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Abstract 

A series of five novel sky-blue to green emitting push-pull fluorophores based on 

phenothiazine donor and 1,3,4-oxadiazole acceptor were synthesized and 

characterized. Their doped thin films (5 wt% in PMMA) showed high quantum 

efficiencies (ФPL) from 0.63 to 0.77. These fluorophores also underwent remarkably 

reversible oxidations and reductions suggesting their excellent electrochemical 

stability. Facile tuning of photophysical, thermal and electrochemical properties of the 

fluorophores could be achieved by optimizing the functional group attached to the 

1,3,4-oxadiazole moiety. Finally, we propose that further functionalization of these 

fluorophores can be easily achieved and as a proof of concept the synthesis of a vinyl 

polymer derivative Poly(PO-Tol) was demonstrated. 

 

(Keywords: push-pull; donor-acceptor; structure-property relationship; intramolecular 

charge-transfer) 

 

Introduction 

Push-pull donor-acceptor (D-A) architecture has been extensively employed in 

optoelectronic materials [1-13]. For example, thermally activated delayed 
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fluorescence (TADF) is a recent important advance in organic light-emitting diode 

(OLED) technology for singlet harvesting without the use of organometallic 

complexes based on rare metals, the gist of which requires a D-A architecture to 

separate the highest occupied molecular orbital (HOMO) and lowest unoccupied 

molecular orbital (LUMO) so that a vanishing splitting energy (∆EST) is realized [1-

6]. In addition, D-A architecture is essential in many organic photovoltaics (OPV) 

materials to facilitate charge dissociation and to extend their absorption into the 

visible region [7-11]. 

Phenothiazine is a favorable constituent in many optoelectronic materials due to its 

numerous attractive intrinsic properties. Firstly, termed elegantly as “butterfly 

conformation”, the two phenyl rings of phenothiazine are twisted, so that undesirable 

intermolecular interactions such as excimer formation can be suppressed [7-8,14-15]. 

This structural feature is essential for dye-sensitized solar cells (DSSCs) because 

aggregation of phenothiazine-based dyes is suppressed so that higher power 

conversion efficiencies can be achieved [7-8]. Secondly, phenothiazine also forms 

highly stable radical cation with outstanding electrochemical stability [16-17]. Finally, 

facile transformation of phenothiazine to S,S-dioxide analogues enables convenient 

photophysical, thermal and electrochemical properties engineering which can bring 

improved performances in electroluminescence efficiency [18-21]. On the other hand, 

1,3,4-oxadiazole is a very popular n-type material due to its excellent electron-

injection and electron-transporting capabilities and has been utilized in chemosensors 

[22-23], organic semiconductors [24-26] and electroluminescence devices [5,27-28]. 

Nevertheless, phenothiazine-oxadiazole D-A small molecules with intramolecular 

charge-transfer (ICT) character have been underexplored. The work contributed by 

Park and co-workers contained a small molecule where phenothiazine was linked to 
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1,3,4-oxadiazole via a phenyl bridge but it was a synthetic intermediate whose 

physical properties were not studied [29]. Pan et al. reported 10-ethyl-3-(5-methyl-

1,3,4-oxa-diazol-2-yl)-10H-phenothiazine which was structurally very similar to 

compound 5 in this study (vide infra), but only the crystal structure was studied [30]. 

In a patent filed by Ahn et al., two phenothiazine-oxadiazole push-pull fluorophores 

were applied as emitters in OLED devices [31]. In addition, Qiu et al. very recently 

employed two phenothiazine-oxadiazole fluorophores in the emitting layer of OLED 

devices and achieved a maximum external quantum efficiency (EQE) of 5.4% which 

is close to the theoretical EQE cap for fluorescent OLEDs, clearly demonstrating the 

potency of this class of emitters [5]. However, the phenothiazine-oxadiazole push-pull 

fluorophores reported by Ahn and Qiu were structurally very similar and therefore it 

leaves room for further investigation of this emitter system. In this contribution, we 

synthesized and characterized a series of five novel phenothiazine-oxadiazole D-A 

fluorophores (Figures 1, 5-9) where the substituents attached to the oxadiazole moiety 

were responsible for tuning the photophysical, electrochemical and thermal properties 

of the fluorophores. A S,S-dioxide analogue PO-Tol-SO2 (10) (Figure 1, inset) was 

also synthesized where the oxidized phenothiazine resulted in tremendous impact on 

the photophysical and electrochemical profiles of these fluorophores due to the loss of 

their push-pull character [18]. We shall demonstrate that the phenothiazine-oxadiazole 

D-A fluorophores are not only highly emissive but also electrochemically very stable. 

Finally, facile functionalization of these D-A fluorophores for tailored purposes is 

another attractive merit of this emitter system and we shall demonstrate this by 

preparing a vinyl polymer derivative Poly(PO-Tol). 
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Figure 1. Chemical structures of the novel phenothiazine-oxadiazole D-A 

fluorophores (5-9). Also shown in the inset is PO-Tol-SO2 (10) which is the S,S-

dioxide analogue of PO-Tol (6). 

 

Results and Discussions 

Synthesis 

 

Scheme 1. Synthesis of phenothiazine-oxadiazole D-A fluorophores. i) K+t-BuO-, 

MeI, THF, rt, 30 min ii) POCl3, DMF, chlorobenzene, 70 oC, 5 h iii) NH2OH·HCl, 

NMP, 120 oC, overnight iv) NaN3, NH4Cl, DMF, 115 oC, 2 d v) RCOCl, pyridine, 

reflux, overnight.  

 

The synthetic route of the phenothiazine-oxadiazole D-A fluorophores 5-9 is shown in 

Scheme 1. The key intermediate tetrazole 4 was generated by Vilsmeier formylation, 

cyanation and subsequent cyclization by azide anion. The target 1,3,4-oxadiazole was 

formed by reacting 4 with corresponding acid chlorides in refluxing pyridine. The S,S-



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

5 
 

dioxide analogue PO-Tol-SO2 (10) was derived from PO-Tol (6) in an excellent yield 

of 99.3% using m-chloroperoxybenzoic acid (mCBPA) as the oxidant. All the 

syntheses employed conventional chemistry and can be easily scaled up. 

 

Photophysical Properties 

Table 1. Summary of absorption and emission profiles of the phenothiazine-

oxadiazole D-A fluorophores in different matrices. 

 Absorption  Emissiona 

 

 

Фsol/Фfilm
d 

 
λabs (nm) [ε] 

 (103 M-1 cm-1) 
λem (nm) [FWHMb] (nm) 

 DCM PhMe DCM ACN Filmc 

5 269 [34.1], 277 [32.2], 348 [6.9] 464 [67] 482 [72] 493 [77] 465 [72.5] 0.51/0.72 

6 290 [32.3], 364 [11.5] 477 [68.5] 494 [72.5] 502 [80.5] 484 [70] 0.65/0.77 

7 298 [27.8], 368 [13.8] 482 [68] 499 [75.5] 510 [88.5] 484 [68] 0.64/0.73 

8 280 [27.0], 364 (sh) [12.7], 387 

[13.8] 

488 [94] 529 [106] 627 [144.5] 498 [104] 0.51/0.69 

9 275 [35.0], 302 (sh) [26.4], 387 

[18.6] 

530 [94.5] 664 [138.5] −d 529 [110.5] 0.51/0.63 

10 261 [16.8], 273 [18.2], 291 [23.8], 

332 [43.2] 

375 [44] 375 [45] 380 [51.5] 378 [42] 0.50/0.55 

a 
λex = 360 nm. bFull width at half-maximum. cSpun-coated thin film with 5 wt% sample in PMMA.  dSolution 

PLQY (Фsol) was measured in toluene with quinine sulfate as the reference (PLQY = 0.55 in 1N H2SO4 at 298 

K). dEmission too weak to be detectable. 
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Figure 2. Absorption spectra of the phenothiazine-oxadiazole D-A fluorophores (5, 8 

and 9) and the S,S-dioxide analogue (10) in DCM. 

 

Table 2 summarizes the photophysical properties of the phenothiazine-oxadiazole D-

A fluorophores and Figure 2 shows the absorption spectra of some phenothiazine-

oxadiazole D-A fluorophores under optically dilute solutions in DCM. All the D-A 

fluorophores (5-9) exhibited both π-π* transitions from ~280 nm to ~300 nm and 

intramolecular charge transfer (ICT) bands from ~350 nm to ~390 nm [32-34]. 

However, the ICT band was absent in 10 due to the loss of electron-donating ability of 

the phenothiazine moiety after the introduction of S,S-dioxide functional group [18]. 

In general, the ICT absorption maxima depended on the conjugation lengths and the 

electronic effects of the functional group attached to the oxadiazole moiety. For 

example, 5 showed the highest-energy ICT absorption maximum at 348 nm due to 

shortest conjugation length of the methyl group. Replacements of methyl group with 
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toluyl and thiophene functionalities increased conjugation lengths and resulted in red-

shifts in ICT band by 16 nm and 20 nm as observed in 6 and 7 respectively. On the 

other hand, 9 showed the lowest-energy ICT absorption maximum at 387 nm due to 

the electron-withdrawing 2,3-diphenylquinoxaline group. The absorption maxima of 

the D-A fluorophores were nearly identical irrespective of the solvents (Supporting 

Information Table S1), suggesting the absence of positive solvatochromism due to 

their relatively low polarity in the ground state [35-39]. 

 

Figure 3. Normalized emission spectra of 6 in toluene, DCM and acetonitrile (solvent 

dielectric constants ε listed in bracket) [40] showing positive solvatochromism. 

 

The phenothiazine-oxadiazole D-A fluorophores thin films (5 wt% in PMMA) 

exhibited high quantum efficiencies (0.63-0.77) and in particular 5-7 emitted sky-blue 

light (λPL: 465-484 nm), suggesting their high potential as emitters for OLED 

applications. In general, the quantum efficiencies in toluene (0.51-0.64) were lower 

than those of thin films which can be explained by the more rigid matrix in the latter 

to suppress non-radiative quenching pathways [4]. The emission energies of the 
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phenothiazine-oxadiazole D-A fluorophores demonstrated a similar trend as the 

absorption profile and could be easily tuned by the functional group attached to the 

oxadiazole moiety. For example, while 5 showed the bluest emission (film λPL: 465 

nm), 9 gave the lowest emission energy (film λPL: 529 nm) among the series with the 

help of strongly electron-withdrawing 2,3-diphenylquinoxaline group. However, 

unlike the absorption study which showed little dependence on the choice of solvents, 

positive solvatochromism was evident in the emission spectra. For example, the 

emission maxima of 6 red-shifted when the polarity of the solvents increased (Figure 

3) which was due to the dipolar stabilization of the highly polar excited state [35-39]. 

When the phenothiazine was oxidized to S,S-dioxide, the D-A architecture was lost 

and hence no positive solvatochromism was observed in 10 [18]. 

 
Electrochemical Properties 

Table 2. Summary of electrochemical profiles of the phenothiazine-oxadiazole D-A 

fluorophores by cyclic voltammetry.a 

 
 Oxidations Reductions  

 
E1/2

ox  

(V vs Fc/Fc+) 

∆Ep
oxb 

(mV) 

HOMOc 

(eV) 

E1/2
red  

(V vs Fc/Fc+) 

∆Ep
redd 

(mV) 

LUMOe 

(eV) 

Band gap 

(eV) 

5 0.44 73 -5.24 -2.57 71 -2.23 3.01 

6 0.44 79 -5.24 -2.51 64 -2.29 2.95 

7 0.44 68 -5.24 -2.49 76 -2.31 2.93 

8 0.46 75 -5.26 -2.38 74 -2.42 2.84 

9 0.46 76 -5.26 -2.28 73 -2.52 2.74 

10 1.39 −f -6.19 -2.05 74 -2.75 3.44 

aMeasured in degassed THF under argon with 0.1 M nBu4NPF6 as the supporting electrolyte. 

bPeak-to-peak separations for oxidation processes. cHOMO energies were calculated using the 
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relation EHOMO = − (E1/2
ox + 4.8) eV, where E1/2

ox is the oxidation potential with respect to E1/2 of 

ferrocene/ferrocenium redox couple. dPeak-to-peak separations for reduction processes. eLUMO 

energies were calculated using the relation ELUMO = − (E1/2
red + 4.8) eV, where E1/2

red is the 

reduction potential with respect to E1/2 of ferrocene/ferrocenium redox couple. fIrreversible 

oxidation. 

 
The electrochemical properties of the phenothiazine-oxadiazole D-A fluorophores 

were studied by cyclic voltammetry in degassed THF under argon with 0.1 M 

nBu4NPF6 as the supporting electrolyte and the data are summarized in Table 2. 

Fluorophores 5-9 possessed similar HOMO energy levels (from -5.24 eV to -5.26 eV) 

which suggested that the HOMO was mainly located on the phenothiazine moiety and 

the functional groups attached on the oxadiazole moiety were too remote to have 

observable effect on the HOMO. On the contrary, the LUMO energy levels were 

strongly affected by the substituents attached on the oxadiazole. For example, 9-

anthracenyl and 6-(2,3-diphenylquinoxalinyl) groups resulted in much deeper LUMO 

energy levels of -2.42 eV and -2.52 eV respectively in 8 and 9, suggesting the 

LUMOs were subjected to conjugation length and electron-withdrawing effects of the 

substituents. These fluorophores also showed highly reversible oxidations and 

reductions due to remarkably stable phenothiazine radical cation and oxadiazole 

radical anion, as demonstrated in Figure 4 that the cyclic voltammogram profile of 6 

did not change at all after 10 repeated cycles. Hence, the fluorophores have excellent 

redox reversibility which is crucial to the stability of optoelectronic devices. In 

addition, the peak-to-peak separations for both oxidations (∆Ep
ox) and reductions 

(∆Ep
red) of fluorophores 5-9 ranged from 68 to 79 mV and from 64 to 79 mV 

respectively, which are close to the theoretical 59 mV for an one-electron process. 

Oxidation of the phenothiazine strongly suppressed the donor ability of the 
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phenothiazine moiety and the HOMO was sharply lowered by as large as ~1 eV 

(compare 6 and 10). The oxidation of 10 also became irreversible. 

 
 
Figure 4. Cyclic voltammogram of 6 in degassed THF with 0.1 M nBu4NPF6 as the 

supporting electrolyte for 10 cycles. Both the oxidation and reduction were highly 

reversible and did not change at all after 10 repeated scans, suggesting desirable 

electrochemical stability of this class of phenothiazine-oxadiazole D-A fluorophores. 

 
Thermal Properties 

Table 3. Summary of thermal properties of the phenothiazine-oxadiazole D-A 

fluorophores. 

 
 Tg

a
 (

o
C) Tm

b
 (

o
C) Tonset

c
 (

o
C) 

5 −
d 170 365 
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6 −d 144 408 

7 103 168 408 

8 104 235 419 

9 125 245 446 

10 104 252 474 

aGlass-transition temperature. bMelting point cDecomposition onset temperature at 5 wt% 

loss. dNot detected. 

 
The glass-transition temperatures (Tg) and the decomposition onset temperatures 

(Tonset) of the phenothiazine-oxadiazole D-A fluorophores were probed by differential 

scanning calorimetry (DSC) and thermogravimetric analysis (TGA) techniques 

respectively and the results are summarized in Table 3. DSC and TGA thermograms 

of some D-A fluorophores are shown in Supporting Information (Figure S17-S19). 

High Tg is crucial to the film morphological stability against crystallization due to 

joule heat formation during the OLED device operation [41-42]. It is evident that the 

choice of functional group attached to the oxadiazole moiety could affect the Tg of the 

D-A fluorophores. For example, the incorporation of 2,3-diphenylquinoxaline group 

in 9 greatly enhances Tg to 125oC due to its higher molecular weight [43-44] and 

polarity [43,45]. In addition, oxidation of the phenothiazine to S,S-dioxide results in 

higher thermal stability which can be deduced by comparing the Tg, melting point and 

onset decomposition temperature (Tonset) between fluorophores 10 and 6. In general, 

the phenothiazine-oxadiazole D-A fluorophores are thermally robust with Tg > 100oC 

and Tonset > 400oC which suit optoelectronic applications.  

 
Further functionalization of phenothiazine-oxadiazole D-A fluorophores for 

additional property 
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Scheme 2. A map showing a number of possible further functionalizations of the 

phenothiazine-oxadiazole D-A fluorophores for tailored applications. Bromination 

followed by Suzuki or Sonogashira coupling gives a variety of aryl and alkynyl 

groups respectively (top route). Friedel-Crafts acylation followed by Knoevenagel 

condensation offers the tetraphenylethylene group for AIE property (middle route). 

Vilsmeier formylation followed by Wittig reaction gives vinyl monomer which can be 

readily polymerized, which was actually achieved in this study (bottom route). 

 

Scheme 3. Preparation of vinyl polymer Poly(PO-Tol) (13) derived from PO-Tol (6). 

i) POCl3, DMF, chlorobenzene, 100 
o
C, overnight ii) K

+
t-BuO

-
, CH3Ph3P

+
Br

-
, THF, rt, 

30 min. iii) AIBN, toluene, 80
o
C, overnight. Shown at the right are the normalized 

X

N

S

CH3

O
N

N

R

Br

O

HH

H

AIE property

Polymer

Various aryl/alkynyl groups
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emission of the polymer neat film and its photos of being held by a forceps 

demonstrating excellent flexibility in ambient condition (left) and under ultra-violet 

irradiation (right). 

 
An additional merit of the phenothiazine-oxadiazole D-A fluorophores is facile 

functionalization at the other side of the phenothiazine moiety (i.e. 7-position), thanks 

to its strong p-type character and highly regioselective electrophilic aromatic 

substitution reactions. As shown in Scheme 2, the phenothiazine-oxadiazole D-A 

fluorophores can be brominated followed by Suzuki or Sonogashira coupling to 

generate desired aryl or alkynyl derivatives. The fluorophores can also carry out 

Friedel-Crafts acylation with benzoyl chloride followed by Knoevenagel condensation 

with diphenylmethane to yield the tetraphenylethylene functionality which should 

bring about the interesting aggregation-induce emission (AIE) property [46]. As a 

proof of concept, we synthesized a vinyl polymer Poly(PO-Tol) (13) based on PO-

Tol (6) as shown in Scheme 3. The D-A fluorophore PO-Tol (6) underwent Vilsmeier 

formylation at position 6 to give 11 in a 51.2% yield, followed by Wittig reaction with 

methyl triphenylphosphonium bromide as the ylide precursor to generate the vinyl 

monomer 12 with an excellent yield of 95.2%. Conventional free-radical 

polymerization using catalytic AIBN initiator (1 mol%) in toluene at 80oC offered 

Poly(PO-Tol) in a 62.4% yield with a high number-average molecular weight (Mn) of 

32,000 Da and a polydispersity index (PDI) of 1.7. The neat film of Poly(PO-Tol) 

showed a green emission (λPL: 507 nm) with a high quantum efficiency of 67%. 

Therefore, the polymer is an ideal candidate as the emitting layer in organic light-

emitting diodes (OLED) or in light-emitting electrochemical cells (LECs) for its 

highly reversible oxidation and reduction (vide supra) which is beneficial to LEC 

device performance [47]. 
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Conclusions 

In this study, we have synthesized and characterized a series of five novel 

phenothiazine-oxadiazole push-pull fluorophores whose photophysical, 

electrochemical and thermal properties could be conveniently tuned by the oxadiazole 

substituents. These fluorophores were found to be highly emissive and 

electrochemically stable. We have also demonstrated their facile functionalization by 

preparing a vinyl polymer derivative. Therefore, we believe that this class of 

phenothiazine-oxadiazole push-pull fluorophores are very promising materials in 

optoelectronic applications. 

 

Experimental Section 

Characterization. Analytical thin-layer-chromatography (TLC) was performed with 

silica plates with aluminum backings (250 µm with F-254 indicator). TLC 

visualization was accomplished by 254/365 nm UV lamp. 1H and 13C NMR spectra 

were recorded with a Bruker-AF301 AT 400 MHz spectrometer using CDCl3 as 

solvent and tetramethylsilane as the internal standard. High resolution mass 

spectrometry (HRMS) was carried out using a Bruker autoflex MALDI-TOF mass 

spectrometer. Elemental analyses were performed using a Perkin-Elmer 2400 Series II 

Analyzer. Melting points were taken on differential scanning calorimetry (DSC) or on 

a MEL-TEMP capillary tube apparatus without correction. UV-vis absorption spectra 

were measured in THF at a 100 ppm concentration using a Varian Cary 200 

spectrophotometer. Fluorescence spectra were measured in toluene/DCM/MeCN at a 

10 ppm concentration using a Perkin Elmer LS55 Luminescence Spectrometer. 

Quantum yields were measured in toluene with quinine sulfate in 1N sulfuric acid as 
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the standard (Φ=0.55) with reference to the equation Φs = Φr(Ar/As)((Is/Ir)(ns/nr)
2, 

where A stands for the absorbance at the excitation wavelength (λex: 360 nm), I is the 

integrated area under the corrected emission curve and n is the refractive index of the 

solvent, with the subscripts “s” and “r” representing sample and reference respectively 

[48]. Doped thin film were obtained by spin-coating a DCM solution (1 mL) of a 

mixture of the sample (1 mg) and the PMMA (19 mg) matrix onto a quartz glass. 

Differential scanning calorimetry (DSC) analyses were performed on a Perkin-Elmer 

Pyris Diamond DSC under nitrogen purge at a heat rate of 20 oC/min. 

Thermogravimetric analyses (TGA) were achieved with a Perkin-Elmer TGA-6 

thermal analyzers under nitrogen at a heat rate of 40 oC/min. Cyclic voltammetry 

measurements were performed on a BAS CV-50W electrochemical analyzer adapted 

with a conventional three-electrode configuration consisting platinum working and 

auxiliary electrodes and a Ag/AgCl reference electrode. All measurements were 

effected in 0.1 M THF solution with tetrabutylammonium hexafluorophosphate as the 

supporting electrolyte and ferrocene as the internal standard. Molecular weights were 

determined by Gel Permeation Chromatography (GPC) using a HP 1050 series HPLC 

with THF as the eluent and a UV absorption detector (at 254 nm) calibrated against 

polystyrene MW standards. 

 

Materials. All the commercially available chemicals and reagent grade solvents were 

used as received. Anhydrous THF was obtained from distillation over sodium 

benzophenone ketyl. Toluene used in polymerization was distilled fresh once from 

calcium hydride and AIBN was recrystallized from methanol before use.  

 

Synthesis 
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10-Methylphenothiazine (1)  

 

To a solution of phenothiazine (5 g, 25.1 mmol) in dry THF (30 ml) under stirring at 

room temperature blanketed with nitrogen, potassium tert-butoxide (4.22 g, 37.7 

mmol) was added. The suspension was allowed to stir for 10 minutes, followed by 

dropwise addition of methyl iodide (2.35 ml, 37.7 mmol). After stirring for another 30 

minutes, excess hexane (50 ml) was added and the whole mixture was filtered through 

a short plug of silica. The silica was then washed with DCM several times. The filtrate 

was concentrated and dried under vacuum to give the crude 1 as a purple solid (5.24 

g, 98%) which was used directly for subsequent procedures. Mp 100.8-101.6 oC (lit. 

101.7 oC -104.1 oC) [49]. 

3-Formyl-10-methylphenothiazine (2) 

 

A mixture of 1 (6.74 g, 31.6 mmol), phosphorus oxychloride (16.1 ml, 173 mmol), 

dimethylformamide (11.5 ml, 149 mmol) in chlorobenzene (20 ml) was heated at 70 

oC for 5 hours. After cooling, ice water was added and the mixture was neutralized by 

sat. NaHCO3 (aq). The mixture was then allowed to stir for about another half an hour 

to ensure complete hydrolysis of the imine immediate which was then extracted by 

DCM (20 mL x 3). The combined organic phase was washed with sat. NaHCO3 (aq) 

and then brine. The DCM solution was dried with anhydrous Mg2SO4 and 

concentrated in vacuo to give the crude which was purified by flash column 

chromatography using EA: Hexane: Triethylamine (1:5:2%) as eluent to offer 2 (6.28 
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g, 81.5%) as a yellow solid. mp 83.1-83.9 o
C; δH (CDCl3) 9.77 (s, 1 H), 7.63 (dd, J = 

8.4 and 2.0 Hz, 1 H), 7.57 (d, J = 2.0 Hz, 1 H) , 7.19-7.14 (m, 1 H), 7.10 (dd, J = 7.6 

and 1.6 Hz, 1 H), 6.96 (dt, J = 7.6 and 1.6 Hz, 1 H), 6.83 (d, J = 8.4 Hz, 1 H), 6.82 

(dd, J = 8.0 and 0.8 Hz, 1 H), 3.39 (s, 3 H); δC (CDCl3) 189.1, 150.0, 143.0, 130.1, 

129.5, 126.9, 126.8, 126.3, 122.9, 122.6, 121.5, 113.8, 112.7, 34.8. 

3-Cyano-10-methylphenothiazine (3) 

 

A mixture of 2 (2.91 g, 12.1 mmol) and hydroxylamine hydrochloride (2.52 g, 36.3 

mmol) in NMP (30 ml) was heated to 120 oC overnight. After cooling, water was 

added and the mixture was extracted by DCM for several times. The combined 

organic phase was washed with water for three times and finally with brine. The DCM 

solution was dried by anhydrous Mg2SO4 and concentrated in vacuo to give the crude 

which was purified by flash column chromatography using EA: Hexane: 

Triethylamine (1:6:2%) as eluent to offer 3 (2.40 g, 83.6%) as a white solid. mp 

122.0-122.8 oC; δH (CDCl3) 7.40 (dd, J = 8.0 and 2.0 Hz, 1 H), 7.29 (d, J = 2.0 Hz, 1 

H), 7.18 (dt, J = 7.4 and 1.2 Hz, 1 H), 7.09 (dd, J = 7.4 and 1.2 Hz, 1 H), 6.97 (dt, J = 

7.4 and 1.2 Hz, 1 H), 6.82 (d, J = 8.0 Hz, 1 H), 6.75 (d, J = 8.0 Hz, 1 H), 3.36 (s, 3 

H); δC (CDCl3) 149.6, 144.1, 132.0, 130.0, 128.0, 127.4, 124.5, 123.7, 122.0, 118.9, 

114.8, 114.0, 105.3, 35.6. 

3-(2H-tetrazol-5-yl)-10-methylphenothiazine (4) 

 

A mixture of 3 (760 mg, 3.19 mmol), sodium azide (621 mg, 9.55 mmol) and 
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ammonium chloride (511 mg, 9.55 mmol) in DMF (20 ml) was heated at 115 oC for 2 

days. After cooling, the reaction mixture was poured into water and acidified to pH 1 

by conc. HCl (aq). The solid precipitated was filtered and air-dried overnight to offer 

4 (780 mg, 86.9%) as a grey solid which was pure enough to be used directly in the 

next step. Mp: decomposed at 130 oC evidenced by gas formation (powder expanded 

from inside out and turned into foam.) δH (DMSO-d6) 7.88 (dd, J = 8.5 and 2.0 Hz, 1 

H), 7.78 (d, J = 2.0 Hz, 1 H), 7.27-7.23 (m, 1 H), 7.20 (dd, J = 7.9 and 1.6 Hz, 1 H), 

7.14 (d, J = 8.6 Hz, 1 H), 7.03-6.99 (m, 2 H), 3.38 (s, 3 H); δC (DMSO-d6) 148.1, 

144.8, 128.6, 127.4, 127.3, 125.4, 123.6, 123.5, 121.6, 118.4, 115.6, 35.9. 

 

General Procedures for the preparation of Phenothiazine-Oxadiazole Push-Pull 

Fluorophores (5-9) 

3-[5-(4-Toluyl)-1,3,4-oxadiazol-2-yl]-10-methylphenothiazine (PO-Tol, 6)  

 

p-Toluyl chloride (0.18 ml, 1.36 mmol) was added dropwise to a solution of 4 (192 

mg, 0.68 mmol) in dry pyridine (2 ml) and refluxed overnight. After cooling, 10% 

HCl (aq) (10 ml) was added to the mixture which was then extracted by DCM for 

several times. The combined organic was washed with sat. NaHCO3 (aq) and then 

brine. The DCM solution was dried by anhydrous Mg2SO4 and concentrated in vacuo 

to give the crude which was purified by flash column chromatography using EA: 

Hexane: Triethylamine (1:4:2%) as eluent to offer 6 (142 mg, 48.9% from 3) as a 
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green solid. mp 143.4-144.2 o
C; δH (CDCl3) 7.98 (d, J = 8.0 Hz, 2 H), 7.91 (dd, J = 

8.4 and 2.0 Hz, 1 H), 7.83 (d, J = 1.6 Hz, 1 H), 7.31 (d, J = 8.0 Hz, 2 H), 7.19-7.12 

(m, 2 H), 6.96 (t, J = 7.6 Hz, 1 H), 6.86 (d, J = 8.4 Hz, 1 H), 6.83 (d, J = 8.0 Hz, 1 

H), 3.40 (s, 3 H), 2.41 (s, 3 H); δC (CDCl3) 164.4, 163.8, 148.6, 144.6, 142.2, 129.8, 

127.8, 127.3, 126.8, 126.6, 125.3, 124.2, 123.3, 122.5, 121.2, 118.0, 114.5, 114.1, 

35.6, 21.7; Anal. Calcd. for C22H17N3OS: C, 71.14%; H, 4.61%; N, 11.31%. Found: 

C, 70.98%; H, 4.56%; N, 11.55%. HRMS (MALDI) calcd for C22H17N3OS: 371.1092; 

found: 371.1088. 

3-[5-Methyl-1,3,4-oxadiazol-2-yl]-10-methylphenothiazine (PO-Me, 5) 

 

Yield: 42.0% from 3. Yellow solid, mp 169.5-170.4 o
C; δH (CDCl3) 7.79 (d, J = 7.6 

Hz, 1 H), 7.73 (s, 1 H), 7.19-7.11 (m, 2 H), 6.95 (t, J = 7.2 Hz, 1 H), 6.83 (d, J = 7.6 

Hz, 1 H), 6.82 (d, J = 7.6 Hz, 1 H), 3.39 (s, 3 H), 2.57 (s, 3 H); δC (CDCl3) 164.3, 

163.2, 148.5, 146.7, 127.7, 127.3, 126.3, 125.2, 124.2, 123.2, 122.6, 118.0, 114.5, 

114.1, 35.6, 11.7; Anal. Calcd. for C16H13N3OS: C, 65.07%; H, 4.44%; N, 14.23%. 

Found: C, 64.83%; H, 4.56%; N, 14.30%. HRMS (MALDI) calcd for C16H13N3OS: 

295.0779; found: 295.0768. 

3-[5-(2-Thiophenyl)-1,3,4-oxadiazol-2-yl]-10-methylphenothiazine (PO-Th, 7) 
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Yield: 66.7% from 3. Green solid, mp 167.4-168.1 o
C; δH (CDCl3) 7.88 (dd, J = 8.4 

and 2.0 Hz, 1 H), 7.80 (d, J = 2.0 Hz, 1 H), 7.79 (dd, J = 3.6 and 1.2 Hz, 1 H), 7.53 

(dd, J = 5.2 and 1.2 Hz, 1 H), 7.20-7.15 (m, 2 H), 7.13 (dd, J = 7.6 and 1.6 Hz, 1 H), 

6.96 (dt, J =  7.4 and 0.8 Hz, 1 H), 6.85 (d, J = 8.8 Hz, 1 H), 6.83 (dd, J = 8.0 and 0.8 

Hz, 1 H), 3.39 (s, 3 H); δC (CDCl3) 163.5, 160.5, 148.8, 144.6, 130.0, 129.6, 128.2, 

127.8, 127.3, 126.6, 125.3, 124.2, 123.3, 122.5, 117.6, 114.6, 114.1, 35.6; Anal. 

Calcd. for C19H13N3OS2: C, 62.79%; H, 3.61%; N, 11.56%. Found: C, 62.88%; H, 

3.56%; N, 11.31%. HRMS (MALDI) calcd for C16H13N3OS2: 363.0500; found: 

363.0516. 

3-[5-(9-Anthracenyl)-1,3,4-oxadiazol-2-yl]-10-methylphenothiazine (PO-An, 8)  

 

Yield: 46.1% from 3. Yellow solid, mp 234.6-235.6 o
C; δH (CDCl3) 8.66 (s, 1 H), 

8.08-7.94 (m, 5H), 7.87 (d, J = 2.0 Hz, 1 H), 7.54-7.51 (m, 4H), 7.17 (t, J = 8.0 Hz, 1 

H), 7.11 (d, J = 7.2 Hz, 1 H), 6.95 (t, J = 7.6 Hz, 1 H), 6.88 (d, J = 8.4 Hz, 1 H), 6.83 

(d, J = 8.0 Hz, 1 H), 3.42 (s, 3 H); δC (CDCl3) 165.3, 162.6, 148.9, 144.6, 131.4, 

131.0, 128.8, 127.7, 127.1, 126.8, 125.7, 125.5, 125.4, 125.1, 124.4, 123.3, 122.5, 

117.9, 117.3, 114.6, 114.2, 35.6; Anal. Calcd. for C29H19N3OS: C, 76.13%; H, 

4.19%; N, 9.18%. Found: C, 76.28%; H, 4.11%; N, 9.30%. HRMS (MALDI) calcd 

for C29H19N3OS: 457.1249; found: 457.1255. 

3-[5-(2,3-Diphenylquinoxalin-6-yl)-1,3,4-oxadiazol-2-yl]-10-methylphenothiazine 

(PO-QX, 9) 
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Yield: 55.9% from 3. Orange solid, mp 244.6-245.4 o
C; δH (CDCl3) 8.87 (d, J = 1.6 

Hz, 1 H), 8.54 (dd, J = 8.8 and 2.0 Hz, 1 H), 8.29 (d, J = 9.2 Hz, 1 H), 7.96 (dd, J = 

8.4 and 2.0 Hz, 1 H), 7.90 (d, J = 2.0 Hz, 1 H), 7.54-7.52 (m, 4H), 7.38-7.33 (m, 6H), 

7.20-7.14 (m, 2 H), 6.98 (dt, J = 7.4 and 0.8 Hz, 1 H), 6.91 (d, J = 8.8 Hz, 1 H), 6.85 

(d, J = 8.0 Hz, 1 H), 3.43 (s, 3 H); δC (CDCl3) 164.7, 163.5, 154.8, 154.7, 149.0, 

144.5, 142.5, 140.9, 138.6, 138.5, 130.4, 129.9, 129.3, 128.4, 127.8, 127.6, 127.4, 

126.7, 125.4, 125.1, 124.4, 123.4, 122.5, 117.6, 114.6, 114.2, 35.7; Anal. Calcd. for 

C35H23N5OS: C, 74.85%; H, 4.13%; N, 12.47%. Found: C, 75.06%; H, 4.11%; N, 

12.30%. HRMS (MALDI) calcd for C35H23N5OS: 561.1623; found: 561.1638. 

3-[5-(4-Toluyl)-1,3,4-oxadiazol-2-yl]-10-methylphenothiazine-S,S-dioxide (PO-

Tol-SO2, 10)  

 

To 6 (250 mg, 0.67 mmol) and an excess of wet m-chloroperoxybenzoic acid (<77%, 

1 g) was both dissolved in DCM (10 ml) was allowed to stir overnight. The reaction 

mixture was then washed with sat. Na2S2O3 (aq) and then brine. The DCM solution 
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was dried by anhydrous Mg2SO4 and concentrated in vacuo to give the crude which 

was purified by flash column chromatography using EA: Hexane: Triethylamine 

(1:1:2%) as eluent to offer 10 (267 mg, 99.3%) as a white solid. mp 251.4-252.4 o
C; 

δH (DMSO) 8.58 (d, J = 2.0 Hz, 1 H), 8.42 (dd, J = 8.8 and 2.0 Hz, 1 H), 8.07 (dd, J 

= 8.0 and 2.4 Hz, 3 H), 7.85-7.81 (m, 2 H), 7.70 (d, J = 8.4 Hz, 1 H), 7.47-7.43 (m, 3 

H), 3.82 (s, 3 H), 2.41 (s, 3 H); δC (DMSO) 164.2, 162.6, 143.4, 142.2, 141.0, 134.0, 

131.1, 129.9, 126.7, 123.6, 123.5, 122.9, 122.5, 120.8, 120.5, 118.1, 117.4, 116.7, 

36.2, 21.1; Anal. Calcd. for C22H17N3O3S: C, 65.49%; H, 4.25%; N, 10.42%. Found: 

C, 65.59%; H, 4.14%; N, 10.36%. HRMS (MALDI) calcd for C22H18N3O3S: 

404.1069; found: 404.0636. 

3-[5-(4-Toluyl)-1,3,4-oxadiazol-2-yl]-7-formyl-10-methylphenothiazine (11) 

 

A mixture of 6 (1 g, 2.70 mmol), phosphorus oxychloride (2.74 ml, 29.5 mmol), 

dimethylformamide (2.0 ml, 25.4 mmol) in chlorobenzene (5ml) was heated to 100 oC 

for overnight. After cooling, ice water was added and the mixture was neutralized by 

sat. NaHCO3 (aq). The mixture was allowed to stir for another half an hour to ensure 

complete hydrolysis of the imine immediate which was then extracted by DCM for 

several times. The combined organic phase was washed with sat. NaHCO3 (aq) and 

then brine. The DCM solution was dried by anhydrous Mg2SO4 and concentrated in 

vacuo to give the crude which was purified by flash column chromatography using 

EA: Hexane: Triethylamine (1:1:2%) as eluent to offer 11 (552 mg, 51.2%) as an 
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orange solid. mp 225.5-226.3 o
C; δH (CDCl3) 7.97 (d, J = 8.4 Hz, 2 H), 7.91 (dd, J = 

8.4 and 2.0 Hz, 1 H), 7.79 (d, J = 2.0 Hz, 1 H), 7.65 (dd, J = 8.4 and 2.0 Hz, 1 H), 

7.58 (d, J = 1.6 Hz, 1 H), 7.30 (d, J = 8.0 Hz, 2 H), 6.89 (d, J = 8.4 Hz, 1 H), 6.87 (d, 

J = 8.4 Hz, 1 H), 3.45 (s, 3 H), 2.41 (s, 3 H); δC (CDCl3) 189.0, 164.6, 163.4, 149.9, 

146.8, 142.3, 131.8, 130.6, 129.8, 128.0, 126.8, 126.7, 125.3, 123.6, 123.3, 121.1, 

119.3, 114.9, 114.3, 3.61, 21.7; HRMS (MALDI) calcd for C23H17N3O2S: 399.1041; 

found: 399.1026. 

3-[5-(4-Toluyl)-1,3,4-oxadiazol-2-yl]-7-vinyl-10-methylphenothiazine (PO-Tol-

vinyl, 12)  

 

To a suspension of potassium tert-butoxide (281 mg, 2.51 mmol) and methyl 

triphenylphosphonium bromide (446 mg, 2.51 mmol) in dry THF (10 ml) was added 

dropwise into a dry THF (10ml) solution of 11 (500 mg, 1.25 mmol) at room 

temperature under stirring. The reaction mixture was allowed to stir for another half 

an hour. Hexane (20 ml) was added and the whole mixture was filtered through a 

short plug of silica, followed by washing with DCM for several times. The combined 

DCM solution was concentrated in vacuo to give the crude product which was 

purified by flash column chromatography with Hexane: EA: Triethylamine (4:1:2%) 

as eluent to offer 12 (472 mg, 95.2%) as a green solid. mp 179.3-180.1 o
C; δH (CDCl3) 

7.99 (d, J = 8.4 Hz, 2 H), 7.90 (dd, J = 8.4 and 2.0 Hz, 1 H), 7.82 (d, J = 2.0 Hz, 1 

H), 7.31 (d, J = 7.6 Hz, 2 H), 7.20-7.17 (m, 4 H), 6.58 (dd, J = 17.6 and 11.2 Hz, 1 
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H), 5.62 (d, J = 17.6 Hz, 1 H), 5.16 (d, J = 11.2 Hz, 1 H), 3.40 (s, 3 H), 2.42 (s, 3 H); 

δC (CDCl3) 164.4, 163.8, 148.2, 144.0, 142.1, 135.2, 133.0, 129.7, 126.8, 126.5, 

125.9, 125.3, 124.7, 123.8, 122.6, 121.1, 118.0, 114.4, 114.1, 112.9, 35.7, 21.7; 

HRMS (MALDI) calcd for C24H19N3OS: 397.1249; found: 397.1241. 

Poly(PO-Tol) (13): 

 

A solution of 12 (200 mg, 0.50 mmol) and catalytic AIBN (0.8 mg, 5 µmol) in toluene 

(1 mL) was degassed by freeze-pump-thaw techniques for 5 cycles, then heated at 

80oC under nitrogen for overnight. After cooling, the solution was added dropwise to 

a stirring methanol and the precipitates thus formed were collected and further 

purified by Soxhlet extraction using methanol as the extraction solvent for 2 days. The 

resulting polymers were dried until constant weight (124.8 mg, 62.4%) as a light-

green powder. δH (CDCl3) 8.1-7.8 (br), 7.4-7.1 (br), 7.0-6.8 (br), 2.2-1.9 (br), 1.5-1.2 

(br). Mn: 32,000 Da. PDI: 1.7. Anal. Calcd. for C24H21N3OS: C, 72.15%; H, 5.30%; 

N, 10.52%. Found: C, 72.31%; H, 5.23%; N, 10.40%. 
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