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15 Abstract: RAFT polymerization of a series of styrene-type dibenzoheterocyclic 
16 monomers bearing carbazole, phenoxazine, 9,9-dimethylacridane and phenothiazine 
17 moieties using S-dodecyl-S′-(α,α′-dimethyl-α′′-acetic acid)trithiocarbonate as a chain 
18 transfer agent has been investigated. The corresponding polymers with the controlled molar 
19 mass of up to 30,000 g·mol-1 with low to moderate dispersity (Đ = 1.2-1.6) were synthesized. 
20 The thermal, photophysical and electrochemical properties of the prepared polymers have 
21 been investigated using their solutions, films and in silico to establish the structure-properties 
22 relationship. The synthesized polymers were characterized by high values of HOMO (up to 
23 -5 eV), singlet (up to 3.8 eV) and triplet (up to 3.2 eV) energies, which are responsible for 
24 their unique properties such as formation of excimers with CHCl3 and dichloromethane or 
25 the ability to undergo coupling via electrooxidation in case of poly(9,9-dimethyl-10-(4-
26 vinylphenyl)-9,10-dihydroacridan). Subsequently, two series of OLEDs based on the 
27 synthesized polymers were fabricated in order to study the charge-injecting and charge-
28 transporting properties of these materials as well as to evaluate their performance in solution-
29 processable diodes.

30 Keywords: RAFT polymerization, high triplet energy polymers, OLEDs, excimer emission
31
32  These authors contributed equally. 

This preprint research paper has not been peer reviewed. Electronic copy available at: https://ssrn.com/abstract=5173704

Pr
ep

rin
t n

ot
 p

ee
r r

ev
ie

w
ed

https://www.sciencedirect.com/journal/polymer
mailto:sergei.kostjuk@sorbonne-universite.fr
mailto:juozas.grazulevicius@ktu.lt


https://www.sciencedirect.com/journal/polymer 2 of 27

33 1. Introduction

34 Currently, high triplet energy materials are of great interest to researchers given the 
35 extensive utilization of their properties in the fabrication of organic light-emitting diodes 
36 (OLEDs) [1-4], photovoltaic [5-7] and photocatalytic processes [8-11]. Thus, in the 
37 development of new generations of OLEDs, whose operation is based on the principles of 
38 phosphorescence and thermally activated delayed fluorescence (TADF), an essential 
39 objective is the efficient harvesting of triplet excitons [12]. Accordingly, a specific 
40 requirement is imposed on the host material of the emission layer of OLEDs: its triplet energy 
41 must exceed that of the corresponding guest (emitter), which for blue diodes 
42 exceeds  2.8 eV [13]. In the context of solar cells, a significant process involved in the 
43 conversion of electromagnetic radiation is triplet–triplet annihilation (TTA), in which it is 
44 extremely important to be able to control the level of the triplet state in order to facilitate the 
45 utilization of photons with a certain energy [8,10]. As for photocatalytic systems, in the 
46 majority of them, the triplet excited state of catalyst is responsible for the activation of C-X 
47 bonds (X = Hal, H, etc.), which find a wide application in polymer [14,15] and organic 
48 chemistry [16,17]. Therefore, the accurate design of compounds with tuned triplet energy 
49 enables achieving high efficiency and selectivity of these processes.
50 In recent years, polymeric materials are increasingly being preferred, due to their 
51 capacity to facilitate OLEDs fabrication through more accessible solution-based 
52 methodologies [18-22]. This enhancement in accessibility is particularly noteworthy, as it 
53 enables the optimization of the morphological stability of the active layers that constitute the 
54 device architecture [13,21,22]. In addition, cross-linked high triplet energy polymers are 
55 promising as heterogenous photocatalysts and for sensing applications [23,24].
56 The classical design of high triplet energy polymers involves the modification of various 
57 donor compounds based on dibenzoheterocyclic moieties (carbazole [25-30], phenoxazine 
58 [15,27,31,32], acridan [27,33-37], phenothiazine [11,14,30], dibenzofuran [39,40], 
59 dibenzothiophene [27,40]) by incorporation of polymerizable group. Importantly, the step-
60 growth polymerization methods that lead to an increase in the conjugation system of the 
61 donor fragment are not desired since above-mentioned conjugation results in a substantial 
62 decrease in HOMO and the triplet energies compared to those of the monomers [41,42]. This 
63 complicates the control of properties and limits the utilization of such materials. 
64 Consequently, chain-growth polymerization methods via radical [25,43,44], cationic [45], 
65 anionic [18] and ring-opening [29,46] mechanisms are frequently employed for preservation 
66 of energy characteristics of the original donor moieties. 
67 Among the different techniques mentioned above, the radical polymerization appeared 
68 to be the most promising for the synthesis of such polymers due to the its applicability to the 
69 wide range of donor-based vinyl monomers. Indeed, the cationic polymerization of electron-
70 reach styrene-based monomers is accompanied by competitive step-growth mechanism that 
71 hinders effective control over the polymer architecture [45]. For the present study RAFT 
72 technique was chosen as an approach to the polymerization processes, since it, being user-
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73 friendly and not requiring the use of heavy metal compounds in contrast to classical ATRP, 
74 allows polymerizing in a controlled fashion a wide range of monomers [47,48].
75 In this work, we developed an approach for the preparation of polymers with high triplet 
76 energy which consists of varying different donor increments in dibenzoheterocyclic moieties 
77 of styrene-type monomers. For this purpose, well-defined polymer with Mn(SEC) ≤ 30,000 
78 g·mol-1, moderate dispersity (Đ = 1.2-1.6) and good thermal properties (Tg = 182-200 ℃, 
79 TID = 333-404 ℃) were synthesized via RAFT polymerization of styrene-type monomers 
80 with carbazole, phenoxazine, acridan and phenothiazine substituents. The study of 
81 electrochemical, photophysical properties in conjunction with DFT calculations allowed to 
82 establish the rational design of polymer structure to achieve high triplet energy. The 
83 distinctive properties of these polymers make them interesting to various fields including 
84 photocatalysis (especially, C-Hal photoactivation) and the synthesis of electro- and photo-
85 sensitive materials. These polymers were also tested as hosts for solution-processable 
86 OLEDs, however further optimization is required to reach adequate external quantum 
87 efficiency. 

88 2. Experimental

89 2.1. Materials

90 Cyclohexanone (Sigma-Aldrich, ≥ 99%) was dried overnight with CaH2 and then 
91 distilled from CaH2 under reduced pressure. THF (Sigma-Aldrich, ≥ 99%) was treated with 
92 KOH and distilled twice from Na under an inert atmosphere. Toluene (Sigma-Aldrich, ≥ 
93 99%) was refluxed with Na and distilled twice from Na under an inert atmosphere. S-
94 Dodecyl-S′-(α,α′-dimethyl-α′′-acetic acid)trithiocarbonate (DDMAT) was synthesized 
95 according to the published procedure [49]. 2,2’-Azobisisobutyronitrile (AIBN) (Sigma-
96 Aldrich, ≥ 98%) was recrystallized from ethanol. CDCl3 (Euriso-top®), CHCl3 (Sigma-
97 Aldrich, 99.5%), methanol (Sigma-Aldrich, 99.9%) and ethanol (Sigma-Aldrich, 96%) were 
98 used as received.

99 2.2. Instrumentation

100 1H (500 MHz) NMR spectra of the synthesized monomers were recorded in CDCl3 at 
101 25 ℃ on a Bruker Avance III spectrometer. Mass spectra were obtained by the electron 
102 impact mass spectrometry (EI-MS) on GSMS-QP2010 Plus. Size exclusion chromatography 
103 (SEC) was performed on an Ultimate 3000 Thermo Scientific apparatus with Agilent PLgel 
104 5 μm MIXED-C (300×7.5 mm) column and one precolumn (PLgel 5 μm guard 50×7.5 mm) 
105 thermostated at 30 ℃. The detection was achieved by differential refractometer 
106 (thermostated at 35 ℃). Tetrahydrofuran (THF) was eluted at a flow rate of 1.0 ml min-1. The 
107 calculation of molecular weights and polydispersity was carried out using polystyrene 
108 standards (Polymer Labs, Germany). Differential scanning calorimetry (DSC) and 
109 thermogravimetric analysis (TGA) measurements were carried out using a Netzsch STA 
110 (Simultaneous thermal analysis) 449 F3 device at a heating rate of 20 ℃ min-1 under nitrogen 
111 flow. UV–vis and photoluminescence spectra of dilute solutions were recorded with the 
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112 PerkinElmer Lambda 25 UV VIS spectrometer and Edinburgh Instruments FLS980 
113 spectrometer, respectively. For these measurements, the dilute solutions of the investigated 
114 compounds were prepared by dissolving them in a spectral grade THF at 10-4 M 
115 concentration. Edinburgh Instruments FLS980 spectrometer (excitation wavelength of 300 
116 nm) and PicoQuant LDH-DC-375 laser (wavelength 374 nm) as the excitation source were 
117 used for recording photoluminescence (PL) decay curves. Photoluminescence quantum 
118 yields (PLQY) of THF solutions were recorded using an integrated sphere (inner diameter of 
119 120 mm). Cyclic voltammetry (CV) measurements were performed using a micro-Autolab 
120 III (Metrohm Autolab) potentiostat-galvanostat. A three-electrode cell equipped with a glassy 
121 carbon working electrode, an Ag/Ag+ reference electrode and a glassy carbon counter 
122 electrode were employed. The measurements were performed for anhydrous 
123 dichloromethane with 0.1 M of tetrabutylammonium hexafluorophosphate (Bu4NPF6) as the 
124 supporting electrolyte under nitrogen atmosphere at a scan rate of 50 mV·s-1. The 
125 measurements were calibrated using ferrocene/ferrocenium (FC) system, as an internal 
126 standard. The solid-state ionisation potentials (IPPE) were estimated by electron 
127 photoemission spectrometry in ambient air. The samples were spin-coated onto fluorine-
128 doped tin oxide (FTO)-coated glass substrates, which were cleaned in acetone, izopropanol, 
129 were dried in argon, and were treated by UV-ozone for 30 minutes. A 30 W deep UV 
130 deuterium light source (180–400 nm) ASBN-D130-CM from Spectral Products©, coupled 
131 with a CM110 1/8 m monochromator, was employed to expose the samples to 
132 monochromatic light. The photocurrent generated under illumination was recorded using a 
133 Keithley 6517B electrometer, a high-resistance meter, connected to the counter electrode. 
134 The energy scan of the incident photons was performed by gradually increasing their energy. 
135 This was accomplished by adjusting wavelengths from 280 nm to 180 nm in 1 nm increments 
136 using the monochromator. Indium-tin-oxide (ITO)-coated substrates, with a sheet resistance 
137 of 5 Ω per square and pixels with an active area of 4.5 mm2, were cleaned by Hellmanex 
138 solution, deionized water, isopropanol, followed by drying with argon, and treatment with 
139 UV-ozone for 30 minutes. The structure of the OLEDs is was ITO/HAT-CN (8nm)/VM-35 
140 (40nm)/EML (20nm) /TSPO1 (8nm)/TPBi (40nm)/LiF (1.7)/AL (devices I) and ITO/HAT-
141 CN (8nm)/VM-35 (40nm)/EML (Polymers and POT2T (50%)) (20nm)/TSPO1 (8nm)/TPBi 
142 (40nm)/LiF (1.7)/Al. For the fbrication of devices of the both series, VM-35 and the EML 
143 were spin-coated, while the rest of the layers were thermally evaporated under a vacuum of 
144 2×10−6 mbar, using vacuum equipment from Kurt J. Lesker inside MB EcoVap4G glove box. 
145 For the preparation of the layer of VM-35, 12 mg of the compound was dissolved in 1.5 mL 
146 of chlorobenzene using sonification and filtered through a 0.2 m syringe filter. For spin 
147 coating, 70 l of the solution was deposited onto the substrate at 2000 rmp for 80 s inside the 
148 glovebox under inert atmosphere. The samples were pre-anneaed at 100 °C for 30 min, 
149 followed by annealing at 200 °C for 60 min. For the preparation of the EML of devices I-
150 P1P4, 4 mg of AcDbp and P1P4 were dissolved separatly in 1 mL of THF and then 
151 combined according to the required host-to-guest ratio. Then, 70 L of the solution was 
152 depsited onto the substrate and spin-coated at 3500 rmp for 80s inside the glovebox under 
153 inert atmosphere. The samples were annealed at 80°C for 30 min and left to cool down. After 
154 spin-coating, the cathode was cleaned with acetone and by isopropanol. For the second series 
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155 of OLEDs (I I-P1P4), the layers of VM-35 was prepared as it is described above. For the 
156 EML, the compounds were combined taking into account their molecular weight for exciplex 
157 formation. For PO-T2T, 4 mg and P1, P2, P3, and P4, 1.31 mg, 1.38 mg, 1.5 mg, and 1.45 
158 mg of the compound swere dissolved in 1 mL of THF and combined at 50 wt%, in the molar 
159 ratio of 1:1. Then 100 l of the solution were deposited onto the substrates and were spin-
160 coated at 2000 rmp for 70 s inside the glovebox. The samples were annealed at 80 °C for 30 
161 min.The similar cleaning procedure used for device I was applied for the fabrication of device 
162 II. A sourcemeter (Keithley 2400C) and certificated photodiode (PH100-Si-HA-D0), 
163 together with the energy monitor (11S-LINK), were used for the estimation of current density 
164 in reference to voltage and luminance in reference to voltage characteristics of the non-
165 passivated fabricated devices under the ambient air. A calibrated photodiode was used to 
166 measure the brightness. UV-visible Avantes AvaSpec-2048XL spectrometer was employed 
167 to record the electroluminescent spectra. 

168 2.3. Synthesis of monomers

169 The styrene-type monomers M1-M4 were synthesized using modified method 
170 applied earlier in our previous works [51]. Briefly, 9H-carbazole (4.11 g, 24.6 mmol), (or 
171 10H-phenoxazine (4.51 g, 24.6 mmol); or 9,9-dimethylacridan (5.15 g, 24.6 mmol), or 10H-
172 phenothiazine (4.90 g, 24.6 mmol)), bis(di-tert-butyl(4-
173 dimethylaminophenyl)phosphine)dichloropalladium(II) (Pd(amphos)Cl2, 162 mg, 
174 0.23 mmol), 4-bromostyrene (3 g, 16.38 mmol) and sodium tert-butoxide (3.20 g, 
175 33.3 mmol) were dissolved under argon in 135 mL of dry toluene and stirred for 10 min at 
176 room temperature (preformation of the catalyst). The reaction mixture was heated at 90 °C 
177 for 8 h. After cooling, the reaction mixture was diluted with dichloromethane and the organic 
178 phase was washed with water and brine. After being dried over Na2SO4 and filtered, the 
179 solvent was removed, and the residue was purified by column chromatography using the 
180 mixture of hexane and dichloromethane in a volume ratio of 6:1 as eluent. The target products 
181 were recrystallized from hexane. NMR spectral and MS data for monomers M1M4 are 
182 presented in Supplimentary Materials (Experimental Section, Fig. S1).

183 2.4. Polymerization procedure

184 Polymerization was carried out under dry argon atmosphere in a Schlenk tube. Liquid 
185 reagents were transferred to reactor via dry syringes against a continuous argon flow. In a 
186 typical polymerization experiment, 115 μL of solution of DDMAT in cyclohexanone (30, 12 
187 or 2.4 mM for [M]0/[I]0 = 40, 100 and 500, respectively) and 115 μL of solution of AIBN in 
188 cyclohexanone (10, 4, 0.8 mM for [M]0/[I]0 = 40, 100 and 500, respectively) were 
189 sequentially added to solid monomer (230 mmol). After three freeze-pump-thaw cycles the 
190 reaction was started by immersing Schlenk tube into an oil bath preheated to 70 ℃. After a 
191 predetermined time, a portion of solution was withdrawn and poured into excess of ethanol. 
192 The precipitated polymers were separated from the solution by centrifugation and then were 
193 dried in vacuum at 50 ℃. Before analyses, copolymers were reprecipitated twice from CHCl3 
194 into methanol. Monomer conversions were determined gravimetrically.
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195 3. Results and Discussions

196 3.1. Synthesis of polymers P1-4

197 In the first step of the present research, a series of substituted styrene monomers was 
198 synthesized (M1M4) in one stage via palladium catalyzed Buchwald–Hartwig condensation 
199 of 1-bromo-4-vinylbenzene with corresponding N-heterocyclic compound (Fig. 1a).

200
201 Figure 1. (a) The scheme of M1-M4 synthesis; (b) their RAFT-mediated polymerization 
202 using S-dodecyl-S′-(α,α′-dimethyl-α′′-acetic acid)trithiocarbonate (DDMAT) as chain-
203 transfer agent.

204 Styrene-type monomers were obtained with relatively high yields (73-85 %) and their 
205 structures were confirmed by 1H NMR spectroscopy and MS. After a comparative analysis 
206 of the 1H NMR spectra of four monomers (Fig. 2, Fig. S1), it seems possible to emphasize 
207 some common and specific features of them. Most of the protons of the styrene fragment 
208 (a-c) show a similar series of signals for all monomers: CH2 protons (a’ and a) produce two 
209 doublets with a large difference in shift value (5.36-5.38 ppm for a’ and 5.83-5.87 ppm for 
210 a); methyne proton (b) is charachterized by doublet of doublets (6.79-6.84 ppm); aromatic 
211 protons (c) give doublet (6.62-6.67 ppm). Other aromatic protons of styrene moiety (d) show 
212 a similar doublet (7.30-7.34 ppm) only for monomers M2M4, however, for M1 this signal 
213 is shifted to the weaker field region (7.54 ppm). This phenomenon could be explained by the 
214 difference in dihedral angle (da) between N-heterocyclic moiety and styrene fragment: for 
215 M1 da = 55 degrees, while for M2M4 da = 90 degrees (values were calculated using 
216 computational model describing below). It leads to rapprochement (and increased 
217 interaction) of d and e protons as well as the appearance of mesomeric effect of carbazole on 
218 the electron density of styrene in M1, causing a change in the chemical shift value. Each 
219 signal responsible for protons (e-h) of N-heterocyclic fragment show the same multiplicity 
220 at different values of the chemical shift for M2М4, while series of signals for M1 differ in 
221 both of multiplicity and in chemical shift, that is associated with the absence of increment X 
222 (Fig. 1) in the structure of carbazole moiety.
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223
224 Figure 2. 1H NMR spectra of (a) phenothiazine monomer (M4) and (b) corresponding 
225 polymer (P4, Mn = 5,200 g  mol-1; Ð = 1.22).

226 In the next stage of this study, RAFT polymerization of M1M4 monomers using the 
227 AIBN/DDMAT initiating system was investigated (Fig. 1b). DDMAT was selected as a 
228 chain-transfer agent due to the its high efficiency in controlled radical polymerization of a 
229 wide range of monomers including styrene and its derivatives [47,48].
230 In order to estimate the livingness of RAFT polymerization of M1M4, it was 
231 investigated at different [M]0/[I]0 ratios (40, 100 and 500). The first-order kinetic plots 
232 describing these RAFT polymerizations are shown in Fig. 3, Fig. S2. The first-order plots are 
233 linear for all processes investigated, indicating that termination doesn’t occur, and 
234 concentration of active species remains constant. As can be anticipated, the reaction rate 
235 decreases with an increase in [M]0/[I]0 ratio for each monomer studied that is associated with 
236 a decrease in concentration of initiator as compared to concentration of monomer (Fig. 3a, 
237 Fig. S2). Interestingly, the polymerization of M1, M2, M4 proceed roughly with the same 
238 rate: the apparent rate constant (kp. app) calculated from slope of first order plots (Fig. 3b) is 
239 about 20×102 h-1. On the other hand, the polymerization of M3 is almost two times faster 
240 than polymerization of M1, M2, M4 (Fig. 3b).
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241

242 Figure 3. (a) First-order plots for polymerization of M1 at [M]0/[I]0 = 40, 100 and 500  
243 and (b) M1M4 at [M]0/[I]0 = 40 using the AIBN/DDMAT initiating system at 70 °C in 
244 cyclohexanone. Polymerization conditions: [M]0 = 1 M, [DDMAT]0/[AIBN]0 = 3, 
245 [I]0 = [DDMAT]0 + 2·[AIBN]0.

246 In order to explain the observed kinetic patterns in the investigated polymerization 
247 processes, structures of corresponding propagating radicals (R1  R4) were optimized and 
248 their spin density distribution was modeled using 6-31G(d)/m06 method. The computed 
249 simulations are presented in Fig. 4. For all monomers the spin density is mostly distributed 
250 over styrene fragments (Fig. 4), but a small stabilization of radical by carbazole moiety was 
251 observed for R1, that is associated with da = 53° allowing π-systems of carbazole and styrene 
252 to interact with each other. Comparison of R2R4 activities showed the higher values of 
253 NBO and Mulliken charges on α carbon atom of styrene-type radical for R3 (acridan-
254 containing particle), that indicates its higher nucleophilicity (Table S1). It also should be 
255 noted that 1H NMR chemical shifts of protons at β carbon atom for M3 (a, a’, Fig. S1) are 
256 observed in weaker field then that of the other monomers (M1, M2, M4), from which it 
257 follows that the charge on β carbon atom for M3 will be more positive. Both observations 
258 could explain the higher ability of M3 enter the radical homopolymerization: more 
259 nucleophilic radical (R3) reacts more easily with more positively charged β-C of M3 [50].
260 Polymerization of each monomer with [M]0/[I]0 ratios of 40 and 100 are characterized 
261 by the linear increase of Mn(SEC) with increasing monomer conversion and relatively low 
262 dispersity (Đ = 1.20-1.35 for [M]0/[I]0 = 40 and Đ = 1.25-1.60 for [M]0/[I]0 = 100) (Fig. 5a). 
263 This observation indicates that RAFT-mediated polymerization of M1M4 proceeds in a 
264 living fashion providing polymers with the controlled molecular weight (Mn ≤ 17,000 g·mol-

265 1). In addition, SEC curves of all synthesized polymers are symmetrical and completely shift 
266 to the high molecular weight region with increasing monomer conversion (Fig. 5b) that 
267 confirms living nature of the polymerization. In contrast, the processes at [M]0/[I]0 = 500 are 
268 characterized by non-linearity of Mn vs. conversion dependences and high dispersity 
269 (Mn ≤ 52,000 g·mol-1, Đ = 1.4-3.0) indicating that side reactions operated at such conditions. 

0 5 10 15 20 25 30

0

1

2

3

4

5(a)

M1

 [M]0/[I]0=40
 [M]0/[I]0=100
 [M]0/[I]0=500

L
n(

[M
] 0

/[M
])

t (h)
0 5 10 15 20 25

0

1

2

3

4

5(b)

[M]0/[I ]0=40

M1
 M2
 M3
 M4

L
n(

[M
] 0

/[M
])

t (h)

This preprint research paper has not been peer reviewed. Electronic copy available at: https://ssrn.com/abstract=5173704

Pr
ep

rin
t n

ot
 p

ee
r r

ev
ie

w
ed



https://www.sciencedirect.com/journal/polymer 9 of 27

270

271 Figure 4. Spin density distribution on propagating macroradicals (R1R4).

272 It should be also noted that experimental values of number-average molecular weight 
273 of all synthesized polymers were lower than theoretical ones (Fig. S3). The observed 
274 deviation is consistent with the known underestimation of Mn of the rigid polymers by SEC 
275 calibrated against polystyrene standards caused by the difference in hydrodynamic volumes 
276 between polystyrene and that of investigated polymers [51].

277 Figure 5. (a) Mn(SEC), Đ vs. conversion plots for polymerization of M1 using the 
278 AIBN/DDMAT initiating system at 70 ℃ in cyclohexanone at [M]0/[I]0 = 40, 100 and 
279 500. Polymerization conditions: [M]0 = 1 M, [DDMAT]0/[AIBN]0 = 3, 
280 [I]0 = [DDMAT]0 + 2·[AIBN]0. The straight lines correspond to the theoretical Mn. (b) 
281 SEC curves for P1P4 obtained at [M]0/[I]0 = 40.

282 The structures of the synthesized polymers (P1P4) were investigated using 1H NMR 
283 spectroscopy (Fig. 2b, Fig. S4). A notable aspect of the P1P4 spectra is the presence of 
284 signals indicative of the head (m, isobutyric or isobutironitrile) and the end (i-l, dodecyl 
285 trithiocarbonate) groups of the polymer main chain. Using more resolved signal of the end 
286 group (l), we were able to calculate the molecular weight of polymers by equation (1), while 
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 70 %
 100 %

7.8 8.0 8.2 8.4 8.6 8.8 9.0 9.2

Conversion

Elution volume (mL)

47 %
 85 %
 97 %
 100 %

P3

8.0 8.2 8.4 8.6 8.8 9.0 9.2 9.4 9.6 9.8

P4 Conversion

Elution volume (mL)

40 %
 72 %
 88 %
 100 %
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287 the usage of other signals was complecated due to their mutual overlap (including the signal 
288 of CTA fragment in the head group).

Mn(NMR) =  ΑΩ + MM
∫ I(𝐀𝐫)
6 ∫ I(𝐥) (1)

289 where 𝛢𝛺≅ 350 is a sum of molecular weight of head and end groups; MM is a molecular 
290 weight of corresponding monomer; ∫ 𝐼(𝑨𝒓) or 𝐼(𝒍) – integral intensity of aromatic signals 
291 (c-h) or (l) signal under consideration. Obtained values are presented in Table S2. As it was 
292 anticipated, the Mn values calculated from 1H NMR spectra are approximately twofold those 
293 calculated from SEC measurements. Nevertheless, these values are in good agreement with 
294 the theoretical molecular weights (Mn(theor.), Table S2).

295 3.2. Thermal properties

296 The thermal properties of the monomers (M1  M4) and the polymers (P1  P4) were 
297 studied by DSC and TGA (Fig. S5  Fig.S7). The values of melting points (Tm), glass 
298 transition temperatures (Tg), and the temperatures at which 5% loss of mass was observed 
299 (TID) are summarized in Table 1. Monomers M1-M4 showed endothermic melting signals in 
300 the first heating scans at 124, 162, 130 and 123 ℃, respectively (Table 1, Fig S5). However, 
301 in the second heating scans only glass transitions were observed, indicating that during the 
302 first heating scan the monomers were subjected to the thermal self-polymerization (Fig. S5) 
303 [25,43]. This assumption was confirmed by analyzing the samples of the monomers after the 
304 first heating scans using size exclusion chromatography. According to the SEC data, thermal 
305 self-polymerization resulted in the formation of polymers with Mn(SEC) = 21,800 g·mol-1 
306 (Đ = 5.4), Mn(SEC) = 20,700 g·mol-1 (Đ = 3.0), Mn(SEC) = 2,300 g·mol-1 (Đ = 17.5) and 
307 Mn(SEC) = 6,600 g·mol-1 (Đ = 25.5) from M1-M4, respectively (Table 1). 

308 Table 1. Thermal characteristics of monomers and of the synthesized polymers.

Compound MWa, g·mol-1 Tm
b (℃) Tg

c (℃) TID
d (℃)

M1 269 / 21,800 124 180 393e

M2 285 / 20,700 162 154 413e

M3 311 / 2,300 130 158 394e

M4 301 / 6,600 123 154 393e

P1 7,200 – 200 404

P2 5,200 – 193 385

P3 7,700 – 202 381

P4 5,400 – 182 333
309 a Molecular weight for monomers and Mn(SEC) for polymers obtained using RAFT technique (P1-P4) or 

310 during DSC analysis via thermal self-polymerization of M1M4; b determined by DSC from the first heating 
311 scan: scan rate 20 ℃ min-1; c  determined by DSC from second heating scan: scan rate 20 ℃ min-1; d  5% 
312 weight loss determined by TGA: heating rate 20 ℃ min-1. e  5% weight loss of polymer formed during the 
313 measurement.
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314 Glass transition temperatures of P1-P4 were observed to exceed Tm of the 
315 corresponding monomers M1-M4 as well as Tg of the products of their thermal self-
316 polymerization. The polymers were obtained as amorphous materials with high thermal 
317 stability (TID of up to 404 ℃); no peaks due to crystallization and melting were observed in 
318 their DSC curves. It is noteworthy that for polymers P2P4, TID was found to be somewhat 
319 lower than that observed for the products of the thermal self-polymerization of M2-M4 
320 (Table 1). This observation can be attributed to facilitating the polymer decomposition due 
321 to the presence of the labile RAFT end group at the temperatures above 300 ℃ [52].

322 3.3. DFT calculations and electrochemical properties

323 For a more thorough study of the electrochemical properties, quantum chemical 
324 calculations were performed. Molecular orbitals of the synthesized monomers (M1M4), as 
325 well as monomer units in the main chain (U1U4) of the obtained polymers were modeled 
326 using density functional theory (DFT) employing B3LYP/6-311++G(2df,2p)//B3LYP/6-
327 31G(d,p) theory level. Computations revealed that monomers (M1M4) LUMOs are 
328 localized mainly on the styrene part of the molecules. In the case of units U1U4 the vinyl 
329 group of styrene disappears, leading to a decrease in the conjugation system and, 
330 consequently, to an increase in energy of corresponding molecular orbital according to the 
331 particle in a box model [53, 54] (Table 2, Fig. 6a,S8). The effect is so significant that it leads 
332 to an exchange of LUMO and LUMO+1 positions in energy diagram, while the rest of the 
333 near-frontier orbitals remain unchanged (Table 2, Fig. 6a,S8). The principle of simulated 
334 evolution of frontier MO of monomers during polymerization is presented in Fig. 6a. As for 
335 HOMOs orbitals, in M2M4 and U2U4 they are located strictly on corresponding 
336 heterocyclic moieties, while in M1 and U1 HOMO covers the whole structure. This 
337 phenomenon could be explained by the same difference in the dihedral angle (da) between 
338 the heterocyclic and styrene (or benzene) fragments shortly described above: in M2M4 and 
339 U2U4 the planes of these fragments are perpendicular to each other turning the overlap 
340 integral to 0, while M1 and U1 are characterized by da = 55 and 57 degrees respectively, 
341 allowing an effective interaction between carbazole and styrene (or benzene) orbitals.

342 Table 2. Orbital properties of the synthesized monomers and polymers.

Compound
HOMO

(calc.)a, eV
Ip (CV)b, 

eV
Eg

c, eV
EA

d,
 eV

LUMO
(calc.)a, eV

LUMO+1
(calc.)a, eV

M1 -5.67 -5.63 3.68 -1.95 -1.65 -1.19
M2 -5.00 -5.04 3.46 -1.58 -1.74 -1.02
M3 -5.21 -5.25 3.70 -1.55 -1.65 -0.93
M4 -5.26 -5.04 3.15 -1.89 -1.71 -1.05
P1 -5.61 -5.53 3.71 -1.82 -1.12 -0,86
P2 -4,94 -5.09 3.54 -1.55 -0.97 -0.82
P3 -5.14 -5.18 3.84 -1.34 -0.87 -0.72
P4 -5.19 -5.09 3.12 -1.97 -1.03 -0.73

343 a Computed by DFT using B3LYP/6-311++G(2df.2p)//B3LYP/6-31G(d.p) theory level (for polymers (P1-P4) 
344 simulation of the units structures (U1-U4) were used); b  Ionization potentials obtained by CV data according 
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345 to the equation: IP(CV) = 4.8 + Eoх
onset vs Fc ; c measured as a cross-point of absorption and PL spectra in THF 

346 solutions; d Electron affinity obtained by CV data according to the equation: EA(CV) = IP(CV) - Eg

347

348 Figure 6. (a) Evolution of frontier MO of monomers during polymerization; (b) the 
349 influence of increment X in the dibenzoheterocyclic monomers and polymers on their 
350 HOMO energy.

351 The cyclic voltammetry (CV) measurements were performed for synthesized monomers 
352 (M1M4) and corresponding polymers (P1P4) in DCM at an inert atmosphere to determine 
353 the experimental ionization potential (Ip) values which are related to the HOMO energies. 
354 The half-wave potential of reversible oxidation waves of dilute solutions in dichloromethane 
355 of the studied materials with respect to ferrocene was used to obtain the Ip values (Fig. S9). 
356 The obtained values demonstrate the close agreement with computational ones (Table 2). The 
357 difference between experimental and calculated values does not exceed 0.2 eV which 
358 indicates the suitability of the applied theory level to predict orbital energies in such 
359 compounds. The influence of the increments X on HOMO energy of M1-M4 and P1-P4 is 
360 directly associated with its electronic effects (Fig. 6b, Table 2). The presence of a 
361 dimethylmethylene moiety displaying positive inductive effect (+I) (M3 and P3) has been 
362 shown to result in an increase in the HOMO energy as compared to fully conjugated system 
363 (M1/P1). Furthermore, the incorporation of heteroatoms such as O or S (M2/P2 or M4/P4, 
364 respectively), which exhibit competition between positive mesomeric (+M) and negative 
365 inductive (-I) effects, has been observed to result in an even greater increase in HOMO energy 
366 (Table 2). This is attributed to the superiority of the +M effect over the -I effect [25]. In 
367 summary, as it was demonstrated above, the HOMO energy of synthesized polymers can be 
368 easily tuned by the changing the substituent in the carbazole moiety. 
369 The obtained CV data also allowed us to estimate the values of electron affinity energies 
370 (related to LUMO enrgies) of the studied compounds using the energy gap (Eg) values 
371 measured in the electronic spectra described below (Fig. 8, Fig. S10). However, the obtained 
372 values exhibited suboptimal convergence with the calculated values (Table 2). This is likely 
373 attributable to the contribution of non-HOMO-LUMO orbital transitions in the first electronic 
374 transition, resulting in a decrease of its energy.
375 For polymers and monomers containing carbazole, phenoxazine or phenothiazine 
376 fragments (M1, M2, M4 and P1, P2, P4), CV peaks were characterized by a clear 
377 reversibility (Fig. S9). In the case of acridane-containing compounds (M3 and P3), an 

HOMO

LUMO

LUMO+1

...

HOMO

LUMO

LUMO+1

...

M U

same symmetry, similar shape, close energy
exclusion of the vinyl group from the orbital shape, an increase in energy

N

X

R
X

effect +M,-I

M1/P1 M2/P2 M3/P3 M4/P4

O C S

+M,-I+I

HOMO:
M2 = M4 > M3 > M1

P2 = P4 > P3 > P1

(a) (b)

-conj.
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378 interesting phenomenon in their CV was discovered: during the first scan after one oxidative 
379 peak two reductive peaks were observed (Fig. 7a,b). However, the second oxidative peak 
380 appeared in further scans. It was characterized by lower applied potential and current values; 
381 in terms of shape, it appears to correspond the second reductive peak that has been identified 
382 in all scans. The aforementioned observations indicate that cation radicals formed by the 
383 oxidation of M3 or P3 are not stable and undergo chemical transformation. This effect has 
384 previously been observed for a number of 9,9-disubstituted acridane derivatives in a number 
385 of works [55,56]. In their study, the authors assumed that a condensation reaction may occur 
386 at the 2 and 7 positions of acridane moiety as the recombination of cation radicals followed 
387 by deprotonation. Therefore, we hypothesized that similar process could take place in case 
388 of M3 and P3 (Fig. 7c).

389

390
391 Figure 7. Cyclic voltammograms of (a) M3 and (b) P3 recorded at scan rate 50 mV s-1 
392 vs. Ag/Ag+ in a solution of Bu4NPF6 (0.1 M) in CH2Cl2; (c) scheme describing 
393 electrooxidative condensation of acridane moiety in M3 and P3, and photos of 
394 corresponding elecrolyzates after 30 min of 1.0 V vs. Ag/Ag+ potentiostatic regime.

395 In order to estimate the intensity of processes described above, we carried out the 
396 electrolysis of M3 and P3 solutions in DCM (with 0.1 M Bu4NPF6 as electrolyte). During 
397 the anodic oxidation in potentiostat regime at 1.0 V vs Ag/Ag+ the solutions under 
398 examination began to exhibit a rapid change in coloration: from colorless to azure green for 
399 M3 and to swamp green for P3 (Fig. 7c). The addition of an excess of hydrazine hydrate 
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400 solution in methanol resulted in the complete discoloration of the system (dedoping), 
401 accompanied by precipitation of white polymer powder. This evidence suggests that the 
402 cation radicals are responsible for the color observed in the electrolyzate. It is noteworthy 
403 that the P3 precipitate exhibited no further dissolution in any of the solvents, which can be 
404 attributed to the formation of a cross-linked architecture, which serves as an indirect 
405 confirmation of the proposed mechanism.

406 3.4. Photophysical properties of the solutions

407 The photophysical properties of the obtained polymers were then investigated. 
408 Absorption and photoluminescence spectra were recorded of the solutions in the solvents of 
409 varying polarities in order to evaluate solvatochromism. The results obtained were different 
410 from the anticipated ones (Table 3, Fig. 8). While the shapes of the PL bands differed, the 
411 maxima were found to be largely similar for most of the solutions of the same polymer. 
412 However, the polymer solutions in chloroform (and, in the case of P3, also in DCM) exhibited 
413 the anomalous red-shifted emission (Fig. 8, Fig. 9).

414 Table 3. Photophysical properties of the solutions of the polymers.

Polymer
λmax,a 
nm

Tol CHCl3 DCM THF Me2CO MeCN
PLQY,c 

%

abs.
295, 325, 

340
295, 330, 

340
295, 

325, 340
285, 

320, 335
330, 345

296, 
329, 343

-
P1

PLb 350, 360
350, 365, 

450
350, 365 350, 365 350, 365 350, 365 26.99

abs. 315 320, 400 325 280 335 325 -
P2

PLb 395 495 395, 485 375, 390 395 395 3.59
abs. 290 290, 365 290 320 290 290 -

P3
PLb 375, 390 435 370, 445 395, 405 370, 385 370 8.05
abs. 325 315 260, 315 310 330 260, 315 -

P4
PLb 450, 470 540, 560 450, 470 445, 470 445, 475 450, 480 0.49

415 a Wavelengths of absorption and PL maxima recorded in air at 298 K; b λexc = 300 nm; c measured by 
416 integrating sphere in THF solutions under air at 298 K.
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417

418

419 Figure 8. Combined UV−vis absorption (dash line) and photoluminescent (solid line, 
420 λexc = 300 nm) spectra of the solutions of  P1  P4 in the different solvents.

421 This observation can be explained by the potential interaction of excited polymer molecules 
422 with chloroform. It is established that a number of carbazole, phenoxazine, acridan and 
423 phenothiazine derivatives are capable of reducing halogen-containing compounds under the 
424 influence of electromagnetic radiation, thereby activating the C-Cl or C-Br bonds 
425 [8,10,55,57]. Consequently, they are employed as photocatalysts in photopolymerization 
426 (O-ATRP processes) and organic synthesis. [8,10,55]. Further corroboration of this 
427 hypothesis can be found in the study which demonstrated that excited carbazole molecules 
428 are susceptible to oxidation by tetrachloromethane [57]. It can be reasonably assumed that 
429 the longer wavelength emission is due to excimers formed between the excited polymer and 
430 chloroform (Fig. 9a).
431 In order to provide the quantitative substantiation of this assumption, it was necessary 
432 to measure the redox potential of the polymers under study in their excited triplet and singlet 
433 states. To achieve these objectives, fluorescence and phosphorescence spectra were recorded 
434 of THF solutions at 77 K. The obtained data are presented in Fig. 9c and Table 4. The 
435 energies of the singlet (S1) and triplet (T1) excited states, as well as the corresponding redox 
436 potentials (E°(P+/1P*) and E°(P+/3P*)), were calculated on the basis of the obtained spectra.
437
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438

439

440

441 Figure 9. (a) Proposed mechanism of the formation of polymer-chloroform excimers; 
442 (b) photos of the solutions of P4 in the different solvents under UV (λmax = 350 nm) 
443 irradiation; (c) PL and phosphorescence spectra of THF solutions of P1-P4 recorded at 
444 77 K, λexc = 300 nm and 200 μs of delay, if the parameters are not specified.

445 Table 4. Electrochemical properties of the synthesized polymers.

Polymer S1
a, eV T1

a, eV ΔEST, eV E°(P+/P)b, V E°(P+/1P*)b,c, V E°(P+/3P*)b,c, V

P1 3.71 3.14 0.57 1.03 -2.68 -2,11
P2 3.54 2.81 0.73 0.60 -2.94 -2,21
P3 3.84 3.19 0.65 0.69 -3.15 -2,50
P4 3.12 2.58 0.54 0.60 -2.52 -1,98

446 a Measured from fluorescence and phosphorescence spectra; b vs. SCE; c calculated as E°(P+/P) – S1(or T1)·ē.

447 The redox potentials of the excited singlet states of P1P4 are in the range of -3.15 
448 to -2.52 V vs SCE (Table 4). Meanwhile, those of the triplet states are in the range of -2.50 
449 to -1.98 V vs. SCE. Therefore, the reduction potential of both excited states is sufficient to 
450 reduce the carbon-chlorine bond in the chloroform molecule. According to the literature data 
451 its potential is of 0.3 V vs. SCE [58]. It is also worth of noting that among the polymers 
452 studied, the excited states of P3 have the most expressed reducing properties, showing 
453 E°(P+/1P*) = -3.15 V and E°(P+/3P*) = -2.50 V vs. SCE. This observation may be the reason 
454 why this particular polymer is able to form excimers not only with the molecules of CHCl3 
455 but also with those of DCM, whose potential, according to the literature data, is of 
456 -1.5 V vs. SCE [59].
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457 TD-DFT calculations were performed to identify relationship between the observed 
458 photophysical properties of P1P4 and their structures. In this way, natural transition orbitals 
459 (NTO) for the corresponding units (U1U4) were visualized using B3LYP/6-
460 311++G(2df.2p)//B3LYP/6-31G(d.p) theory level with PCM model for THF medium 
461 simulation. Computed NTO shapes are presented in Fig. 10. The examination of them reveals 
462 that the T1 state of each polymer under investigation corresponds to the local excitation (LE) 
463 of π-electrons of the donor dibenzoheterocyclic groups. However, the S0-S1 transitions 
464 exhibited weak charge transfer (CT). In the case of P1, CT from the phenylene moiety to the 
465 carbazolyl group occured, while, in the cases of P2P4, CT from the dibenzoheterocyclic 
466 groups to the phenylene fragment took place. The computational data allows to explain the 
467 observed near to the total absence of solvatochromic shifts of the spectra of the studied 
468 polymers thereby indicating LE-character of the excited states.

469

470 Figure 10. NTO shapes of S1 and T1 excited states of P1-P4.

471 Summarizing the obtained theoretical and experimental data, we can conclude that 
472 for the studied polymers the influence of the increments X (Fig. 6b) on the energies of the 
473 singlet and the triplet excited states shows the following tendency: P3>P1>P>P4. Therefore, 
474 most reliable method for the increase of the energy of excited states is the incorporation of a 
475 +I-donor moiety (such as disubstituted methylene) into the structure. Conversely, the 
476 incorporation of a heteroatom (O, S) results in ambiguous consequences being likely 
477 attributable to the different impact of the heteroatom +M-effect on the electron density of the 
478 ground state (S0) and excited states (S1 and T1) with the more remote density [60].
479 Nevertheless, the reexamination of the acquired data reveals that the triplet energy 
480 and HOMO energy levels for the studied polymers exceed those of PVK (2.5 and -5.9 eV, 
481 respectively) [61], indicating that P1P4 are promising host materials for OLEDs fabrication 
482 [13,18,19]. Therefore, their properties in the solid state and their performance in various 
483 solution-processable devises were further investigated.
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484 3.5. Electrooptical and photophysical properties of the films

485 The energy levels of the solid films of P1P4 were obtained by photoelectron 
486 emission (PE) spectroscopy in air. The ionisation potential (𝐼𝑃𝐸

𝑃 ) of the solution-processed 
487 films P1P4 were taken from the corresponding PE spectra (Fig. 11a). The electron affinity 
488 (𝐸𝑃𝐸

𝐴 ) values of the films were calculated using formula 𝐸𝑃𝐸
𝐴 =𝐼𝑃𝐸

𝑃 ― 𝐸𝑔. The 𝐼𝑃𝐸
𝑃  and 𝐸𝑃𝐸

𝐴  
489 values of P1P4 are collected in Table 5. The films of P1P4 showed 𝐼𝑃𝐸

𝑃  values in the 
490 range of 5.83-6.11 eV. These values are higher than 𝐼𝑃𝐸

𝑃  values of many organic OLED 
491 emitters, including blue emitting ones [62]. The increase in 𝐼𝑃𝐸

𝑃  during the transition from a 
492 single molecule to condensed state is the well-known phenomenon [63]. It is associated with 
493 the decrease in HOMO energy due to the polarization effect (van der Waals forces, π-π 
494 stacking, etc.) of the neighbouring molecules [64]. The quantitative characteristics of this 
495 effect (P+) for the studied polymers are presented in Table 5. The P+ values range from 0.58 
496 to 0.82 eV, with the maximum value observed for P4. This phenomenon can be attributed to 
497 the presence of S atoms in its structure, which possess a higher polarizability and van der 
498 Waals radius compared to elements of the 2nd period [64].
499 The films of P1P4 showed 𝐸𝑃𝐸

𝐴  values in the range of 2.3-2.64 eV, which are 
500 comparable with the values of 𝐼𝑃𝐸

𝑃  of many organic OLED emitters [62, 65]. These results 
501 support the potential of P1P4 as the OLED hosts.

502

503
504 Figure 11. PE (a), PL spectra (b) and PL decay curves recorded at short (c) and 
505 long wavelengths of the spin-coated films of P1P4.
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506 PL spectra of neat films of P1-P4 were characterised by high-energy and low-energy 
507 bands or shoulders (Fig. 11b). The high-energy emissions are similar to the emissions 
508 observed for the solutions of P1P4. The low-energy emissions of the films can be attributed 
509 to excimer formation in the solid state [67]. PL decay curves of P1P4 were recorded at the 
510 shorter and the longer wavelengths (Fig. 11c,d). The long-lived emissions observed at the 
511 long wavelengths support the assumption of the excimer formation. The PL spectra, PL decay 
512 curves and fitting data of PL decay curves of the films of P1P4 recorded at the different 
513 conditions are collected in Fig. S11, Tables S3. For the estimation of the PL lifetimes of the 
514 films of P1P4, the fittings for their PL decay curves were provided using the formula 
515 y = A1·exp(-x/τ1) + A2·exp(-x/τ2) + A3·exp(-x/τ3), where x is τ, A1, A2 and A3 are the 
516 fractional intensities of prompt and delayed fluorescence; τ1 is the lifetime of prompt 
517 fluorescence and τ2 and τ3 are lifetimes of delayed fluorescence. The equation (2) was used 
518 for the calculation of the average delayed fluorescence lifetimes [29]. The average lifetimes 
519 τavg

film are given in Table 5.

τ =
∑ 𝐴𝑖τ2

𝑖

∑ 𝐴𝑖τ𝑖
(2)

520 Table 5. Photophysical and electroluminescent parameters in the solid samples of 
521 P1P4 .

Compound P1 P2 P3 P4
λabs (onset), nm a,b 357 351 380 379
Eg, eV b 3.47 3.53 3.26 3.27
λPL

film, nm a,c 420 440 410 498
avg 

film, ns 17.30 2.63 8.12 6.63
χ2 1.00 1.00 1.02 1.00
IP

PE, eV a 6.11 5.83 5.90 5.91
P+, eV 0.58 0.74 0.72 0.82
EA

PE, eV 2.64 2.30 2.64 2.64
λEL

exciplex, nm d 538 568 530 593
522 a –Measured in air at 298 K; b measured from absorption spectra of the films; c λex  is 320 nm; d λEL

exciplex is 
523 taken from EL spectra of devices II-P1-P4 (Figure 12c).
524

525 3.6. Charge-injecting, charge-transporting, exciplex-forming and electroluminescent 
526 properties.

527 For the estimation of charge-injecting, charge-transporting, exciplex-forming or 
528 electroluminescent (EL) properties of the polymers, we selected two types (I and II) of 
529 OLEDs with straightforward structures ITO/HAT-CN (8nm)/VM-35 (40nm)/EML (20nm) 
530 /TSPO1 (8nm)/TPBi (40nm)/LiF (1.7)/AL (devices I) and ITO/HAT-CN (8nm)/VM-35 
531 (40nm)/EML (Polymers and POT2T (50%)) (20nm)/TSPO1 (8nm)/TPBi (40nm)/LiF 
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532 (1.7)/AL (devices II), respectively (Fig. 12a). Hole-transporting polymeric layer (VM-35) 
533 and light-emitting layer (EML) were spin-coated. The other functional layers were deposited 
534 in a vacuum. The materials used for the fabrication of OLEDs are described in the experiment 
535 section. Using the polymers P1  P4 as hosts with high triplet energy levels of up to 3.19 eV 
536 (Table 4) for the previously developed TADF/TTA emitter 2,7-bis(9,9-dimethylacridin-
537 10(9H)-yl)dibenzo[a,c]phenazine (AcDbp) [68], devices of the series I were fabricated. Their 
538 light-emitting layers consisted of AcDbp[20 wt.%] and P1 (device I-P1), AcDbp[20 wt.%] 
539 and P2 (device I-P2), AcDbp[20 wt.%] and P3 (device I-P3), and of AcDbp[20 wt.%] and 
540 P4 (device I-P4). Using the polymers as exciplex-forming materials (donors) in combination 
541 with the exciplex-forming acceptor 2,4,6-tris[3-(diphenylphosphinyl)phenyl]-1,3,5-triazine 
542 (PO-T2T) [69], devices of the series II were prepared. Their light-emitting layers consisted 
543 of P1 and PO-T2T (device II-P1), P2 and PO-T2T (device II-P2), P3 and PO-T2T (device 
544 II-P3), P4 and PO-T2T (device II-P4) (Fig. 12a). The donor-to-acceptor molar ratio was one 
545 to one. Devices I-P1P4 and II-P1P4 were characterized by very low brightnesses because 
546 of the lack of optimizations (Fig. 12b). This resulted in external quantum efficiencies below 
547 unity despite the fact that the used TADF emitters AcDbp and PO-T2T-based exciplexes 
548 showed EQE of over 20% in vacuum-deposited OLEDs [68,69]. This may be caused by the 
549 fact that AcDbp and PO-T2T were not ideally suited for the solution processable devices. 
550 Nevertheless, the charge-injecting and charge-transporting properties of polymers P1P4 can 
551 be relatively analyzed using the data collected for devices I-P1P4 and II-P1P4 (Fig. 12). 

(a)

 
(b)

 
(c)

552 Figure 12. Schematical device structures (a), current density and brightness as the functions 
553 of voltage (b) and EL spectra of devices I-P1P4 and II-P1P4 (c). 

554 The turn-on voltages of 6.58, 6.05, 6.17, and 5.8 V were observed for OLEDs I-P1, 
555 I-P2, I-P3 and I-P4, respectively. The similar trend was observed for driving voltages of 8.1, 
556 7.8, 7.8 and 7.2 V at the current density of 10 mA/cm2 for devices I-P1, I-P2, I-P3 and I-P4, 
557 respectively. This observation indicates that host P4 had the best combination of charge-
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558 injecting and charge-transporting properties. The charge-injecting and charge-transporting 
559 properties of P2 are similar to those of P3. They are better than those of P1. The results 
560 obtained for P1 are in agreement with the HOMO value of -5.53 eV estimated for this 
561 polymer. It is considerably lower than those estimated for the other polymers (Table 2).
562 The EL spectra of devices I-P1P4 are characterized by the emission of emitter 
563 AcDbp (Fig. 12c). The emission of hosts at ca. 350-450 nm was not observed even after EL 
564 spectra were rebuilt in log-log scales, indicating good energy transfer from host to guest. The 
565 EL spectra remain constant at the different voltages. It should be noted that the EL spectra of 
566 devices I peaked in the range of 565 to 596 nm despite the concentration of AcDbp (20 wt.%)  
567 was well controlled in solution-processable OLEDs. This means that the different polarity of 
568 P1P4 caused the differently situated peaks of EL spectra of devices I-P1P4. P2 caused the 
569 strongest shifts of charge-transfer emission of AcDbp when used in OLEDs as the host. 
570 Devices II-P1P4 allow the demonstration of exciplex forming properties of polymers 
571 P1P4. The EL spectra of OLEDs peaked at the wavelengths of 525-598 nm (Table 5). The 
572 green-orange electroluminescence of devices II-P1P4 resulted from exciplexes formed 
573 between the polymers and PO-T2T. None of the functional materials of devices II-P1P4 
574 are characterized by green-orange emission. The different colors of emissions of devices II-
575 P1P4 can be explained by the different HOMO values of the studied polymers. The obtained 
576 information on EL and other properties of polymers P1P4 should be useful for the 
577 development of the next generation of polymeric hosts and polymeric exciplex-forming 
578 materials.

579 4. Conclusions

580 In this work, an approach for the synthesis of polymers with high triplet energy has been 
581 developed through the investigation of structure – properties relationship of the different 
582 dibenzoheterocyclic polymers. A series of styrene-type dibenzoheterocyclic monomers 
583 bearing carbazole, phenoxazine, 9,9-dimethylacridane and phenothiazine moieties were 
584 synthesized and subjected to the RAFT polymerization. It afforded well-defined polymers 
585 with Mn(SEC) ≤ 30,000 g·mol-1, moderate dispersity (Đ = 1.2-1.6), high glass transitions 
586 temperatures and high thermal stability (Tg = 182-200 ℃ and TID = 333-404 ℃). It is 
587 demonstrated that incorporation into carbazole-like moieties of heteroatoms (O, S) 
588 possessing positive mesomeric effect is an efficient approach for the increase of the HOMO 
589 energy in dibenzoheterocyclic polymers. In contrast, the breaking of conjugation in carbazole 
590 moiety and the introduction of disubstituted methylene group possessing positive inductive 
591 effect allows to enhance the energies of excited states (both S1 and T1). The study of the 
592 photophysical properties of the solutions of the polymers reveals high values of HOMO (up 
593 to -5 eV), singlet (up to 3.8 eV) and triplet (up to 3.2 eV) energies. These characteristics 
594 endows the explored polymers with a unique property: the ability to form excimers with 
595 chloroform, which are characterized by an intense emission. The high reductive properties of 
596 the 9,9-dimethylacridane-based polymer (P3) excited states (E°(P+/1P*) = -3.15 V vs. SCE, 

This preprint research paper has not been peer reviewed. Electronic copy available at: https://ssrn.com/abstract=5173704

Pr
ep

rin
t n

ot
 p

ee
r r

ev
ie

w
ed



https://www.sciencedirect.com/journal/polymer 22 of 27

597 E°(P+/3P*) = -2.50 V vs. SCE) enable its capacity to form excimers with dichloromethane. 
598 The high energetic values of P3 are responsible for its ability to undergo step-growth 
599 coupling via electrooxidation at relatively low voltages (< 1 V vs. Ag/Ag+). The distinctive 
600 properties of these polymers make them interesting to various fields including photocatalysis 
601 (especially, C-Hal photoactivation) and the synthesis of cross-linked electro- and photo-
602 sensitive materials.
603 The triplet and HOMO energy levels of the studied polymers exceed those of 
604 commercially used PVK (T1 = 2.5 eV, HOMO = -5.9 eV), indicating that the synthesized 
605 polymers are promising host materials for OLEDs (including blue ones) [13], despite of low 
606 quantum efficiency of devices fabricated in this work.
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