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Highlights:  

 We report the synthesis and structural characterization of D-aA-D’ type pyridyl-sulfonyl 

based isomers comprising the phenothiazine and carbazole donor units, which are able 

to emit thermally activated delayed fluorescence  

 The isomer with para- phenothiazine group displays significantly improved delayed 

fluorescence and emission quantum yields 

 Both materials exhibit warm-yellowish emission in non-doped OLEDs with CIE 

coordinates of (0.41; 0.53, 0.49; 0.48) and maximum EQEs of 0.5% (meta- isomer) and 

1.9% (para- isomer) 
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Abstract 

We have designed and synthesized a pair of highly asymmetric D-aA-D’ type pyridyl-sulfonyl 

based isomers comprising phenothiazine (PTZ) and carbazole (Cz) donor units, which are able 

to emit thermally activated delayed fluorescence. PTZ-pS4-Py-2Cz and PTZ-mS4-Py-2Cz both 

possess spatial separation of HOMO/LUMO on the donor and acceptor moieties, resulting in 

small calculated singlet–triplet energy gaps (~0.25 eV). Both isomers exhibit dual emission, 

which is attributed to charge transfer states associated with the Cz and PTZ moieties at higher 

and lower energies, respectively. Photoluminescence quantum yields and time-resolved 

emission decays show significant differences for the two isomers, with the para- isomer 

exhibiting more efficient emission and stronger delayed fluorescence than the meta- isomer – in 

strong contrast to recently reported analogous Cz-Cz D-aA-D isomers. The findings clearly 

show that the interconversion of triplets via the rISC mechanism is promoted when parallel Cz 

and PTZ charge transfer states are allowed to interact, explaining the improved performance of 

the Cz-PTZ materials compared to the previous Cz-Cz ones. Finally, moderate device 

performance was achieved in warm-yellowish (CIE; 0.41; 0.53 & 0.49; 0.48) non-doped OLEDs, 

which exhibited 0.5% & 1.9% maximum external quantum efficiencies for the meta- and para- 

isomers, respectively. 
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Introduction 

Thermally activated delayed fluorescence (TADF) emitters have recently become the key 

materials used to progress third-generation organic light emitting diode (OLED) technologies. 

Theoretically, TADF materials can reach up to 100% internal quantum efficiency because all the 

electrically generated triplet excitons are capable of being converted to emissive singlet 

states[1–3]. This unique spin-conversion process called reverse intersystem crossing (rISC) 

requires spatial separation of HOMO/LUMO of donor and acceptor groups to achieve charge-

transfer (CT) states small singlet–triplet energy gaps (ΔEST)[4–6]. Towards this end, donor (D) 

and acceptor (A) groups with steric hindrance are commonly connected to optimise the 
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equilibrium geometry between them[7–9]. It is critical to choose suitable D and A functional 

groups while designing TADF emitters, as the efficiency of the resulting materials depends 

greatly upon the electron donating/accepting strengths as well as the bonding pattern within the 

larger molecule[10–13]. Furthermore, while highly perpendicular D-A geometries can enhance 

rISC, the same kinds of structures also lead to weak oscillator strengths and low 

photoluminescence quantum yields (PLQYs), requiring a compromise approach for optimum 

material performance[14–15]. 

 

Recently we have reported a set of asymmetric D-aA-D materials [10], which featured carbazole 

(Cz) donors in different positions. We found that the position of the auxiliary acceptor (a), in the 

mono- and disubstituted pyridine materials can strongly impact the TADF performance despite 

these materials all comprising identical D and Aa chemical groups. In different positioned 

pyridyl-sulfonyl derivatives, 2,4- substituted regioisomers were found to possess superior optical 

and physical properties. Simultaneously, the position of the Cz donor on the side of the 

molecule opposite to the pyridine group was found to have minimal effect on the TADF and 

PLQY properties for meta- and para- substitution. 

 

Separately, we have also recently reported on the excited state properties of a related 

asymmetric D-A-D’ TADF material, employing chemically distinct D and D’ units [16]. In that 

work, it was demonstrated that the CT state associated with the stronger phenothiazine (PTZ) 

donor unit dominated the photophysical properties in (4-(9H-carbazol-9-yl)phenyl)(4-(10H-

phenothiazin-10-yl)-phenyl)sulfone (SFPC) molecule, highlighted through comparison to the 

symmetric D-A-D and D’-A-D’ materials.  

 

Combining the concepts of both previous works, herein we present an effective design concept 

for TADF materials and examine the excited state properties of highly asymmetric D-aA-D’ 

emitters PTZ-pS4-Py-2Cz and PTZ-mS4-Py-2Cz (Scheme 1). Based on the superior 

performance in the previous work, the 2,4- substituted pyridyl-sulfonyl structure was chosen as 

the asymmetric aA acceptor unit. D-Aa-D’ structures were then obtained by coupling this to Cz, 

and to PTZ in two different isomer patterns. Comparison to previously studied PTZ and Cz 

analogy gives valuable context for understanding the unexpected optical behaviours of the new 

materials. For PTZ in particular, its geometric “butterfly wing” folding distortions enabled by the 

larger atomic radius of sulphur relative to oxygen[17,18], were expected to prevent molecular 

aggregation and provide high HOMO electron densities[19–22]. In both molecules we observe 
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dual CT emission with enhanced delayed fluorescence from the PTZ CT state. In both optical 

and device (non-doped OLEDs) measurements the para- isomer is found the have superior 

performance to the meta- isomer, in strong contrast to the near-identical performance of the 

analogous Cz-Cz materials.  

 

2. Material and Methods 

2.1. Synthesis Details 

 

Materials 

All reagents and solvents were obtained from commercial suppliers and used without further 

purification. Solvents were distilled using standard methods and purged with N2 before use. All 

the experiments were carried out under N2. Column chromatography was performed on silica 

gel 60 (230-400 mesh) and TLC was performed on silica gel 60 F254 alumina plates.  

 

General Procedure for Ullmann Reaction  

An oven-dried flask was charged with corresponding halogenated phenyl-sulfonyl pyridine 

derivatives (9Ac & 9Ac’) (1.0 eq), 9H-carbazole (1.1 eq 9Ac & 9Ac’) and p-xylene. Then 

copper(I)iodide (11% of 9Ac & 9Ac’), 1,10-phenanthroline (11% of 9Ac & 9Ac’) and potassium 

carbonate (2.0 eq for 9Ac & 9Ac’) were added under nitrogen atmosphere respectively. The 

reaction mixture was refluxed for 48 h, at 138°C. After cooling to room temperature the mixture 

was extracted with dichloromethane (3 x 50 mL). Combined organic phases were then washed 

with brine and dried over Na2SO4. After the solvent was removed, the material was further 

purified with silica gel column chromatography using dichloromethane:hexane (2:1) eluent. 

 

9-(4-(4-bromophenylsulfonyl)pyridin-2-yl)-9H-carbazole (Br-pS4-Py-2Cz) 

The title compound was obtained from 9Ac (0.6 g, 1.59 mmol) as off-white colored solid Br-

pS4-Py-2Cz in 75% (0.55 g). 

 

FTIR (KBr, cm-1): 3453, 3079, 3056, 2923, 2851, 1622, 1596, 1573, 1490, 1478, 1465, 1449, 

1403, 1389, 1334, 1322, 1275, 1248, 1215, 1189, 1150, 1106, 1068, 1077, 1030, 1009, 991, 

970, 932, 913, 889, 855, 820, 790, 774, 752, 709, 655, 645, 625, 613, 576, 567, 536, 496. 1H-

NMR (600 MHz, CDCl3) δH= 88.89 (d, J = 5.1 Hz, 1H), 8.11 (d, J = 6.8 Hz, 2H), 7.88 (d, J = 8.6 

Hz, 2H), 7.84 (d, J = 8.3 Hz, 2H), 7.73 (d, J = 8.6 Hz, 2H), 7.67 (dd, J = 5.1, 1.2 Hz, 1H), 7.46 (t, 

J = 7.4 Hz, 2H), 7.37 (t, J = 7.4 Hz, 2H).13C-NMR (150 MHz, CDCl3) δ= 153.29, 152.94, 150.80, 
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140.26, 138.94, 134.80, 130.87, 129.97, 129.38, 129.16, 128.77, 127.47, 127.17, 126.79, 

126.56, 124.70, 121.74, 120.28, 116.91, 115.22, 114.45, 111.22.. HRMS (ESI) m/z; [M+H]+ 

463.0183, calc. for C23H16BrN2O2S 463.0110. 

 

9-(4-(3-bromophenylsulfonyl)pyridin-2-yl)-9H-carbazole (Br-mS4-Py-2Cz) 

The title compound was obtained from 9Ac’ (0.6 g, 1.59 mmol) as an off-yellowish colored solid 

Br-mS4-Py-2Cz in 55% (0.40 g). 

 

FTIR (KBr, cm-1): 3433, 3060, 2923, 2852, 1597, 1573, 1491, 1479, 1464, 1449, 1407, 1333, 

1273, 1243, 1220, 1191, 1159, 1113, 1100, 1079, 992, 965, 909, 845, 798, 784, 768, 749, 719, 

707, 674, 658, 617, 605, 593, 563, 527, 491. 1H-NMR (600 MHz, CDCl3) δH=  8.91 (d, J = 5.1 

Hz, 1H), 8.17 (s, 1H), 8.13 (d, J = 4.9 Hz, 2H), 8.11 (s, 1H), 7.95 (d, J = 7.9 Hz, 1H), 7.85 (d, J = 

8.3 Hz, 2H), 7.79 (d, J = 8.0 Hz, 1H), 7.69 (d, J = 5.1 Hz, 1H), 7.47 (td, J = 8.0, 3.7 Hz, 3H), 

7.37 (t, J = 7.4 Hz, 2H). 13C-NMR (150 MHz, CDCl3) δ= 153.30, 151.62, 151.19, 143.27, 141.47, 

139.27, 138.87, 137.43, 136.64, 131.25, 131.01, 127.28, 126.74, 126.68, 124.85, 123.81, 

121.99, 120.38, 116.99, 115.38, 114.05. HRMS (ESI) m/z; [M+H]+ 463.0327, calc. for 

C23H16BrN2O2S 463.0110. 

 

General Procedure for Buchwald-Hartwig Reaction  

An oven-dried flask was charged with the corresponding halogenated phenyl-sulfonyl pyridine 

derivative (9Ac & 9Ac’) (1.0 eq), 9H-carbazole (1.1 eq 9Ac & 9Ac’) and p-xylene. Then, 

copper(I)iodide (11% of 9Ac & 9Ac’), 1,10-phenanthroline (11% of 9Ac & 9Ac’) and potassium 

carbonate (2.0 eq for 9Ac & 9Ac’) were added under nitrogen atmosphere respectively. The 

reaction mixture was refluxed for 48 h, at 138°C. After cooling to room temperature the mixture 

was extracted with dichloromethane (3 x 50 mL). The combined organic phases were washed 

with brine and dried over Na2SO4. After the solvent was removed the material was further 

purified with silica gel column chromatography using dichloromethane:hexane (2:1) eluent. 

 

10-(4-(2-(9H-carbazol-9-yl)pyridin-4-ylsulfonyl)phenyl)-10H-phenothiazine  

(PTZ-pS4-Py-2Cz) 

The title compound was obtained from Br-pS4-Py-2Cz (0.28 g, 0.6 mmol) as white colored solid 

PTZ-pS4-Py-2Cz in 78% (0.275 g). 
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FTIR (KBr, cm-1): 34363434, 3056, 2924, 2851, 1725, 1596, 1573, 1490, 1479, 1452, 1403, 

1314, 1275, 1263, 1237, 1191, 1146, 1102, 1028, 1000, 929, 854, 827, 793, 762, 751, 722, 695, 

616, 603, 587, 572, 528, 515, 492, 469. 1H-NMR (600 MHz, CDCl3) δH=  8.83 (d, J = 5.1 Hz, 

1H), 8.10 (d, J = 7.7 Hz, 2H), 8.05 (s, 1H), 7.83 (d, J = 8.3 Hz, 2H), 7.76 (d, J = 9.0 Hz, 2H), 

7.65 (dd, J = 5.1, 1.3 Hz, 1H), 7.49 (d, J = 7.7 Hz, 2H), 7.44 (t, J = 7.1 Hz, 4H), 7.35 (q, J = 7.5 

Hz, 4H), 7.28 – 7.20 (m, 3H), 7.09 (d, J = 9.0 Hz, 2H).13C-NMR (150 MHz, CDCl3) δ= 153.29, 

152.94, 150.80, 140.26, 138.94, 134.80, 130.87, 129.97, 129.38, 129.16, 128.77, 127.47, 

127.17, 126.79, 126.56, 124.70, 121.74, 120.28, 116.91, 115.22, 114.45, 111.22. HRMS (ESI) 

m/z; [M+H]+ 582.1179, calc. for C35H24N3O2S2 582.1304. 

 

10-(3-(2-(9H-carbazol-9-yl)pyridin-4-ylsulfonyl)phenyl)-10H-phenothiazine  

(PTZ-mS4-Py-2Cz) 

The title compound was obtained from Br-mS4-Py-2Cz (0.38 g, 0.82 mmol) as white colored 

solid PTZ-mS4-Py-2Cz in 73% (0.35 g). 

 

FTIR (KBr, cm-1): 3435, 3058, 2924, 1598, 1575, 1489, 1462, 1450, 1404, 1327, 1311, 1274, 

1260, 1242, 1228, 1190, 1149, 1099, 1076, 1062, 1027, 988, 967, 934, 920, 864, 842, 800, 789, 

781, 753, 739, 725, 715, 684, 676, 658, 646, 616, 599, 574, 566, 535, 517, 466.1H-NMR (600 

MHz, CDCl3) δH=  8.89 (d, J = 5.1 Hz, 1H), 8.12 (d, J = 7.6 Hz, 2H), 8.09 (s, 1H), 7.83 (d, J = 8.3 

Hz, 3H), 7.81 (d, J = 8.0 Hz, 1H), 7.67 (dd, J = 5.1, 1.1 Hz, 1H), 7.59 (t, J = 7.6 Hz, 1H), 7.49 (d, 

J = 7.6 Hz, 1H), 7.43 (t, J = 7.3 Hz, 2H), 7.36 (t, J = 7.4 Hz, 2H), 7.24 (d, J = 8.7 Hz, 2H), 7.01 

(s, 4H), 6.71 (s, 2H). 13C-NMR (150 MHz, CDCl3) δ= 153.15, 152.04, 151.03, 141.38, 138.87, 

131.28, 127.25, 126.65, 124.80, 123.74, 121.92, 121.44, 120.34, 117.06, 115.36, 111.20. 

HRMS (ESI) m/z; [M+H]+ 582.1421, calc. for C35H24N3O2S2 582.1304. 

 

2.2. X-ray crystallography 

Crystallographic data were recorded on a Bruker APEX II QUAZAR three-circle diffractometer 

using monchromated Mo-Kα X-radiation (λ = 0.71073 Å). Absorption correction was performed 

by the multi-scan method implemented in SADABS[20] and space groups were determined 

using XPREP implemented in APEX2[24]. The structure was solved using the direct methods 

procedure in SHELXT[25] and refined by full-matrix least squares on F2 using SHELXL[26] in 

the Olex2 Software Package[27]. All non-hydrogen atoms were refined with anisotropic 

displacement factors and C-H hydrogen atoms were placed in calculated positions and allowed 
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to ride on the parent atom. The final geometrical calculations and the molecular drawings were 

carried out with PLATON[28], MERCURY[29], and DIAMOND (Version 3.1)[30] programs. 

Structure determinations were deposited with the Cambridge Crystallographic Data Centre with 

reference CCDC-2089158 and 2089159 for PTZ-pS4-Py-2Cz and PTZ-mS4-Py-2Cz, 

respectively. 

 

2.3. Computational details 

Geometry optimizations were performed using the TURBOMOLE V7.5.1[31] quantum chemistry 

package utilizing the DFT[32,33] with several functionals (B3LYP[34], M06-2X[35], wB97XD[36], 

CAM-B3LYP[37], and PBE0[38]) and basis sets including 6-31G(d), 6-31G(d,p), TZVP, and 

aug-cc-pVDZ (aVDZ). The resolution of identity (RI)[39] approximation was used in all 

relaxations. Time-dependent DFT (TDDFT)[40,41] was employed for the calculation of excited 

state energies using the relaxed structures at B3LYP/6-31G(d) and B3LYP/aVDZ. 

 

3. Results and Discussion 

3.1. Molecular Design and Synthesis  

In the previous work, we designed and synthesized differently substituted pyridiyl-sulfonyl 

derivatives with Cz donors[10]. The best TADF performance was obtained with para- 

substitution of the sulfonyl group by the pyridine ring, with bicarbazole units as donor. In this 

study, we examine more structurally complex D-aA-D’ materials by also introducing a PTZ 

donor. This is also inspired by previous investigations of asymmetric PTZ-Cz TADF materials, 

with the additional feature of the asymmetric aA acceptor[16]. PTZ was therefore inserted at the 

4- position on the pyridyl-sulfonyl group (para-) while Cz was attached at the 2-position on the 

pyridine ring (PTZ-pS4-Py-2Cz). An additional isomer was also produced with the PTZ group in 

a meta- position relative to the sulfonyl group (PTZ-mS4-Py-2Cz). To achieve these 2-carbozyl 

and 4-phenothiazyl substituted materials, appropriate pyridyl-sulfonyl derivatives were initially 

produced. Regioselectivity of the C-N bond forming reaction on 2-halogenated pyridine was 

used to achieve the target structures[42,43]. X-ray and NMR analysis of the final products 

demonstrates that the first C-N cross-coupling reaction occurred at the 2-position of the 

regioselective halopyridine. 

 

The synthetic routes and molecular structures are depicted in Scheme 1. The 2,4- substituted 

pyridiyl-sulfonyl derivatives, 9Ac & 9Ac’ were synthesized by redox, C-S cross coupling, and 

oxidation reactions respectively[10]. The target molecules were obtained using para- and meta- 
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functionalized aA acceptor units along with appropriate C-N coupling reactions. The first C-N 

coupling was a copper-catalyzed Ullmann reaction, and the second coupling was a palladium-

catalyzed Buchwald-Hartwig reaction. The target materials PTZ-pS4-Py-2Cz and PTZ-mS4-Py-

2Cz were further characterized by FTIR, NMR (1H- and 13C-), single crystal X-ray, and HRMS, 

the details of which are shown in ESI (SI-Figure 1-16). 

 

 

Scheme 1. The synthetic routes of the target molecules 

 

3.2. X-ray single-crystal structure 

Single crystals of compounds PTZ-pS4-Py-2Cz and PTZ-mS4-Py-2Cz suitable for X-ray 

measurements were obtained by slow evaporation of a mixture of dichloromethane and 

methanol (1:1, v/v). Crystallographic parameters are reported in SI-Table 2 and the molecular 

structures were given in Figure 1. The asymmetric unit of PTZ-pS4-Py-2Cz contains two 

crystallographically independent molecules, which are denoted PTZ-pS4-Py-2Cz-A and PTZ-

pS4-Py-2Cz-B (Figure 1a and 1b). The X-ray structures clearly confirm the identities of the 
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isomers PTZ-pS4-Py-2Cz and PTZ-mS4-Py-2Cz. Selected bond length and angle parameters 

are given in SI-Table 3.  

 

The orientations of the Cz, PTZ, and pyridyl-sulfone groups were investigated and relevant 

conformational parameters are given in SI-Table 3. The PTZ unit of PTZ-pS4-Py-2Cz displayed 

a slightly less folded donor conformation; the angle between the planes of two benzenes of PTZ 

was 45.06⁰ for PTZ-pS4-Py-2Cz-A, 46.05⁰ for PTZ-pS4-Py-2Cz-B and 50.73⁰ for PTZ-mS4-Py-

2Cz (SI-Figure 22). The N-C-C-S(PTZ) torsion angles were similar for all structures. Another key 

detail relevant to the conformation of the PTZ unit is that the sulphur atoms (SPTZ) of the two 

crystallographically independent molecules of PTZ-pS4-Py-2Cz had different orientation with 

respect to the SO2 group; the S atom was found in cis- configuration in PTZ-pS4-Py-2Cz-A 

while it was in trans- configuration in PTZ-pS4-Py-2Cz-B. The S(PTZ) atom of compound PTZ-

mS4-Py-2Cz was also oriented in cis- configuration. 

 

a 

 

b

 

c 
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Figure 1. Crystal structures of a) PTZ-pS4-Py-2Cz-A b) PTZ-pS4-Py-2Cz-B and c) PTZ-mS4-

Py-2Cz with atom-numbering scheme. Displacement ellipsoids are drawn at the 30% probability 

level. The hydrogen atoms have been omitted for clarity. 

 

3.3. Theoretical calculations 

A conformational analysis was performed for both PTZ-pS4-Py-2Cz and PTZ-mS4-Py-2Cz. For 

each compound the lowest-energy conformer shown in Figure 2 was obtained following 

B3LYP/aVDZ relaxation. Vibrational frequency calculations confirmed that the structures shown 

in Figure 2 are stable, with no vibrational modes possessing imaginary frequencies.  

 

 

 

Figure 2. B3LYP/aVDZ optimized geometries of the relaxed PTZ-pS4-Py-2Cz (left) and PTZ-

mS4-Py-2Cz (right) conformers. 

 

Table 1 lists experimental and computational values of the HOMO, LUMO and band gap 

energies obtained at several levels of theory. For both molecules, HOMO, LUMO and band gap 

energies were calculated using both B3LYP/aVDZ and B3LYP/6-31G(d), with the later 

remaining closer to the experimentally determined values. It should also be mentioned that the 
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newer hybrid functional of Truhlar and Zhao (M06-2X) and long-range corrected functionals 

(wB97XD and CAM-B3LYP) overestimate the frontier orbital energies and band gap. Indeed, all 

calculated HOMO-LUMO gaps are higher than the experimental gaps. However, the calculated 

optical band gaps (S0-S1) at B3LYP/aVDZ and B3LYP/6-31G(d) are in reasonable agreement 

with experiment, as shown in Table 2.  

 

The lowest singlet (S1) and triplet (T1) excited state energies were also calculated using both 

B3LYP/6-31G(d) and B3LYP/aVDZ methods. Figure 3 shows the electron density distribution of 

the HOMOs and LUMOs of the singlet and triplet states. In both compounds, while the HOMO is 

localized on the carbazole donors and slightly extending to the pyridyl bridges, the LUMO is 

localized on both the sulfone and pyridyl/phenyl rings. However, as shown in Figure 3 we find 

that the HOMO-1 is also involved in a separate electronic transition. Indeed, the HOMO-1s of 

both PTZ-pS4-Py-2Cz and PTZ-mS4-Py-2Cz are delocalized over the PTZ moiety, raising the 

possibility of dual CT states associated with the two different donor units. We subsequently 

observe dual emission in photoluminescence experiments, which we therefore attribute to 

competing CT emission channels associated with the two different donor units. Independent CT 

transitions were also observed theoretically and experimentally in similar D-A-D’ compounds 

such as 4-carbazol-10-phenothiazine diphenyl sulfone in previous studies [44,45].  Both S1 

(absorbing at 373 nm, oscillator strength fosc =0.07) and T1 states (absorbing at 416 nm, 

fosc=0.32) are mainly π-π* transitions. Table 2 lists the calculated ΔEST, ΔEST(LE), S1 and T1 

energies of both molecules at B3LYP/6-31G(d) and B3LYP/aVDZ levels of theory. The 

calculated ΔEST are between 0.29–0.35 eV, which indicates the possibility of TADF character of 

these molecules. Moreover, the computed ΔEST(LE) (S1 - T2 (
1CT - 3LE)) are 0.15 eV and 0.21 eV 

respectively for PTZ-pS4-Py-2Cz and PTZmS4-Py-2Cz. 

 

Table 1. Comparison of experimental and computational HOMO [eV], LUMO [eV] and band gap 

[eV] energies. 

 
PTZ-pS4-Py-2Cz PTZ-mS4-Py-2Cz 

HOMO LUMO Eg HOMO LUMO Eg 

Experiment -5.14 -1.86 3.28 -5.08 -1.92 3.16 

B3LYP/6-31G(d) -5.49 -1.61 3.88 -5.58 -1.76 3.82 

B3LYP/6-31G(d,p) -5.50 -1.62 3.88 -5.60 -1.76 3.84 

B3LYP/TZVP -5.78 -1.97 3.81 -5.87 -2.13 3.74 
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B3LYP/aVDZ -5.82 -2.00 3.82 -5.90 -2.16 3.74 

PBE0/aVDZ -6.00 -1.84 4.16 -6.09 -2.00 4.09 

M06-2X/6-31G(d,p) -6.71 -0.69 6.02 -6.53 -1.18 5.35 

wB97XD/6-31G(d,p) -7.43 0.23 7.66 -7.55 0.05 7.60 

CAM-B3LYP/631G(d,p) -6.79 0.39 6.40 -6.88 -0.54 6.34 

 

S1 geometry Molecules T1 geometry 

HOMO LUMO PTZ-pS4-Py-2Cz HOMO LUMO 

  

 

  
HOMO-1 LUMO HOMO-1 LUMO 

 

 

 

 

 

 

 

 

 

HOMO LUMO PTZ-mS4-Py-2Cz HOMO LUMO 

  

 

  
HOMO-1 LUMO HOMO-1 LUMO 

 
   

Figure 3. Calculated (B3LYP/aVDZ) natural transition orbitals of the S1 and T1 states of PTZ-

pS4-Py-2Cz and PTZ-mS4-Py-2Cz. 

 

Table 2. Calculated S1, T1, ΔEST (S1-T1), ΔEST(LE) (S1-T2) energies and experimental band gaps 

(Eg) [eV] for PTZ-pS4-Py-2Cz and PTZ-mS4-Py-2Cz conformers at using B3LYP/aVDZ (and 

B3LYP/6-31G(d) values also provided given in parenthesis). 

Molecules Eg S1 T1 ΔEST ΔEST(LE) 
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PTZ-pS4-Py-2Cz 3.28 3.26 (3.32) 2.94 (2.97) 0.32 (0.35) 0.15 (0.17) 

PTZ-mS4-Py-2Cz 3.16 3.19 (3.27) 2.90 (2.94) 0.29 (0.33) 0.21 (0.22) 

 

3.4. Thermal and Electrochemical properties 

All measured electrochemical and thermal properties are tabulated in SI-Table 1. The thermal 

properties of PTZ-pS4-Py-2Cz and PTZ-mS4-Py-2Cz were characterized by differential 

scanning calorimetry (DSC) and thermal gravimetric analysis (TGA) under nitrogen atmosphere. 

The results of TGA and DSC revealed that the para- isomer possesses higher thermal stability 

than the meta- isomer and also sulfonyl group was greatly improved the thermal stability [10,46], 

as seen in their DSC termograms(SI-Figure 17&18). Compared to the previous Cz-Cz materials, 

introducing the PTZ group enhances the Tg and Tm [10]. Cyclic voltammetry (CV) 

measurements were also performed to determine the oxidation potential of the target molecules 

in degassed acetonitrile solution. The absolute energy levels of emitters were estimated using 

cyclic voltammetry and UV-visible absorption. The IP/EA energy levels of PTZ-pS4-Py-2Cz and 

PTZ-mS4-Py-2Cz were determined to be -5.14/-1.86 eV and -5.08/-1.92 eV, respectively, 

measured from the first oxidation wave and relative to ferrocene. Voltammograms showed that 

the D–Aa–D’ molecules exhibited one quasi-reversible and one reversible oxidation (SI-Figure 

21). 

3.5. Photophysical and TADF properties 

In zeonex (1% wt/wt) solid host matrix, the para- and meta- isomers show structured absorption 

peaks around 330 nm. The spectra are approximately the sum of the absorption spectra of each 

D and A components (Figure 4a), which can be attributed to the decoupled nature of donor and 

acceptor for both Cz and PTZ donors[47]. The photoluminescence spectra of the molecules 

show dual Gaussian bands in dilute films, with both bands showing positive solvatochromism in 

different polarity solvents (SI-Figure 19,20). The shorter wavelength gaussian emission band 

(ca. 425nm) is attributed to the 1CT state of the Cz unit of A−D pair (1CT-Cz), which clearly 

undergoes a red shift with increasing solvent polarity (Table 3). The second emission band (ca. 

550 nm) is attributed to 1CT emission from the PTZ unit of A−D pair (1CT-PTZ), which also 

shows a clear solvatochromic shift in different polarity solutions and has redshifted emission due 

to the increased donor strength of PTZ[48]. The 1CT-PTZ band disappears in highly polar 

solvents like acetonitrile, which we suggest is due to enhanced quenching of this low-energy 

band due to the energy gap law as its energy becomes too deeply redshifted. None of the 

molecules shows vibronically structured emission from locally excited singlet states, even in 

non-polar cyclohexane solution and zeonex polymer host. 
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Figure 4. Left Normalized absorption (ABS) and photoluminescence (EMS) spectra of the 

molecules in zeonex (1% wt/wt) films at RT. Right Molecular structure of SFPC. 

 

 

Table 3. Photophysical properties for PTZ-pS4-Py-2Cz and PTZ-mS4-Py-2Cz 
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a Dual emission maxima in different solvents (Cyclohexane-CH, Toluene-T, 

Chlorobenzene-CB and Acetonitrile-ACN). 
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i  Higher energy emission maximum wavelength attributed to 1CT-Cz ii Lower energy 

emission maximum wavelength attributed to 1CT-PTZ ND Peak is not observed in the 

spectrum. 

b Absorption maxima for solutions in toluene at RT. 

c Measured in 1% wt/wt zeonex film under nitrogen atmosphere.  

d
 Measured in non-doped solid film under nitrogen atmosphere. 

e Measured in toluene solution in air. 

f PF and DF decay lifetimes from weighted averages of biexponential fitting of 

separate decay regions, with DF/PF ratio from areas of fitted exponentials. 

g kf, kISC, krISC from simultaneous kinetic fitting of PF and DF emission decays 

[49].Comparing the optical properties of these materials with a related previously 

studied linear analog SFPC [16] (Figure 4), we observe dual emission in the pyridine-

containing materials while only a single emission peak from the PTZ CT state is 

observed in SFPC films. This may be explained by the increased conformational 

freedom of the Cz when adjacent to the pyridine heteroatom, allowing it to explore D-

A dihedral angle conformations with higher fluorescence rate, thus activating the 1CT-

Cz emissive pathway in the new materials. The CT character of the 1CT-Cz state is 

also likely enhanced compared to SFPC, due to the adjacent pyridine acting as an 

auxiliary acceptor[50]. At longer times, all energy is emitted through the lower-energy 

1CT-PTZ state (Figure 5, lower contour plots), similar to SFPC, for reasons discussed 

further below. 

The emission spectra redshifts slightly when the positions of PTZ changes from para- to meta- 

relative to the sulfone, which also results in a reduction in PLQY values (Table 3). While in 

zeonex films the PLQY of the para- isomer is higher than the meta- isomer (53% compared to 

23%), the reported PLQY in the linear SFPC molecule is 93%[51]. This indicates that the 

structural modifications in PTZ-pS4-Py-2Cz and PTZ-mS4-Py-2Cz likely enhance nonradiative 

pathways, possibly enabled by the flexible PTZ unit. The materials were further analysed using 

time-resolved spectroscopy in zeonex (1% wt/wt) films, where the complex nature of the 

emissive states of PTZ-pS4-Py-2Cz, PTZ-mS4-Py-2Cz are determined in more detail. Figure 5 

shows the decay of the total integrated emission intensity following pulsed laser excitation of the 

zeonex films under vacuum at RT and under dry nitrogen gas at 80K. Contour plots of the 

normalised time-resolved spectra at different times are presented below the decay curves. The 

materials emit across two distinct time regimes, with prompt fluorescence (PF) occurring over 

nanoseconds as optically excited CT states emit. Delayed fluorescence (DF) extends over 
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microseconds as triplet states undergo slower rISC and emit at later times. The PF includes 

both contribution from the 1CT-Cz and 1CT-PTZ states, where short-lived 1CT-Cz emission is 

dominant at early times. Long-lived and redshifted 1CT-PTZ emission later significantly 

dominates the DF decay. By simultaneously fitting the PF and DF regions by kinetic fitting [49], 

we find that the relevant emission decay constants (kf, kISC, and primarily krISC, Table 3) are 

improved somewhat compared to the analogous Cz-Cz D-aA-D materials [10]. Similar krISC 

values are determined by combining the PLQY and DF/PF ratios using the method described by 

Dias et al[52]. We take this as confirmation that the amplitude scaling factor “[S1](t=0)” originally 

introduced in the kinetic fitting model to account for LE emission in the PF time regime is able to 

also adequately account for the Cz CT emission.  

 

Nonetheless, for the Cz-PTZ D-aA-D’ materials the krISC rate constants are significantly different 

for the isomers and improved for the para- isomer. We previously found them to be identical in 

the corresponding Cz-Cz isomers. This finding adds to the growing understanding of how para- 

and meta- substitutions can have significant effect on photophysical parameters[11,12,53–56]. 

In this specific case we suggest that the presence of multiple CT states with distinct rISC 

pathways leads to an improved overall rate of rISC.  
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Figure 5. Decay of the total integrated emission intensity for PTZ-pS4-Py-2Cz, PTZ-mS4-Py-

2Cz in zeonex film (1% wt/wt) at room temperature and at 80K. Below, contour plots of 

normalised time-resolved emission spectra show how the emission spectra change from 1CT-

Cz-dominated at early times, to 1CT-PTZ-dominated at later times. 

 

 

 

 

 

Figure 6. Time-resolved photoluminescence spectra of the molecules in zeonex film (1% wt/wt). 

a,c) Normalized PF (from -1.05 ns to 1.3 µs) spectral evolution at RT b,d) Normalized DF (from 

1.3 µs to 23.7 ms) spectral evolution at RT. Low temperature  phosphorescence specta (PH: 80 

K, >10ms delay) is also given for comparison. 

 

The PF and DF spectra show temperature dependent changes, where we observe faster PF 

decay at RT compared to at 80K. This can be explained under the vibronic coupling theory 

relevant to D-A TADF emitters, in which both ISC and rISC rates are thermally activated when 

ΔEST is small[57]. In the DF, emission from 1CT-PTZ dominates in both of the molecules (Figure 

5, similar to in linear SFPC), indicating a more efficient triplet harvesting mechanism in the PTZ 
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side of the molecules. This outcome is in agreement with the observed 1CT-3LE gaps of the two 

subunits (see Figure 6b/d), and supported by calculations of the same (0.22 eV and 0.28 eV 

respectively at B3LYP/6-31G(d) and B3LYP/aVDZ levels of theory). Finally, when the PTZ 

group is shifted from para- to meta-, the DF intensity and rate of rISC both decrease alongside 

significant decrease in PLQY (Table 3). As seen previously[10,12], this meta- positioning of D 

and A units decreases the electronic coupling between them. Since PTZ is the donor unit 

primarily involved in the 1CT-PTZ DF emission, its position therefore significantly controls the DF 

properties. Nonetheless, the active emission from both Cz and PTZ CT states stands in contrast 

to other similar materials such as SPFC, and the enhanced rISC is likely assisted by the 

presence of multiple rISC pathways. 

3.6. Electroluminescent properties 

OLED Device Fabrication:  

Non-doped bottom-emitting OLEDs were investigated for both materials, using a stack structure 

of ITO/NPB(50 nm)/synthesized molecules(20nm)/TPBi (30 nm)/LiF (1 nm)/Al (100 nm). The 

energy levels of this stack are shown in SI-Figure 26. Pre-patterned indium tin oxide coated 

glass (ITO, 120 nm, Kintec Company) with a sheet resistance of 10 Ω·square-1 was used as the 

substrate. These substrates were cleaned with distilled water, acetone, ethanol, and 

isopropanol in an ultrasonic solvent bath, and treated with oxygen plasma for 5 min before use. 

N,N′-Di(1-naphthyl)-N,N′-diphenyl-(1,1′-biphenyl)-4,4′-diamine (NPB, Sigma-Aldrich) was 

deposited in an evaporation chamber under high vacuum (pressure below 1×10−6 mBar) as the 

hole injection layer (50 nm). Next, emissive layers of PTZ-pS4-Py-2Cz or PTZ-mS4-Py-2Cz (20 

nm), electron transport layer of 1,3,5-tris(phenyl-2-benzimidazolyl)benzene (TPBI, 30 nm), and 

a cathode composed of calcium (10 nm) and aluminium (100 nm) were sequentially deposited 

via evaporation. The size of the active OLED area defined by shadow masks was 9 mm2. The 

electroluminescence spectra and current density–voltage-brightness of the devices were 

measured with a Hamamatsu PMA-12 C10027 Photonic Multichannel analyzer and digital 

multimeter (2427-C 3A Keithley). All the measurements were carried out at room temperature 

under ambient conditions.   

 

OLED Device Results:  

As can be seen from Figure 7, the PTZ-pS4-Py-2Cz OLED showed a maximum luminous 

efficiency of 4.5 cd/A, and 1.5 cd/A for the PTZ-mS4-Py-2Cz OLED. The maximum 

luminescence were about 450 and 350 cd/m-2 for the para- and meta- materials respectively, 

although with significantly higher turn-on and operating voltages for para-. Figure 7d shows the 
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EL spectra of the OLEDs, which exhibited yellow emissions at 580 and 560 nm for the para- and 

the meta- respectively, with other optoelectronic data summarised in Table 4. The higher 

relative performance of the PTZ-pS4-Py-2Cz device is in great agreement with optical findings. 

Indeed, the lower conductivity of the para- substituted material is evident in Figure 7a, which 

may in turn have led to better charge confinement in the emissive layer than with the more 

conductive meta-substituted material. 

 

Figure 7. a) Current density–Voltage, b) Luminous efficiency–Voltage of c) Luminance–Voltage 

and d) Electroluminescence (EL) characteristics of OLEDs fabricated with PTZ-pS4-Py-2Cz and 

PTZ-mS4-Py-2Cz. 

 

Table 4. Summary of device characteristics: Turn-on voltage (VON), luminous efficiency (LE), 

maximum external quantum efficiency (EQE), color coordinates and EL wavelength(EL) 
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Sample 
VON 

 (V)a 

LE 

 (cd/A)b 

EQEmax 

(%)b 

Color Coordinates 

(x;y)c 

EL  

(nm)b 

PTZ-pS4-Py-2Cz 8 4.5 1.9 0.49; 0.48 580 

PTZ-mS4-Py-2Cz 7 1.5 0.5 0.41; 0.53 560 

a Turn-on voltage at 1 cd/m2. 

b Maximum values. 

c Chromaticity coordinates (CIE 1931) recorded at 12 V. 

 

Conclusion: 

In conclusion, we have investigated the emissive properties of 2,4-substituted pyridyl-sulfonyl 

based regioisomers. The multistep synthesis of the Cz and PTZ substituted compounds was 

confirmed by single crystal X-ray and NMR analysis. The HOMO and LUMOs for both 

molecules have spatial separation, with the HOMO localized on Cz, HOMO-1 on PTZ, and 

LUMO across the sulfone and pyridyl/phenyl rings. Changes in the position of PTZ from para- to 

meta- leads to considerable detrimental impacts on TADF and PLQY properties, in contrast to 

analogous Cz-Cz materials which had no strong isomeric differences. Prompt emission is 

dominated by the 1CT-PTZ state, and delayed emission arises from the 1CT-PTZ state leading 

to steady-state dual emission in both materials. Non-doped OLEDs based on PTZ-mS4-Py-2Cz 

& PTZ-pS4-Py-2Cz present warm-yellowish emission with CIE coordinates of (0.41; 0.53, 0.49; 

0.48), and maximum EQEs of 0.5% and 1.9%, respectively. 
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Highlights: 

 We report the synthesis and structural characterization of D-aA-D’ type pyridyl-sulfonyl 

based isomers comprising the phenothiazine and carbazole donor units, which are able 

to emit thermally activated delayed fluorescence  

 The isomer with para- phenothiazine group displays significantly improved delayed 

fluorescence and emission quantum yields 

 Both materials exhibit warm-yellowish emission in non-doped OLEDs with CIE 

coordinates of (0.41; 0.53, 0.49; 0.48) and maximum EQEs of 0.5% (meta- isomer) and 

1.9% (para- isomer) 
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