SUPA. School of Physics and Astronomy, University of St Andrews, 8 

North Haugh, St Andrews, Fife, KY16 9SS, UK 9 

Keywords: TADF, OLEDs, α-diketone, red-shift emission. 10 

 11 

 12 

 13 

 14 

 15 

 16 

 17 

 18 

 19 

 20 

 21 



 2 

Abstract  22 

We have designed a highly twisted small TADF emitter PXZ-α-DK based on an a-diketone (α-DK) as a strong 23 

acceptor and phenoxazine (PXZ) as a strong donor to obtain red-shifted emission in comparison to the equivalent 24 

a-diketone linked to 9,9-dimethyl-9,10-dihydroacridine (DMAC). The PXZ-α-DK shows emission at 586 nm and 25 

DMAC-α-DK shows emission at 548 nm in 1,3-bis(N-carbazolyl)benzene (mCP) host at 1.5 wt% doping of the 26 

emitter, with short-delayed lifetimes of 6.9 μs for PXZ-α-DK and 7.6 μs for DMAC-α-DK. OLEDs fabricated using 27 

these emitters show green electroluminescence at 555 nm for DMAC-α-DK, with a maximum external quantum 28 

efficiency, EQEmax, of 6.3%, and orange electroluminescence at 585 nm for PXZ-α-DK, with an EQEmax of 0.8%. We 29 

corroborate the optoelectronic properties of these emitters with DFT calculations. 30 

 31 

Introduction 32 

Since the seminal report of Adachi and co-workers in 2012,1 organic light-emitting diodes (OLEDs) employing 33 

organic thermally activated delayed fluorescence (TADF) emitters have received significant attention because of 34 

the potential of these materials to supplant phosphorescent complexes as they too can efficiently harvest both 35 

singlet and triplet excitons to generate light.2,3,4 The conventional and most popular molecular design for TADF 36 

emitters relies on a highly twisted donor–acceptor (D–A) architecture that results in a small exchange integral 37 

between weakly overlapping frontier molecular orbitals, leading to a small singlet-triplet excited state energy gap, 38 

DEST.1 One important key to realizing TADF is to minimize the DEST so as to maximize the mixing coefficient between 39 

these two states, which provides a conduit for non-emissive triplets to be converted into emissive singlets via 40 

reverse intersystem crossing (RISC) through thermal activation.1,5 Among the numerous acceptor moieties that 41 

have been employed in D-A TADF systems, carbonyl-based moieties such as benzophenone derivatives have been 42 

shown to be weak acceptors, leading to several examples of blue emitters.6–8 Further, the presence of low-lying n–43 

p* transitions can contribute to rapid intersystem crossing (ISC) and reverse intersystem crossing (RISC) 44 

processes.7,9 For instance, Adachi et al. reported a benzophenone derivative, Px2BP that possesses a very small DEST 45 

of 0.03 eV in 6 wt% doped film in 1,3-bis(N-carbazolyl)benzene (mCP) with a photoluminescence quantum yield, 46 

FPL, of 70% at lPL = 538 nm leading to efficient RISC (kRISC  = 1×105
 s-1).6 More recently, Wu et al. reported TADF 47 
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emitters containing β-diketone acceptors attached to either phenoxazine (PXZ) or 9,9-dimethyl-9,10-48 

dihydroacridine (DMAC) as the donor moieties (PXZPDO, PXZDMePDO, DMACPDO and DMACDMePDO).10 The 49 

reported FPL, DEST, and delayed lifetime (τd) of all emitters doped in 4,4ʹ-bis(N-carbazolyl)-1,1ʹ-biphenyl (CBP) are 50 

68%, 0.04 eV and 1.3 µs, respectively, at λPL 552 nm for PXZPDO; 54%, 0.07 eV, and 1.5 µs, respectively,  at λPL 524 51 

nm for PXZMePDO; 86%, 0.11 eV, and 1.9 µs, respectively, at λPL 524 nm for DMACPDO; and 64%, 0.16 eV and 1.8 52 

µs, respectively, at λPL 497 nm for DMACMePDO; respectively. They also claimed PXZPDO and DMACPDO act as 53 

excited state intramolecular proton transfer (ESIPT)-based TADF molecules.10 The OLEDs employing PXZPDO and 54 

DMACPDO achieved EQEmax of 18.8% and 23.3%, respectively, in vacuum-deposited devices. Our group reported 55 

TADF emitters containing b-triketone (TPXZBM) and b-tetraketone (BPXZBM) acceptors and compared their 56 

performance to PXZPDO.11 All three emitters showed short τd of 1.3 µs for PXZPDO, 1.4 µs for TPXZBM and 1.0 µs 57 

for BPXZBM, due to their very small DEST of 0.04 eV, 0.02 eV and 0.005 eV, respectively, as 1 wt% doped films in 58 

CBP as the host matrix. Indeed, we observed that DEST decreases with increasing number of carbonyl groups. 59 

Notably, we demonstrated that TPXZBM also exhibits ESIPT. The solution-processed OLED devices with PZXPDO, 60 

TPXZBM and BPXZBM showed EQEmax values of 20.1%, 12.7% and 7.0%, respectively. 11 61 

 62 

In the present study, we turned our focus to the design of TADF emitters bearing a diphenyl-α-diketone (benzil) 63 

acceptor core. Benzil itself adopts a skew conformation in the ground state [O-C-C-O torsion angle of 109° and 115°, 64 

dihedral angle between phenyl groups 82° and 77°, for low temperature (< 83.5 K) and high temperature phases, 65 

respectively],12 in reasonable agreement with the gas-phase structure calculated by DFT (O-C-C-O torsion is 126°).13 66 

The calculations predict that the geometry of benzil in its singlet excited state changes from the skew form to a 67 

trans-planar (TP) conformation (O-C-C-O torsion angle ∼180o),13 which is likely driven by a reduction of the dipolar 68 

interaction. Experimentally, upon photoexcitation at room temperature at 370 nm into the n-p* absorption band,13 69 

in either methylcyclohexane or ethanol, benzil shows dual emission, with a low energy unstructured band at 505 70 

nm assigned as fluorescence from the TP conformer and a high energy structured band between 415-430 nm 71 

assigned as fluorescence from the skew conformer. However, upon excitation at 320 nm into the p-p absorption 72 
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band, another emission appears at 360 nm that is assigned to radiative decay from the S2 state.13 In ethanol glass 73 

at 77 K upon photoexcitation at 320 nm, emission at ca. 360 nm, assigned by the authors as originating from the S2 74 

state, and phosphorescence emission at 523 nm from the T1 state were observed simultaneously. However, the 75 

emission pattern changed when the solution of benzil in ethanol was frozen while simultaneously exciting the 76 

sample at 320 nm. Under these conditions, a new emission band at 420 nm was observed, assigned as originating 77 

from the S1 state of the skew form along with two aforesaid emissions at 360 nm and 523 nm.13  78 

 79 

Unlike the b-diketone, b-triketone and b-tetraketone acceptors we previously studied, the a-DK acceptor is 80 

conjugated. Thus far there is just one example of a TADF compound bearing this acceptor, DC-ACR (renamed here 81 

as DMAC-α-DK).14 Its photoluminescence maximum, lPL, at 532 nm in a 7 wt% doped film in CBP,14 is slightly red-82 

shifted compared to that of DMACPDO at 524 nm as a 6 wt% doped film in CBP,10 indicating the stronger electron-83 

accepting character of the a-diketone. With a goal to further red-shift the emission, we designed a new TADF 84 

emitter containing the stronger electron donor phenoxazine, PXZ-α-DK, (Scheme 1). This compound showed a lPL 85 

of 586 nm compared to 548 nm for DMAC-α-DK as 1.5 wt% doped film in mCP and 552 nm for PXZPDO as 1 wt% 86 

doped film in CBP.10 Both DMAC-α-DK and PXZ-α-DK show efficient TADF behaviour due to their effective 87 

isoenergetic singlet and triplet excited states, resulting td of 7.6 and 6.9 µs, but with low FPL of 24 and 4%. The 88 

thermally evaporated OLEDs with DMAC-α-DK and PXZ-α-DK showed EQEmax values of 6%, and 0.8%, respectively. 89 

Given their low FPL, these efficiencies match the theoretical EQEmax values of 4.8% for DMAC-α-DK and 0.8% for 90 

PXZ-α-DK, revealing efficient triplet harvesting in these devices.  91 

 92 

Results and discussion 93 
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Scheme 1. Synthetic scheme. i) 9,9-dimethyl-9,10-dihydroacridine, [Pd(OAc)2]3, [(tBu)3PH]BF4, NaOtBu; ii) 10H-95 

phenoxazine, [Pd(OAc)2], [(tBu)3PH]BF4, NaOtBu. 96 

DMAC-α-DK and PXZ-α-DK were prepared through a palladium-catalysed Buchwald–Hartwig cross-coupling 97 

between 4,4’-dibromobenzil and DMAC or PXZ in ca. 80% yield following a previously reported procedure for the 98 

synthesis of DMAC-α-DK (Scheme 1).10 Both compounds were purified by column chromatography and further 99 

purified by temperature gradient sublimation for all studies. The identity and purity of both emitters were 100 

determined by a combination of 1H and 13C NMR spectroscopy, high-resolution mass spectrometry (HRMS), melting 101 

point determination and elemental analysis (see Experimental Section and Supporting Information Figure S1-S8).  102 

Single crystals suitable for X-ray diffraction were grown by slow evaporation from a mixture of dichloromethane 103 

and hexane (DMAC-α-DK) or acetonitrile and hexane (PXZ-α-DK). The asymmetric unit of DMAC-α-DK contains one 104 

molecule of the emitter and one of dichloromethane solvent, while for PXZ-α-DK there is half a molecule of the 105 

emitter and half an acetonitrile solvent in the asymmetric unit, the symmetry-related halves of the emitter, and the 106 

symmetry-disordered solvent, are related to each other by a two-fold rotation (Figure 1). The two carbonyl groups 107 

adopt a nearly orthogonal conformation with O-C-C-O torsion angles of 87.1(2)° and 92.9(10)° for DMAC-α-DK and 108 

PXZ-α-DK, respectively. This conformation is mirrored in the angle between the planes of the bridging phenyls, the 109 

dihedral angles being 78.2° and 77.2° for DMAC-α-DK and PXZ-α-DK, respectively. The dihedral angles between the 110 
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bridging phenylene rings and the mean plane of the central six-membered heterocycle of the donor moieties are 111 

79.5° and 85.2° for DMAC-α-DK, and 79.5° for PXZ-α-DK. The donor groups show differing degrees of puckering; as 112 

expected from its structure, the rigid DMAC moieties in DMAC-α-DK show similar, moderate, degrees of puckering, 113 

with dihedral angles between the phenyl ring planes of 31.4° and 32.2°; however, the more flexible PXZ moieties in 114 

PXZ-α-DK are almost planar with the dihedral angle between their phenyl rings being 8.6°.  115 

 116 

Figure 1. Thermal ellipsoid plots of the crystal structures of a) DMAC-α-DK and b) PXZ-α-DK. Ellipsoids are shown 117 

at the 50 % probability level and solvent molecules are omitted for clarity. 118 

Both structures show a number of weak intermolecular interactions, although in different combinations. In DMAC-119 

α-DK both weak hydrogen bonds and C-H···π interactions are involved, whereas in PXZ-α-DK the interactions are 120 

π···π as well as weak hydrogen bonds; face-to-face π-interactions being possible in this case due to the less 121 

puckered nature of the donor moiety. Three sets of C-H···π interactions are present in DMAC-α-DK, at H···centroid 122 

distances of 2.89-2.95 Å [C···centroid separations of 3.559(2)-3.743(2) Å], giving rise to two mutually-supporting 123 

dimers and one-dimensional chains running along the crystallographic b-axis. The combination of these forms a 124 

weakly-interacting three-dimensional framework which is supported by weak C-H···O hydrogen bonds between one 125 

DMAC methyl hydrogen and a ketone oxygen [H···O distance 2.70 Å, C···O separation 3.663(3) Å, C-H···O angle 126 

168.0°] (Figure S9). The dichloromethane solvent is held within the framework by further C-H···O hydrogen bonds 127 

to a ketone oxygen [H···O distance 2.62 Å, C···O separation 3.402(3) Å, C-H···O angle 136.2°]. In PXZ-α-DK two sets 128 

of π···π interactions as well as two different C-H···O hydrogen bonds give rise to the three-dimensional structure. 129 

All the π-stacking interactions involve the aromatic rings of the PXZ moieties. One of the π-stacking interactions 130 

[centroid···centroid distance of 3.745(4)] gives rise to one-dimensional chains running along the [1 0 -1] axis. The 131 

second π-stacking interaction [centroid···centroid distance of 3.866(4)] acts in concert with one set of hydrogen 132 

bonding interactions, involving a phenyl hydrogen and the PXZ oxygen [H···O distance 2.71 Å, C···O separation 133 

586(8) Å, C-H···O angle 153.1°] to give a one-dimensional chains along the crystallographic c-axis. While this π-π 134 

interaction is somewhat beyond the commonly recognized distance for such interactions, it is supported in that 135 

position by the hydrogen bonds, making it likely that both interactions contribute to forming these chains. The 136 
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second hydrogen bonding interaction, involving another phenyl hydrogen and the ketone oxygen [H···O distance 137 

2.67 Å, C···O separation 3.292(8) Å, C-H···O angle 123.6°], gives rise to two-dimensional sheets in the (0 0 1) plane 138 

(Figure S10). The combination of these interactions again results in a three-dimensional framework. In a similar 139 

manner to that seen in DMAC-α-DK, the acetonitrile solvent is held within the framework by further C-H···O 140 

hydrogen bonds to a ketone oxygen [H···O distance 2.45 Å, C···O separation 3.30(3) Å, C-H···O angle 145.9°]. 141 

Theoretical studies 142 

    143 

Figure 2. (a) DFT-optimized geometries of DMAC-α-DK and PXZ-α-DK and (b) their corresponding highest occupied 144 

molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) distributions (isovalue = 0.02), together 145 

with the transition energies for the relevant lowest singlet and triplet states calculated at the PBE0/6-31G(d,p) level 146 

in vacuum.  147 

Density functional theory (DFT) and time-dependent DFT (TD-DFT) calculations were performed (see ESI for the 148 

computational details) to model the geometries and energies of the ground and the excited states. The ground 149 

state geometries were optimized starting from the crystal structures (Figure 2). The DMAC units retained their 150 

puckered conformation, while the PXZ units remained planar. In DMAC-α-DK, the donors were found to be nearly 151 

perpendicular to the phenylene bridge (88.5°), while in PXZ-α-DK the PXZ moieties are less twisted (71.2°). The 152 

benzil moieties adopt a skew conformation with the a-ketone groups twisted by 129.9° and 127.2° from each other 153 

in DMAC-α-DK and PXZ-α-DK, respectively, which is different from the orthogonal arrangement found in the crystal 154 
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structure. This conformation is the same as that observed for benzil itself.13 Both compounds exhibit a similar 155 

pattern in the distribution of the electron densities, with the HOMO localized on the donor and the LUMO localized 156 

on the benzil acceptor; there is a slight delocalization of the LUMO onto the donor moieties in PXZ-α-DK (Figure 2). 157 

Due to the use of the stronger electron donor PXZ, the HOMO in PXZ-α-DK is destabilized at -5.10 eV compared to 158 

that in DMAC-α-DK at -5.45 eV. As the donor and acceptor groups show almost no conjugation, the LUMO levels of 159 

both compounds are nearly identical at -2.50 and -2.52 eV, respectively for DMAC-α-DK and PXZ-α-DK. In both 160 

compounds, there are two degenerate low-lying singlet states, each of which shows intramolecular charge transfer 161 

(ICT) character, due to the degenerate HOMO and HOMO-1 (Table S2 and Figure S11-S12). The S1 energy for DMAC-162 

α-DK is 2.34 eV, while it is stabilized in PXZ-α-DK at 2.03 eV owing to stronger ICT, which is the result of the use of 163 

the more strongly donating PXZ donors. The T1 state at 2.28 eV in DMAC-α-DK shows mainly locally excited (LE) 164 

character on the acceptor, mixed with some ICT character, and the T2 state at 2.34 eV is ICT in nature (Figures S2 165 

and S11). The degenerate T1 and T2 states in PXZ-α-DK are purely ICT in nature while the T3 state possesses a 166 

dominant LE character, reminiscent of the T1 state of DMAC-α-DK (Table S2, Figure S13).  167 

As the DFT optimized conformation differed from that found in the crystal structure, we also simulated the excited 168 

state behaviour of the compounds in the orthogonal a-DK conformation found the crystal structure (Figure S16). 169 

As expected, the interconversion barrier between orthogonal and skew conformations is very small (<15 kJ/mol 170 

and <45 kJ/mol for DMAC-α-DK and PXZ-α-DK, respectively), meaning that both conformers are accessible at room 171 

temperature. TD-DFT calculations reveal that the orthogonal conformer observed in the crystal structure of both 172 

molecules possesses a larger HOMO-LUMO gap (3.46 eV and 2.97 eV for DMAC-α-DK and PXZ-α-DK, respectively) 173 

compared to that of the respective DFT-optimized skew conformer (2.96 eV and 2.57 eV for DMAC-α-DK and PXZ-174 

α-DK, respectively). The S1 and T1 energies of the orthogonal conformer are likewise destabilized for both 175 

compounds. In orthogonal DMAC-α-DK both states are destabilised by about 0.35 eV (S1 and T1 energies 2.70 eV 176 

and 2.66 eV, respectively), whereas for orthogonal PXZ-α-DK the extent of destabilisation is different for S1 and T1, 177 

at 0.28 and 0.37 eV (S1 and T1 energies 2.31 eV and 2.27 eV, respectively).  178 

Electrochemistry 179 
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Cyclic voltammetry (CV) and differential pulse voltammetry (DPV) measurements were used to infer the 180 

HOMO/LUMO levels of DMAC-α-DK and PXZ-α-DK from the redox potentials. The resulting voltammograms are 181 

shown in Figure S17 and the data are summarized in Table 1. DMAC-α-DK possesses a quasi-reversible oxidation 182 

with Eox at 1.04 V vs SCE, which is assigned to the oxidation of the DMAC donor moieties; this value aligns well with 183 

the previously reported Eox of 1.01 V.14 The Eox of PXZ-α-DK is 0.83 V vs SCE, which is shifted cathodically compared 184 

to that of DMAC-α-DK, and is attributed to the oxidation of the PXZ donor moieties. The Eox of PXZ-α-DK is similar 185 

to that of PXZPDO (Eox = 0.79 V),11 with the oxidation processes in both compounds being reversible. The 186 

estimated HOMO levels are -5.38 eV and -5.17 eV for DMAC-α-DK and PXZ-α-DK, respectively, which are in line 187 

with the values and trends calculated from DFT-optimized skew conformer (vide supra). The reduction waves 188 

assigned to the reduction of the benzil acceptor are quasi-reversible, at around -1.03 V vs SCE for both emitters. 189 

The corresponding LUMO energy levels for both emitters are very similar, at -3.31 V and -3.32 V for DMAC-α-DK 190 

and PXZ-α-DK, respectively. Consequently, the HOMO-LUMO energy gap of DMAC-α-DK (2.07 eV) is larger than 191 

that of PXZ-α-DK (1.85 eV). 192 

Table 1. Electrochemical data, HOMO-LUMO levels and DEST values for DMAC-α-DK and PXZ-α-DK.  193 

 194 

 195 

 196 

 197 

 198 

Table 2. Photophysical properties of DMAC-α-DK and PXZ-α-DK 199 

Emitters Eox a / V Ereda/ V HOMOb /eV LUMOb / eV ES/ETc / eV DESTd/ eV 

DMAC-α-DK 1.04  ̶ 1.03 ̶ 5.38 ̶ 3.31 2.49/2.50 0.00 
PXZ-α-DK 0.83  ̶ 1.02 ̶ 5.17  ̶ 3.32 2.39/2.43 -0.04 
a𝐸!" and 𝐸#$% are anodic and cathodic peak potentials, respectively, obtained from DPV using F& F&'⁄  as the 
internal reference and referenced versus SCE (0.46 V vs. SCE) in DCM with 0.1 M [nBu4N]PF6 as the supporting 
electrolyte.15 b𝐸()*)/,-*) =	−(𝐸!"/𝐸#$% + 4.8)𝑒𝑉,16 where 𝐸!" is anodic peak potential and 𝐸#$%is 
cathodic peak potential calculated from DPV relative to F& F&'⁄ . c Obtained from the onset of the prompt 
fluorescence (time window: 1 ns – 100 ns) and phosphorescence spectra (time window: 1 ms – 8.5 ms) of 
1.5 wt% samples doped in mCP at 77 K. dDEST = ES - ET. 

Emitters λabs / nm (ε/ ×103 M-1cm-1)  λPL / nm τp / ns τd / μ FPL / %d 
toluenea 

DMAC-a-DK 283, 366 (4.7), 410 (2.1) 410, 432, 520, 700 22.4 (51%) 1.8 (49%) -e 
PXZ-a-DK 283, 324 (12.1), 450 (3.2)  410, 432, 534 23.6 (49%) 1.0 (51%) -e 

1.5 wt% doped in PMMAb 
DMAC-a-DK 277, 368, 410 536 7.6c 11.4 c 10 (6) 

PXZ-a-DK 270, 320, 440 410, 432, 584 7.7 c 5.4 c 3 (2) 
1.5 wt% doped in mCPb,c 

DMAC-a-DK 
PXZ-a-DK 

296, 338, 342, 372  
296, 338, 342, 450 

548 
586 

9.1c 
10.9 c 

7.6 c 
6.9 c 

24 (19) 
          4 (3) 
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 200 

Solution-state photophysical studies 201 

The photophysical properties of both molecules were studied in dilute toluene solution. The absorption bands of 202 

PXZ-a-DK are red-shifted compared to DMAC-a-DK, reflecting the smaller HOMO-LUMO energy gap in the former 203 

(Figure 3 and Table 2); the absorption spectrum for DMAC-a-DK matches well with that in the literature.14 For 204 

DMAC-a-DK, the stronger absorption band beyond 300 nm corresponds to locally excited (LE) p-p* transitions on 205 

both the donor and acceptor moieties. The absorption band located at 320-380 nm (ε = 4.7 × 103 M-1cm-1 at 366 nm) 206 

is of mixed character. TD-DFT calculations assign this band to transitions to S8 and S13 states that possess dominant 207 

p-p* character within the acceptor mixed with intramolecular-charge transfer transitions (ICT) from DMAC to the 208 

a-diketone, (for simulated absorption spectra, see Figure S14a). The weak absorption band between 380-500 nm 209 

can be attributed to the ICT transitions. TD-DFT calculations assign this band to a superposition of transitions to the 210 

S1-5 excited states, all of which are ICT from DMAC to the a-diketone (Figures S11 and S14a). Similarly, PXZ-a-DK 211 

possesses a stronger absorption band between 300-350 nm (at 324 nm, ε = 12 × 103 M-1cm-1), with a dominant p-212 

p* transition of the PXZ mixed with ICT transitions from PXZ to the a-diketone (TD-DFT calculations predict this 213 

band to include transitions to S6-12, Figure S14b), while the ICT absorption band is shifted bathochromically to 450 214 

nm (ε = 3.2 × 103 M-1cm-1), see Figure 3. The higher molar absorptivity value of this lowest energy band in PXZ-α-215 

DK compared to that of DMAC-a-DK can be ascribed to the significantly higher oscillator strength of the ICT 216 

transitions within the former due to the relatively less twisted conformation adopted by this compound. For PXZ-217 

α-DK, TD-DFT calculations predict a transition to the S1 state with a remarkably large oscillator strength of 0.167, 218 

while in DMAC-a-DK the transition to the S1 state is formally forbidden owing to the orthogonal conformation 219 

between the PXZ donors and the adjacent rings of the benzil acceptor (Figure 2).  220 

a At 298 K, values quoted are in degassed solutions, which were prepared by three freeze-pump-thaw cycles. b Thin films 
were prepared by spin-coating 1.5 wt% doped samples in PMMA and mCP. Steady-state and time-resolved emission 
spectra were recorded at 298 K under an O2-free atmosphere (λexc = 366 nm for steady-state and λexc = 379 nm for time-
resolved emission). c Average lifetime (𝜏./0 = 	Σ𝐴1𝜏12	/Σ𝐴1𝜏1, where 𝐴1 is the pre-exponential for lifetime 𝜏1). Prompt 
and delayed emission were measured by TCSPC and MCS, respectively. d Photoluminescence quantum yields of thin films 
were determined using an integrating sphere (λexc = 305 nm or 340 nm) under N2 atmosphere at 298 K.  The values in 
parentheses are in the presence of O2. e Weak emission and so FPL was not measured. 
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    221 

Figure 3. Molar absorptivity (dashed) and photoluminescence spectra (solid) of 5×10-5M solution of DMAC-a-DK 222 

and 5×10-5M solution of PXZ-a-DK in toluene at 298 K (λexc = 366 nm). Inset: Photos of photoexcited solutions in 223 

toluene. 224 

The photoluminescence (PL) of both molecules in solution is weak, and the measured spectra in toluene are shown 225 

in Figure 3.  We find that the sharp features in the region of 410-450 nm move when the excitation wavelength is 226 

changed and therefore assign these to Raman signals from the solvent. We note that in a previous study on benzil 227 

the spectral feature located at 360 nm was attributed to the emission from S2 state.13 We observe a similar feature 228 

(Figure S18), but find it depends on excitation wavelength and therefore assign it to Raman of the solvent. 229 

DMAC-α-DK in toluene shows two emission bands located at 520 nm and 700 nm. The weak and unstructured 230 

emission at 520 nm is assigned to emission from an ICT state, likely of the TP conformer, based on the analysis of 231 

benzil.13 We hypothesize that the highest intensity emission located at 700 nm originates from an aggregate.17 232 

Aggregate formation in DMAC-α-DK has been reported previously.14 For PXZ-α-DK we attribute the emission band 233 

at 534 nm to emission from an ICT state of the TP conformer, assigned again by analogy to the TP conformer of 234 

benzil.13 Emission properties of DMAC-α-DK were previously measured in hexane,14 therefore to qualitatively cross-235 

compare to the data in the literature, we also conducted an additional set of measurements for DMAC-α-DK in 236 

hexane, exciting the sample at 335 nm and observing emission peaking at 583 nm (Figure S19). We again attribute 237 
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this emission to the ICT transition of the TP conformer, which is very close to the previously reported lPL at 584 nm 238 

in hexane (Figure S19).14 For PXZ-α-DK in hexane, the main emission peak is at 650 nm (Figure S19).  239 

We measured the PL decays of both molecules in toluene under degassed conditions using time-correlated single 240 

photon counting (TCSPC, Figure 4). The ICT band in both molecules (520 nm for DMAC-α-DK and at 534 nm for PXZ-241 

α-DK) decays with biexponential kinetics, with prompt decay lifetimes, tp, of 22.4 ns for DMAC-α-DK and 23.6 ns 242 

for PXZ-α-DK, and delayed lifetimes, td, of 1.8 µs for DMAC-α-DK and, 1.0 μs for PXZ-α-DK (Figure 4); the delayed 243 

emission in both cases being strongly quenched in the presence of oxygen (Figures 4, S20). The time-resolved PL of 244 

DMAC-α-DK at 700 nm shows mono-exponential decay kinetics (tPL = 62 ns) (Figure S21) and is not quenched by 245 

oxygen. Further, the PL around 400 nm for both molecules is not quenched by oxygen, indicating that triplet states 246 

are not associated with this emission (Figure S20).  247 

 248 

Figure 4. Time-resolved decays of a) 5×10-5 M DMAC-a-DK b) 5×10-5 M PXZ-a-DK in toluene under aerated and 249 
degassed conditions (λexc = 379 nm and λem = 525 for DMAC-α-DK and 535 nm for PXZ-α-DK). 250 

 251 

The prompt fluorescence and phosphorescence spectra of both compounds in toluene glass at 77 K were measured 252 

to determine the S1 and T1 levels from their respective onsets. It should be noted that compounds are rapidly frozen 253 

such that their conformations upon photoexcitation reflect those in the ground state. The prompt fluorescence 254 

spectra of both compounds are broad and unstructured, indicating emission from an ICT state. The S1 level of 255 

DMAC-α-DK (S1 = 2.77 eV) is higher than that of PXZ-α-DK (S1 = 2.44 eV), Figure 5. The T1 level of DMAC-α-DK is 256 

2.65 eV, which is of similar magnitude and profile to that of benzil (T1 = 2.62 eV, Figure S22), indicating that T1 state 257 
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is of locally excited (3LE) character on the acceptor in its skew form.18 The corresponding DEST of DMAC-α-DK is 0.12 258 

eV (Figure 5a). On the other hand, PXZ-α-DK showed multiple contributions to the phosphorescence spectrum in 259 

toluene glass (Figure 5b), including vibronically structured bands at higher energy than the unstructured ICT 260 

phosphorescence of DMAC-α-DK and the LE phosphorescence of benzil in its skew form. To rationalize the different 261 

contributions to the emission of PXZ-α-DK, we measured the phosphorescence of PXZ at 77 K and identified that 262 

the emission profile between 460-490 nm of PXZ-α-DK matches with the phosphorescence arising from PXZ. We 263 

hypothesize that the most blue-shifted contribution to the phosphorescence of PXZ-α-DK between 380 nm-450 264 

nm must originate from the least conjugated conformers of PXZ-α-DK. These may include orthogonal 265 

conformations about the α-DK acceptor and/or conformations where the PXZ adopts a significantly more puckered 266 

geometry. Further, the unstructured emission band above 500 nm of PXZ-α-DK resembles that of the ICT prompt 267 

fluorescence; however, it is blue-shifted. We ascribe this blue-shift to the emission from phosphorescence resulting 268 

from the less conjugated skew conformer while the observed prompt fluorescence originates from the ICT state 269 

from the more conjugated TP conformer. Given that the observed prompt fluorescence and ICT phosphorescence 270 

of PXZ-α-DK in toluene glass occur from different conformers, the optically determined DEST value, which is less 271 

than zero, is not relevant in this case as the emitting singlet and triplet species are effectively different.  272 

  273 

Figure 5. Prompt PL and phosphorescence spectra measurements at 77 K in toluene glass for a) DMAC-α-DK and b) 274 
PXZ-α-DK and benzil and PXZ (PXZ in zeonex). λexc = 343 nm. 275 

Photophysical studies in thin films 276 
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We next focused our attention on the photophysical properties of DMAC-α-DK and PXZ-α-DK in doped thin films. 277 

Initially, we optimised the FPL in poly(methylmethacrylate) (PMMA) film as the polarity of this host closely mimics 278 

that of toluene (Table S3). Both molecules show the highest FPL as 1.5 wt% doped PMMA films (Table S3), where 279 

DMAC-α-DK has a FPL of 10% and PXZ-α-DK has a FPL of 3%, both under N2 atmosphere (Table 2). Based on the 280 

optimised FPL, the remaining photophysical measurements were conducted on spin-coated 1.5 wt% PMMA doped 281 

films. The absorption bands of both emitters are of similar energy to those in toluene, with the weak ICT band 282 

observed in the range of 380-500 nm for DMAC-α-DK and at 450 nm for PXZ-α-DK (Figure S23). Upon 283 

photoexcitation at 340 nm, DMAC-α-DK shows unstructured ICT-based emission at 536 nm, which is 574 cm-1 (16 284 

nm) red-shifted compared to the lPL in toluene, while the ICT-based emission for PXZ-α-DK at 584 nm is 1603 cm-1 285 

(50 nm) red-shifted (Figure S24). We also observed weak LE emission between 400-450 nm for PXZ-α-DK (Figure 286 

S24), similar to that measured in toluene. On increasing the doping concentration to 10 wt% in PMMA, the FPL 287 

decreased and the lPL red-shifted to 566 nm (FPL = 2.7%) for DMAC-α-DK and 604 nm (FPL = 1.4%) for PXZ-α-DK 288 

(Figure S24), likely due to increased contribution from aggregates.17 As shown in Error! Reference source not 289 

found.25, the 1.5 wt% doped films showed multiexponential decay kinetics with average tp, of 7.6 ns and 7.7 ns 290 

and average td of 11.4 μs and 5.4 μs for DMAC-α-DK and PXZ-α-DK, respectively. The average prompt lifetime is 291 

quite similar for both molecules; however, the delayed lifetime in DMAC-α-DK is much longer than that in PXZ-α-292 

DK.  293 

 294 
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Figure 6. Photoluminescence spectra of DMAC-a-DK and PXZ-a-DK dispersed at 1.5 wt% in mCP matrix at 295 K 295 

(λexc = 340 nm). Inset: Photos of photoexcited thin films. 296 

 297 

We then investigated the photophysical behaviour of both emitters in an OLED-relevant host, mCP, that has a 298 

suitably high triplet energy of 2.91 eV.19 A concentration study of both emitters revealed that the FPL is highest in 299 

1.5 wt% doped films in mCP (Table S3), at 24% for DMAC-α-DK and 4% for PXZ-α-DK. It should be noted that the 300 

reported FPL of a 7 wt% doped film of DMAC-α-DK in CBP is 13%.14 Both the absorption and emission spectra for 301 

DMAC-α-DK and PXZ-α-DK are very similar to those measured in PMMA (Figure 6 and Figure S26). The 302 

temperature-dependent time-resolved PL decays in mCP are shown in Figure 7. The time-resolved PL decays in mCP 303 

show a nanosecond prompt emission and a delayed emission with a microsecond delayed lifetime (Table 2), with 304 

values comparable to those measured in PMMA. The average td of 1.5 wt% DMAC-α-DK in mCP is 7.6 μs while that 305 

for the 1.5 wt% PXZ-α-DK doped in mCP is 6.9 μs. The prompt emission is insensitive to temperature while the 306 

delayed emission is thermally activated, a behaviour consistent with TADF.  307 

 308 

    309 

Figure 7. Temperature-dependent PL decays by TCSPC of 1.5 wt% mCP doped films of (a) DMAC-α-DK and (b) 310 

PXZ-α-DK. IRF is the instrument response function (λexc = 379 nm and λem = 550 nm for DMAC-α-DK and 590 nm 311 

for PXZ-α-DK).  312 

We next measured the prompt fluorescence and phosphorescence spectra of the doped films in both PMMA and 313 

mCP at 77 K to determine the S1 and T1 levels from their respective onsets (Figure 8 and S27). We found broad and 314 
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unstructured prompt fluorescence for both compounds in both PMMA and mCP, indicating emission from an ICT 315 

state. The S1 levels in 1.5 wt% doped PMMA films were found to be 2.69 eV and 2.51 eV for DMAC-α-DK and PXZ-316 

α-DK, respectively (Figure S27). The S1 levels of both emitters in mCP are stabilized compared to those in 1.5 wt% 317 

doped PMMA films at 2.50 eV and 2.39 eV for DMAC-α-DK and PXZ-α-DK, respectively. 318 

The shape and spectral position of the DMAC-α-DK phosphorescence in both PMMA and mCP resemble that of 319 

benzil (Figures 8, S22, S27). The corresponding T1 levels of DMAC-α-DK are 2.56 eV in PMMA, and 2.50 eV in mCP. 320 

Subsequently, DEST of DMAC-α-DK is 0.12 eV in PMMA (Figure S27), and effectively 0 eV in mCP (Figure 8); the 321 

reported DEST of the 7 wt% DMAC-α-DK doped film in CBP is 0.01 eV.14  322 

The PXZ-α-DK phosphorescence in PMMA and mCP is broad and unstructured (Figures 8, S27). However, in both 323 

PMMA and mCP there is a clear blue-shift of the phosphorescence compared to the prompt emission. The T1 energy 324 

of PXZ-α-DK in PMMA (2.55 eV) is very close to that of DMAC-α-DK in PMMA, suggesting that in PMMA there is a 325 

significant contribution from the LE states within the acceptor to the overall PXZ-α-DK phosphorescence. The shape 326 

of the PXZ-α-DK phosphorescence in mCP resembles that of prompt emission, and in addition, the blue edge onset 327 

is the same for both prompt and phosphorescence emission. This indicates that the emission originates from ICT 328 

states; however, the phosphorescence spectrum is blue-shifted compared to the prompt fluorescence. The 329 

corresponding apparent DEST values of PXZ-α-DK are -0.04 eV in both PMMA and mCP. A plausible explanation for 330 

this apparent inverted singlet-triplet gap is that the blue-shifted phosphorescence results from emission from the 331 

skew conformer, with the decay of the phosphorescence of the trans planar conformer already largely complete 332 

while the prompt fluorescence is dominated by the TP conformer. 333 
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 334 

Figure 8. 77 K prompt PL and phosphorescence spectra measurement of 1.5 wt% a) DMAC-α-DK and (b) PXZ-α-DK 335 
doped in mCP host (λexc = 343 nm), the DEST value is taken from the onset value difference between the 77 K prompt 336 
fluorescence and phosphorescence spectra. 337 

OLEDs characterization  338 

  339 

Figure 9. (a) Energy level diagram of materials employed in the devices; (b) Molecular structure of materials used 340 
in the devices; (c) Current density and luminescence versus voltage characteristics for the devices; (d) External 341 
quantum efficiency versus luminescence curves for the devices; (e) Electroluminescence spectra of the device of 342 
DMAC-α-DK and PXZ-α-DK. Inset: photos of the devices. 343 

OLED devices based on PXZ-α-DK and DMAC-α-DK were fabricated by vacuum deposition using a typical bottom-344 

emitting OLED device architecture (Figure 9a) that consists of indium tin oxide (ITO)/ 1,4,5,8,9,11-345 

hexaazatriphenylenehexacarbonitrile (HATCN) (5 nm)/ 1,1-bis[(di-4-tolylamino)phenyl]cyclohexane (TAPC) (35 346 
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nm)/tris(4-carbazoyl-9-ylphenyl)amine (TCTA) (5 nm)/emissive layer (20 nm)/1,3,5-tri[(3-pyridyl)-phen-3-347 

yl]benzene (TmPyPB) (65 nm)/LiF (0.6 nm)/Al (100 nm), where HATCN, TAPC and TCTA play the roles of hole 348 

injection layer (HIL), hole transportation layer (HTL) and electron blocking layer (EBL), respectively. The TmPyPB 349 

acts both as an electron transport layer (ETL) and a hole blocking layer due to its deep HOMO (-6.7 eV),20 and LiF 350 

acts as an electron injection layer (EIL). The molecular structures of the materials used in these OLEDs are shown in 351 

Figure 9b. The emission layer (EML) is composed of 1.5 wt% of either PXZ-α-DK or DMAC-α-DK doped into mCP, 352 

based on the FPL-doping study (Table S3). The performance of the OLEDs is summarized in EQEmax of both emitters 353 

is very close to the theoretically calculated EQEmax of 4.8% for DMAC-α-DK and 0.8% for PXZ-α-DK, when 354 

considering an outcoupling efficiency of χout ≈ 20%. 355 

Table 1. Current density–voltage–brightness (J–V–L) curves, EQE–luminance curves and electroluminescence 356 

spectra (EL) are shown in Error! Reference source not found.9. As shown in Figure 9e, the EL spectra of the OLEDs 357 

are similar to the corresponding PL spectra of the emitters in the thin film, with EL maxima, λEL, at 555 nm for DMAC-358 

α-DK and 585 nm for PXZ-α-DK. The corresponding CIE coordinates are (0.420, 0.531) and (0.506, 0.481) for the 359 

devices with DMAC-α-DK and PXZ-α-DK, respectively. The turn-on voltage of devices based on DMAC-α-DK and 360 

PXZ-α-DK are 3.6 V and 3.9 V, respectively, and is dependent on the energy gap between the HOMO of materials 361 

used in the HTL and EML layers. The device based on DMAC-α-DK showed a maximum external quantum efficiency, 362 

EQEmax, of 6.3%, a maximum current efficiency (CEmax) of 18.36 cd/A and maximum power efficiency (PEmax) of 16.45 363 

lm/W (EQEmax of both emitters is very close to the theoretically calculated EQEmax of 4.8% for DMAC-α-DK and 364 

0.8% for PXZ-α-DK, when considering an outcoupling efficiency of χout ≈ 20%. 365 

Table 1 and Figures S28 and S29); this efficiency is comparable to that of the literature-reported device with the 366 

same emitter, but where the EML consisted of 1 wt% DMAC-α-DK in CBP.14 The EQEmax of the device based on PXZ-367 

α-DK is 0.83%, with CEmax = 1.99 cd/A and PEmax = 1.52 lm/W. Devices of both emitters showed low efficiency roll-368 

off at high luminance, with an EQE of 6.14% at 100 cd/m2 and 4.73% at 1,000 cd/m2 for the DMAC-α-DK-based 369 

device and an EQE of 0.73% at 100 cd/m2 0.62% at 1,000 cd/m2 for PXZ-α-DK. The maximum brightness of the OLED 370 

containing DMAC-α-DK reached 8,817 cd/m2 at an EQE of 2.14%, while the OLED containing PXZ-α-DK reached 371 
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1,617 cd/m2 at an EQE of 0.51%. The EQEmax of both emitters is very close to the theoretically calculated EQEmax of 372 

4.8% for DMAC-α-DK and 0.8% for PXZ-α-DK, when considering an outcoupling efficiency of χout ≈ 20%. 373 

Table 1. Electroluminescence data for the devices. 374 

Emitter Host Vona / V λELb / nm CEc / cd A-1 PEmax / lm W-1 EQEc / %  CIEd / x,y 

DMAC-α-DK  mCP (1.5%)  3.6 555 18.36 16.45 6.33/6.14/4.73 0.420, 0.531 

PXZ-α-DK mCP (1.5%)  3.9 585 1.92 1.55 0.83/0.73/0.62 0.506, 0.481 

a The turn-on voltage at a brightness 1 cd m-2. b The electroluminescence maximum recorded at 5 V. c EQEmax/EQE100/ EQE1000. d  The CIE 
coordinates recorded at 6 V.  

 375 

Conclusions  376 

Here we presented a cross-comparison of the optoelectronic and OLED device properties of two TADF donor-377 

acceptor compounds bearing an a-diketone acceptor moiety. The use of the stronger phenoxazine donor in PXZ-378 

α-DK red-shifted the emission to 586 nm compared to DMAC-a-DK at 548 nm in 1.5 wt% mCP doped films. PXZ-α-379 

DK shows complex emission behaviour in toluene glass. The presence of a highly twisted conformation in these two 380 

compounds resulted in essentially isoenergetic S1 and T1 states, short-delayed lifetimes and low photoluminescence 381 

quantum yields. Green and orange OLEDs were fabricated showing an EQEmax of 6.3% for the DMAC-α-DK based 382 

device at lEL = 555 nm with CIE coordinates of (0.420, 0.531) and 0.8% for PXZ-α-DK at lEL = 585 nm with CIE 383 

coordinates of (0.506, 0.481).  384 
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