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30 Abstract

31 Spin flipping has been recently recognized as the critical mechanism to enable the conversion 

32 from non-radiative triplets into radiative singlets, leading to thermally assisted delayed 

33 fluorescence (TADF) in organic light-emitting diodes (OLEDs). However, it is a controversial 

34 issue on how spin flipping is realized in the absence of heavy elements. This paper reports clear 

35 evidence to show that spin-orbital coupling (SOC) is indeed formed in charge-transfer (CT) 

36 states through donor-acceptor (D-A) design by using magneto-photoluminescence (magneto-

37 PL), in both steady and dynamic states. Essentially, a magneto-PL signal is observed at high 

38 field (up to 900 mT) only if CT states are excited within D-A structures in a typical TADF 

39 emitter DMAC-TRZ in solutions. This presents unambiguous evidence to show the existence 

40 of SOC in TADF molecules where heavy elements are absent. The empirical model is proposed 

41 to show the SOC generated in CT states by considering orbital polarizations by optically 

42 induced dipoles (D+A-). Furthermore, SOC is confirmed to be responsible for realizing spin 

43 flipping by directly monitoring the delayed fluorescence while the density of non-radiative 

44 triplets is changed by oxygen molecules. More importantly, by using solvent polarity to change 

45 the dipole moment in CT states, it is revealed that SOC-induced spin flipping is largely changed, 

46 presenting a unified relationship between SOC and dipole moment to control the spin flipping 

47 to enable the conversion from non-radiative triplets into radiative singlets in TADF.

48

49

50
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51 Introduction

52 The success of thermally activated delayed fluorescence (TADF) provides an excellent 

53 example to indicate that spin-flipping functions as the necessary condition to harvest non-

54 radiative triplets into radiative singlets towards developing high external quantum efficiency 

55 (EQE)  in organic light-emitting diodes (OLEDs).1,2 ,3, 4, 5, 6, 7 The experimental studies have 

56 indicated that the spin flipping is largely enhanced upon decreasing the singlet-triplet energy 

57 difference (EST) in TADF molecules.8,9 The recent studies directly observed the intersystem 

58 crossing from triplets to singlets in TADF molecules by monitoring exciton dynamics upon PL 

59 quenching.10 Therefore, there must exist a mechanism to effectively flip the spins of triplets to 

60 enable the reverse intersystem crossing (rISC) into light-emitting singlets in TADF molecules. 

61 Based on the success of 2nd generation of phosphorescence organic emitters where spin-orbital 

62 coupling (SOC) functions as an efficient mechanism to flip the spins of triplet excitons upon 

63 using heavy elements, we can expect that TADF molecules possess a strong SOC to enable the 

64 spin-flipping to harvest triplet excitons. There are several factors that can initiate SOC in 

65 organic materials such as heavy element effects, aromatic carbonyls, and hydron bonding.11 

66 Among these factors, the heavy element effect is the most efficient one to generate SOC and 

67 consequently harvest triplet states through the phosphorescence process in organic light-

68 emitting materials. However, the experimental investigations on SOC effects in organic TADF 

69 emitters with only light elements are still in urgent needs.

70 It is generally believed that decreasing the EST is an essential approach to facilitate the 

71 conversion from non-radiative triplet states to singlet states for generating an efficient TADF. 

72 However, the opposite examples of poor TADF compounds with very small ΔEST and very 

73 efficient TADF compounds with large ΔEST of few hundreds meV have indicated that energy 

74 splitting is not the only determining parameter in TADF system.12,13,14,15 Indeed, the EST-

75 dependent rISC can be validated to generate TADF only if SOC is existed to induce spin 

76 flipping of triplet excitons.16 When the SOC is established as the spin flipping mechanism, the 

77 spin mixing between singlets and triplets can be then controlled by the energy parameter.  

78 Generally, the spin mixing rate (λ) can be expressed as λ = HSO/∆EST, where HSO and ∆EST are 

79 the SOC constant and energy difference between S1 and T1 states.17 Therefore, the spin flipping 

80 is the precondition to validate the EST-dependent rISC. However, it has been remained as an 

81 un-raveled issue to experimentally address SOC effects responsible for operating high-

82 efficiency TADF. Further intriguingly, after spin flipping, the triplet states must undergo an 

83 endothermic process via thermal energy to reach the light-emitting singlets states towards 

Page 3 of 21 Journal of Materials Chemistry C



4

84 generating a high-efficiency TADF rather than to exothermically relax to ground state (S0) for 

85 a low-efficiency phosphorescence. This requires an electric-magnetic coupling between 

86 singlets and the triplets to enable the rISC towards TADF by preventing the triplet-to-S0 

87 phosphorescence. In this work, we utilized magneto-PL in both steady and time-resolved 

88 regimes to explore the underlying spin-dependent processes of enabling high-efficiency TADF. 

89

90 Results and Discussions

91 Here, the magneto-EL is used to show the existence of SOC as the dominant spin-

92 flipping mechanism in TADF process by comparing the highly efficient TADF emitter DMAC-

93 TRZ 18  with the traditional fluorescence organic emitter poly(p-phenylene vinylene) (MEH-

94 PPV). The EL spectra of the DMAC-TRZ and MEH-PPV based OLEDs are shown in Figure 

95 1a. Then we measured the magneto-EL for both OLEDs under constant current mode. We must 

96 note that magnetic field effects can occur in hyperfine interaction (HFI) (< 10 mT) or SOC (> 

97 10 mT) regimes when an external magnetic field competes with HFI or SOC to change the 

98 singlet and triplet populations, generating the so-called spin-mixing between singlet and triplet 

99 states. When the SOC is absent and the HFI governs the spin-mixing, magnetic field effects 

100 are always occurred at low field (< 10 mT).19,20,21 Indeed, in MEH-PPV OLED with negligible 

101 SOC, the internal magnetic parameter (B0) of the magneto-EL curve is in the HFI regime (6.4 

102 mT), as shown in Figure 1b. When the SOC exists, magnetic field effects can be observed at 

103 high field and the width of the curves becomes significantly broader as compared with HFI 

104 condition.22,23,24 Therefore, the high field magnetic field effect signals can serve as evidence to 

105 indicate that the SOC is formed to function as the dominating mechanism for spin-flipping in 

106 organic systems.25,26,27 Interestingly, we observed magneto-EL in DMAC-TRZ based OLED 

107 in high field with much broader curve shape (B0=70.5 mT), as compared with MEH-PPV based 

108 OLED in HFI regime with narrow curve shape. Clearly, this high field magneto-EL in DMAC-

109 TRZ based OLED provides direct evidence to show the existence of SOC as the dominant spin-

110 flipping mechanism in TADF process. 

111 Then we used magneto-PL to illuminate how the SOC is formed to initiate the spin 

112 mixing towards TADF process based on DMAC-TRZ molecule in solutions. The molecular 

113 structure of the TADF emitter DMAC-TRZ used in this work is shown as the inset in Figure 

114 2a. Figure 2a shows the UV-Vis absorption spectrum of DMAC-TRZ in toluene solution. The 

115 strong absorption of DMAC-TRZ at around 300 nm belongs to the π-π* excitonic transition, 
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116 while the broad absorption peak at 386 nm is attributed to the intramolecular CT states. The 

117 DMAC-TRZ molecule contains donor-acceptor structure within a -conjugated system. As a 

118 result, both excitonic and CT states co-exist within close proximity. Figure 2b shows the PL 

119 spectra from DMAC-TRZ toluene solution under 325 nm, 375 nm and 405 nm continuous 

120 wave (CW) laser excitations. The same light-emitting states (1CT) in DMAC-TRZ molecule 

121 are generated under different photoexcitation wavelengths, as indicated by the similar PL 

122 spectra. Figure 2c shows interesting magneto-PL behaviors of DMAC-TRZ in toluene solution 

123 at different excitation wavelengths (325 nm, 375 nm, and 405 nm) from the laser beams. The 

124 magneto-PL signals were observed at the magnetic field much larger than the HFI field strength, 

125 confirming that the SOC is indeed formed in this TADF-based molecule. Moreover, it is very 

126 interesting to note that this high-field magneto-PL can be observed only if the CT states are 

127 excited. For example, exciting CT states by using the photoexcitation at 405 nm and 375 nm 

128 generates an appreciable magneto-PL signal at high field with the B0 of 224 mT. This reveals 

129 that the SOC occurs in CT states. In contrast, exciting the excitonic states by using 325 nm 

130 laser beam leads to a negligible magneto-PL signal, indicating that the SOC is lacking in 

131 excitonic states. We should note that, by using short-wavelength excitation to excite localized 

132 excitonic states, the CT states can be also formed through charge separation. However, the 

133 efficiency of generating CT states through localized states separation is much lower than 

134 directly exciting CT states with long-wavelength excitation, as shown in the excitation 

135 spectrum in Figure S1. Therefore, short-wavelength and long-wavelength excitations can 

136 generate low and high densities of CT states, respectively. Clearly, our magneto-PL results 

137 show that exciting CT and excitonic states lead to appreciable and negligible SOC in DMAC-

138 TRZ molecules. Note that the concentration of the DMAC-TRZ does not have a significant 

139 influence on the magneto-PL signals (Figure S2). To confirm that high-field magneto-PL can 

140 represent the SOC, we have further measured the magneto-PL from light-emitting CT states 

141 formed by physically mixing N,N′-bis(3-methylphenyl)-N,N′-diphenylbenzidine (TPD) and 

142 2,5-bis-(5-tert-butyl-2-benzoxazolyl)thiophene (BBOT) in toluene solution. Here, we can see 

143 that the light-emitting CT states in physically mixed TPD:BBOT solution still shows a 

144 magneto-PL at high field (> 10 mT) (Figure S3). Because of negligible exchange interaction 

145 due to large separation distance between the TPD and BBOT molecules in the liquid state, 

146 magneto-PL is solely governed by SOC through spin mixing. Thus, this high-field magneto-

147 PL serves as direct evidence to show the existence of SOC in CT states. To examine our 

148 observation is not limited only to DMAC-TRZ, we adopted the same protocol on two additional 

149 molecules DMAC-PymCN and DMAC-PmmCN with weaker and stronger TADF properties, 
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150 respectively, as shown in Figure S4. It can be seen that DMAC-PymCN and DMAC-PmmCN 

151 molecules give smaller and larger magneto-PL signals, corresponds to weaker and stronger 

152 spin-mixing, respectively. More importantly, both TADF molecules demonstrate magneto-PL 

153 signals at high field regime (>10 mT). This information is in good consistent with the high-

154 field magneto-PL signals observed in DMAC-TRZ molecule, indicating the SOC as the spin-

155 flipping mechanism in TADF molecules designed with donor-acceptor structure.

156 Here, the observed magneto-PL signals in organic TADF molecule indicate that there 

157 must exist a mechanism to generate SOC by using CT states. Here, we consider that photo-

158 induced charge transfer between the donor (D) and acceptor (A) leads to positively and 

159 negatively charged moieties (D+ and A-) in a CT state, giving an optically induced dipole 

160 D+A-. Before exciting CT states, the D and A have negligible SOC due to isotropically 

161 distributed orbitals. We propose that the isotropically distributed orbitals are asymmetrically 

162 polarized by the optically induced dipole D+A- in CT states. Consequently, asymmetrically 

163 polarized orbitals interact with spins on D+ and A-, generating  SOC within CT states, as 

164 schematically illustrated in Figure 2d. This proposed scenario can be supported by our previous 

165 studies, where we found that an optically excited CT state can directly interact with 

166 ferromagnetic nanoparticle, leading to magnetic field effects in the SOC regime (> 10 mT).28,29 

167 This observation indicates that the interaction between an electric dipole and a spin dipole can 

168 be equivalently considered as SOC. Clearly, the SOC formed in the CT states of a TADF-based 

169 molecule provides the necessary mechanism to flip the spins to enable the TADF. 

170 Then, we investigated the SOC-enabled spin flipping to generate TADF through rISC 

171 process. In general, there are three possibilities for spin-mixing to occur within excitonic states 

172 (between 1LE and 3LE), within CT states (between 1CT and 3CT), and between excitonic and 

173 CT states (3LE to 1CT). It should be noted that both excitonic and intramolecular CT states 

174 have a strong exchange interaction due to short electron-hole distance. A strong exchange 

175 interaction can largely enhance the spin-conservation behavior, minimizing intersystem 

176 crossing between singlet and triplet states.30,31 This leads to the only possibility that the 

177 intersystem crossing occurs between CT and excitonic states in TADF molecules. Here, we 

178 simultaneously monitored the spin-mixing and delayed fluorescence while the density of triplet 

179 excitons is changed by using O2 gas. Using O2 is a practical method to quench the excited states 

180 in solutions. 32,33  In principle, the O2 can react with both excitons and CT states. However, in 

181 excitonic states, the O2 can more selectively react with 3LE due to largely different lifetime and 

182 ionic properties between 1LE and 3LE. In CT states, the O2 can react with both 1CT and 3CT 
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183 because of similar lifetime and ionic properties between 1CT and 3CT. Therefore, using the O2 

184 can confirm the spin flipping occurring in triplet excitons while monitoring magneto-PL. It can 

185 be seen in Figure 3a that the delayed fluorescence intensity is largely decreased upon 

186 introducing O2 molecules. The PL quenching shown in Figure 3b provides a further indication 

187 that introducing O2 molecules can decrease the density of triplet excitons with the consequence 

188 of quenching the delayed fluorescence. Concurrently, the spin-mixing disappeared, shown as 

189 a negligible magneto-PL signal (Figure 3c). In contrast, magneto-PL signal is preserved under 

190 N2 condition, indicating that the spin-mixing evidently occurs when the triplet excitons are 

191 maintained. The simultaneous occurrence of spin-mixing and delayed fluorescence provides 

192 direct evidence to support that the SOC flips the spins of triplet excitons to generate a TADF 

193 through rISC. The early publications have proposed that the 3LE state can reach an equilibrium 

194 with the 3CT state through spin-conserving process and followed by a spin-mixing from 3LE 

195 to 1CT to generate a TADF.34,35,36 In our studies, we can see that the spin-mixing does not occur 

196 in intramolecular CT states (between 1CT and 3CT) because the magneto-PL signal, used to 

197 show spin-mixing, disappeared when the 3LE states are quenched by the O2 molecules (Figure 

198 3c). The absence of spin-mixing in intramolecular CT states implies that the CT states have a 

199 strong exchange interaction due to the short D-A distance to prevent the 3CT to 1CT conversion. 

200 We should note that the absence of spin-mixing in CT states does not cause a loss of the TADF 

201 since the 3CT states can convert into 3LE states through spin-conserving process. When the 

202 SOC in CT states flips the spins of 3LE state, then spin-mixing occurs from 3LE state to 1CT 

203 state towards generating a TADF. This is confirmed by comparing the PL decay curves 

204 measured under zero field and magnetic field of 200 mT, in which the time-resolved magneto-

205 PL can be extracted. Figure 4a shows that in nitrogen condition with the presence of high field 

206 of 200mT, the PL change gradually increases with decay time, reaching 20% at 102 ns. When 

207 the delayed fluorescence is largely reduced by using O2 molecules to quench the triplet excitons, 

208 the PL lifetime becomes insensitive to the magnetic field within the entire time window up to 

209 5 s (Figure 4b). Clearly, the results obtained from time-resolved magneto-PL confirm that the 

210 SOC in the CT states flips the spins of 3LE state, generating a spin-mixing to convert the 3LE 

211 state into 1CT state towards TADF. 

212 The solvent polarity effects are used to further test the SOC required to allow the spin-

213 mixing between 1CT and 3LE. The polarity of the environment can change the dipole moment 

214 and the energy level of CT states while leaving the LE states almost unaffected, leading to 

215 solvatochromism effects. 35,37 Here, we use magneto-PL to monitor the spin-mixing while the 

216 dipole moment and energy level of the CT states is changed by increasing the solvent polarity. 
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217 As shown in Figure 5a, increasing the solvent polarity from hexane (relative polarity 0.009) to 

218 p-xylene (relative polarity: 0.077), and toluene (relative polarity: 0.099) leads to a red-shift on 

219 the PL spectrum with the peak wavelength changing from 441 nm to 489 nm and 495 nm, 

220 respectively. Clearly, increasing the solvent polarity can down-shift the energy of CT states 

221 towards the local excitonic states, increasing the delayed fluorescence component (Figure 5b 

222 and 5c). Simultaneously, we can see in Figure 5d that the spin-mixing is largely increased as 

223 the solvent polarity is increased, as shown by the increased magneto-PL in high field SOC 

224 regime. Furthermore, it can be seen that with further increased solvent polarity in 

225 chlorobenzene solution (relative polarity 0.188), both TADF efficiency and magneto-PL signal 

226 are reduced as compared with the toluene solution condition because CT states move out of 

227 resonance with the LE states. Clearly, this magneto-PL result provides a direct experimental 

228 confirmation to show that the spin-mixing is increased through SOC-enabled spin flipping as 

229 the energy difference between 1CT state and excitonic state (3LE) is decreased in TADF 

230 molecules. 

231 Here we discuss the electric magnetic coupling between 1CT and 3LE to enable the 

232 spin-dependent TADF. Our magneto-PL studies indicate that the spin-mixing is occurring from 

233 3LE state to 1CT state when the SOC in CT states flips the spins of triplet excitons, as illustrated 

234 in Figure 6. It should be pointed out that triplet excitons can generate two outcomes after spin 

235 flipping by SOC: (i) a delayed fluorescence through endothermic rISC process from 3LE state 

236 to 1CT state; (ii) a phosphorescence through exothermic process from 3LE state to ground state 

237 (0S). The experimental observation of delayed fluorescence implies that there must be an 

238 attractive interaction between 1CT and 3LE states to enforce the endothermic process from 3LE 

239 state to 1CT state towards generating delayed fluorescence. Essentially, this attractive 

240 interaction together with thermal energy can enable the conversion from 3LE state to 1CT state 

241 through an endothermic process which generates delayed fluorescence by preventing the 3LE 

242 state relaxing to ground state after the SOC flips the spins of 3LE state. Therefore, the 

243 contribution of phosphorescence to the total emission in TADF process is negligible especially 

244 at room temperature. It is noted that the vibronic coupling has been proposed to explain the 

245 coupling between 3LE and 3CT states based on the observation where the TADF is a function 

246 of host polarity.35,36, 38,39 Here we consider an electric-magnetic coupling between 1CT and 3LE 

247 states as the necessary condition to enable the 3LE 1CT intersystem crossing. The electric-

248 magnetic coupling can occur with very weak spins such as paramagnetic materials when placed 

249 within close proximity with electrical dipoles.40,41 And triplet excitons can be regarded as 

250 paramagnetic.42 Furthermore, we found that an electric-magnetic coupling can indeed exist 
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251 between an electric dipole and a spin dipole located within close proximity in 

252 ferromagnetic/organic composites.28,29,43 In TADF systems, 1CT and 3LE states are equivalent 

253 to electric and spin dipoles, respectively. Therefore, we expect an electric-magnetic coupling 

254 between 1CT and 3LE states enables the endothermic 3LE 1CT intersystem crossing towards 

255 TADF, when the energy conversation requirement is satisfied by using thermal energy. The 

256 electric-magnetic coupling can occur through three possible channels: 1) long-range Coulomb 

257 interaction; 2) midrange spin-orbital coupling interaction; 3) short-range spin-spin interaction, 

258 between an electric dipole and a spin. Even though it is still unclear on the contributions for 

259 each channel, the electric-magnetic coupling between 3LE and 1CT serves as an important 

260 parameter accountable for both spin flipping of 3LE and realizing the endothermic spin-mixing 

261 from 3LE to 1CT to generate a high-efficiency TADF. 

262 The electric-magnetic coupling between 3LE and 1CT states allows the conversion from 

263 3LE state to 1CT state, in which the spin-mixing process is accountable for TADF after the 

264 SOC in CT states flips the spins of 3LE state. For a high-efficiency TADF, the 1LE and 3CT 

265 states must be converted into the light-emitting 1CT state to avoid a loss in excited states. The 

266 1LE state can directly relax to light-emitting 1CT state through a spin-conserving process, 

267 according to the PL generated from CT states by exciting excitonic states. Similarly, the 3CT 

268 states can relax to 3LE states under spin conservation followed by the spin-mixing towards 

269 light-emitting 1CT state. Therefore, both 1LE and 3CT states can effectively be converted to the 

270 light-emitting 1CT state. We should further note that there is a possibility that the 3LE state 

271 may be converted to 3CT state under thermal activation through spin-conserving process. If 

272 this occurs, it would generate a loss in TADF since the strong exchange interaction does not 

273 allow the 3CT1CT conversion. However, this possibility can be eliminated because the spin-

274 mixing from 3LE state to 1CT state can shorten the lifetime of 3LE state as compared to the rate 

275 of 3LE3CT conversion, consequently suppressing the backward conversion from 3LE state 

276 to 3CT state and enhancing the forward conversion from 3CT state to 3LE state to avoid any 

277 loss in TADF.

278

279 Conclusions

280 In summary, we found that the TADF molecule (DMAC-TRZ) based OLEDs 

281 demonstrated a magneto-EL in high field regime (> 10 mT). This high-field magneto-EL signal 

282 provides direct evidence to indicate that the SOC is indeed formed, in the absence of heavy 
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283 elements, towards developing the spin-dependent TADF in OLEDs. This finding brings two 

284 open questions: where is SOC formed and how does SOC enable the spin-mixing towards 

285 generating TADF? By using magneto-PL to explore the origin of SOC, we observed that 

286 exciting CT states can lead to a magneto-PL signal in SOC regime (high field > 10 mT) with a 

287 delayed fluorescence while exciting local excitonic states does not generate any detectable 

288 magneto-PL signal. This observation provides the first experimental indication that the SOC is 

289 formed in CT states. We propose that an optically induced electrical dipole between D+ and A- 

290 can partially polarize the orbitals on D+ and A-, and consequently generates a strong SOC 

291 within a CT state. To understand the spin-mixing in developing the TADF, we found that 

292 decreasing the density of triplet excitons (3LE) by using O2 can largely decrease the delayed 

293 fluorescence and magneto-PL signal, both in steady-state and transient measurements. This 

294 result indicates that the SOC in CT states flips the spins of 3LE state to enable the spin-mixing 

295 from 3LE state to 1CT state towards TADF. Furthermore, the spin-mixing from 3LE state to 

296 1CT state requires an attractive interaction between 3LE and 1CT states to enable this 

297 endothermic process towards delayed fluorescence by avoiding the exothermic spin-mixing 

298 from 3LE state to 0S state towards phosphorescence. We consider the electric-magnetic 

299 coupling between 1CT and 3LE states as the underlying mechanism to enable the endothermic 

300 intersystem crossing (3LE 1CT) which in turn generates a high-efficiency TADF. Clearly, 

301 our magneto-PL studies provide an insightful understanding on the SOC effects of spin-mixing 

302 towards generating TADF. We believe that the results disclosed in this work can shed light on 

303 the detailed mechanisms involved in TADF with intramolecular CT features and can trigger 

304 new ideas for creating more efficient molecules towards practical applications in OLEDs.   
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Figures

Figure 1. (a) EL spectra for MEH-PPV and DMAC-TRZ OLEDs. The OLED devices were 
fabricated with the structure of ITO/PEDOT:PSS/ active layer/B-phen/Al. (b) Magneto-EL 
occurring at hyperfine interaction regime (< 10 mT) in MEH-PPV and at spin-orbital coupling 
regime (> 10 mT) in DMAC-TRZ, shown as narrow and broad curve shapes. The internal 

magnetic parameter B0 was fitted by using Lorentzian equation . 𝑀𝐹𝐸 = 𝛼
𝐵2
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Figure 2. Excitation wavelength dependence of magneto-PL.  (a) UV-Vis absorption spectrum 

of DMAC-TRZ in toluene solution. The inset shows the molecular structure of DMAC-TRZ 

with donor and acceptor moieties; (b) PL spectra and (c) magneto-PL for DMAC-TRZ in 

toluene solution under 325nm, 375nm and 405nm laser beam excitation; (d) SOC generated by 

polarizing orbitals due to electrical dipole between D+ and A- within a CT state.
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Figure 3. Characterization on DMAC-TRZ in toluene solutions separately applied with N2 and 

O2: (a) steady state PL spectra; (b) PL decay curves; (c) magneto-PL signals under 405 nm 

laser beam excitation with the intensity of 400 mW/cm2.
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Figure 4. PL decay dynamics with magnetic field (200 mT) at SOC regime for DMAC-TRZ in 

toluene solution. The PL intensity change, defined as (PL magnetic field - PL zero field)/ PL zero field, is 

measured by comparing the PL decay curves in magnetic field (200mT) and zero field. (a) PL 

intensity change as the function of decay time under nitrogen condition. (b) PL intensity change 

as the function of decay time for oxygen condition. The magnetic field has negligible influence 

for PL decay dynamics under oxygen condition.
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Figure 5. Characterization on DMAC-TRZ in solutions with four different solvents: Hexane 
(relative polarity 0.009), p-xylene (relative polarity 0.077), toluene (relative polarity 0.099), 
and chlorobenzene (CB) (relative polarity 0.188). The polarity of water is set to be unity. (a) 
Normalized PL spectra; (b) PL delay curves; (c) DF/PF ratio calculated from PL delay curves; 
(d) Magneto-PL for those DMAC-TRZ solutions under 405 nm laser excitation with the 
intensity of 400mW/cm2.
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Figure 6. The prompt fluorescence by the 1LE-1CT-0S process (blue) and TADF based on the 
3LE-1CT-0S process (green), and proposed mechanism for transition between 1CT, 3CT and 
3LE states. In order to realize the efficient TADF through 3LE -to-1CT conversion, 3LE state 

should have similar energy level with CT states ( ). (a) The intersystem crossing 𝐸3𝐿𝐸≅𝐸𝐶𝑇

between 3CT to 1CT is un-favored due to intramolecular exchange interaction. (b) Internal 

conversion from 3CT to 3LE is allowed through spin conservation, (c) Spin mixing from 3LE 

state to 1CT is critically required to generate TADF through endothermic process due to SOC-

induced spin flipping under electric-magnetic (E-M) coupling between 1CT and 3LE. The un-

favored exothermic transition from 3LE to S0 is suppressed by the E-M coupling between 3LE 

and 1CT to generate a low-efficiency phosphorescence. 
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The spin-orbital coupling effects and underlying spin-dependent processes of enabling high-
efficiency TADF is revealed based on the magneto-optical studies.
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