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Abstract 

This thesis entitled “Synthesis of Aminoquinone Derivatives and Development 

of Electricity Harvesting Cells using Electron Transfer Reactions” comprises of four 

chapters. The work described in this thesis is exploratory in nature. The first chapter 

describes the General Introduction, References on electron transfer reactions in organic 

chemistry. The second, third and fourth chapters are subdivided into four sections namely 

Introduction, Results and Discussion, Conclusions and Experimental section along 

with References.  

 The second chapter deals with the results and discussion of the studies undertaken 

on the synthesis of amino quinones based on electron transfer reactions of p-chloranil with 

amine derivatives. 

 We have developed a method for the synthesis of monosubstituted N,N - dialkyl-1- 

naphthylaminoquinone derivatives 3 by the reaction of N,N-dialkylnapthalene derivatives 

2 with p-chloranil 1a (Scheme 1). 

Scheme 1 

 

 Similarly N,N-dialkyl naphthalene derivatives 2 react with 3,4,5,6-tetrachloro-1,2-

napthoquinone 4 to give the aryloxy products 5 in 58-75% yields (Scheme 2). 
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Scheme 2 

 

 We have developed a method for the synthesis of fused aminoquinone and 

piperazine derivatives 7a-c in 30-82% yields by the reaction of p-chloranil 1a with N,N-

dimethyl amino ethanol 6a and N,N-dimethylethylenediamine 6b (Scheme 3). 

Scheme 3 

 

 

 

 

 

 

 

 

 

 Similarly fused aminoquinone and piperazine derivatives 9a-b were synthesized by 

the reaction of 2,3-dichloronaphthaquinone 8a with N,N-dimethyl amino ethanol 6a and 

N,N-dimethylethylenediamine 6b (Scheme 4). 
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Scheme 4 

 

 We have also developed a method for the synthesis of chiral tricyclic products 11 

in 60-81% yields using quinone derivatives 1 with different cyclic secondary amino 

alcohols 10 (Scheme 5). 

Scheme 5 

 

 Also, when 2,3-dichloronaphthaquinone 8a and 1,4-naphthaquinone 8b was 

reacted with (S)-DPP 10a in DMF solvent similar tricyclic products 12 were obtained in 

62-73% yields (Scheme 6). 
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Scheme 6 

 

 The tricyclic product 13 reacted with TFA to give the aminoquinol product 14 

(Scheme 7). 

Scheme 7 

 
 The 2-naphthol 15 reacts with p-chloranil 1a and triflouroacetic acid to give bi-2-

naphthol 16 in 80% yield (Scheme 8). 

Scheme 8 

 
We have also developed a method for synthesis of meso-2,3-diphenylpiperazine 20 

system (Scheme 9) and examined its use as donor in the electron transfer reaction with p-

chloranil. 

Scheme 9 
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In chapter 3, research efforts toward the construction of electrochemical cells 

based on the reversible electron transfer reaction of tertiary amines, with p-chloranil as 

electron acceptor and dimethyl sulfone as electron transporter are described (Scheme 10). 

Scheme 10 

 

In chapter 4, efforts on the construction of electrochemical cells using DMSO as 

electron donor and p-chloranil as electron acceptor with benzoquinone (BQ) and dimethyl 

sulfone as electron transporter are described. The results are presented and discussed 

considering the intermediates and mechanisms involved in these transformations. 

Experimental and spectral data are provided in the experimental sections in chapters 2, 3 

and 4. 

Representative 1H-NMR, 13C-NMR spectra, are presented in Appendix-I and the 

X-ray crystallographic data are listed in Appendix-II 

 

Note: Scheme numbers and compound numbers given in this abstract are different from 

those given in the chapters. 
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 General Introduction to Electron Transfer 

Reactions 

 

 

 

 

 

 

 

 

 

 

 



1.1 Introduction 

 

 Electron transfer reactions play key role in many biological processes, like drug 

activation, metabolism, respiration and photosynthesis.1 Such reactions involve the 

transfer of an electron from donor to an acceptor. Electron transfer reactions can take place 

thermally and photochemically.2 There are two main processes involving transfer of 

charges in chemical and biological reactions.3-5 One is a polar process and another is a 

single electron transfer (SET) process. The electron transfer reactions are also very 

important in the development of semiconductors,6 polymers7 and for solar energy 

conversion.8  

1.1.1 Redox reactions through electron transfer 

 Samarium iodide (SmI2), is a unique one electron transfer reducing agent. It is used 

as a versatile reducing agent in several organic reactions. In these reactions, radicals are 

generated through the reduction of organohalides or carbonyl compounds as outlined in 

Chart 1.9 

Chart 1 

 

 

 

 



2 

Chart 1 (continued.) 

 

 

 

 Recently, MacMillan et al reported several organic transformations using ceric 

ammonium nitrate (CAN) which take place through single electron transfer (SET) 

mechanisim Chart 2.10-13 

Chart 2 

 



Chapter 1 Introduction 3 

 

Chart 2 (continued.) 

 

 

 

 

1.1.2 SET reactions involving metal hydrides 

Ashby et al. reported14 the SET reduction of primary halides by metal hydrides. 

They observed that the reaction of 1-iodo-5-hexene 29 with LiAlH4 in THF solvent gave 

1-hexene 30 but in the reaction of 1-iodo-2,2-dimethyl-5-hexene 32 with LiAlH4, the 

cyclized product 36 was obtained as major product besides the minor product 5,5-

dimethyl-1-hexene 35. They proposed SET mechanism for the formation of cyclized 

product (Scheme 1). 

 

 

 



4 

Scheme 1 

 

 

1.1.3 Electron transfer reactions in electrochemical processes 

 In 1834, Faraday first reported the production of ethane by the electrolysis of 

aqueous acetate solution. Kolbe observed that the anodic oxidation of carboxylate lead to 

decarboxylation and the radical intermediates combined to form a hydrocarbon (Scheme 

2).15 

Scheme 2 

 



Chapter 1 Introduction 5 

 

 The anodic and cathodic processes were utilized in the synthesis of some useful 

organic products including biologically active compounds (Chart 3).16-26 

Chart 3 
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Chart 3 (continued.) 
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Chart 3 (continued.) 

 

 

 

 

 

 

 



8 

Chart 3 (continued.) 

 

1.1.4  Electron transfer reactions in photochemical processes 

 Recently, there have been several reports on the application of electron transfer 

reactions in organic synthesis using amines under photoredox catalysis Chart 4.27-31 

Chart 4 
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Chart 4 (continued.) 
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Chart 4 (continued.) 
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1.1.5 SET reactions in Grignard reagent formation 

 Alkyl halides react with magnesium to give Grignard reagents. The reaction 

proceeds through a SET process (Scheme 3).32 

Scheme 3 

 

 Carbonyl compounds react with Grignard reagent to give the corresponding 

alcohols. The reactions go through SET mechanism, especialy when there is steric 

hindrance (Chart 5).33-36 

Chart 5 
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Chart 5 (continued.) 

 

 

1.1.6 SET process in Aldol Condensasition 

Generally, Aldol condensasition takes place through polar mechanism but when 

there is steric hindrance the reaction goes through single electron transfer pathway as 

reported by Ashby et al. (Scheme 4).37 

Scheme 4  
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1.1.7 SET reactions in Cannizzaro reaction  

 The Cannizzaro reaction is a redox reaction in which two molecules of 

benzaldhyde 146 react with a strong base (e.g. KOH) to produce benzyl alcohol 148 and 

potassium benzoate 149 (Scheme 5).38 

Scheme 5 

 

 Ashby et a.l39 provided evidence for formation of paramagnetic intermediates and 

for radical cyclization in Cannizzaro reactions. For example, the reaction of two molecules 

of 2-methyl benzaldehyde 150 with sodium hydroxide base leads to the formation of 2-

methyl benzylalcohol 152, 2-methyl benzoicacid 151 and along with cyclized product 153 

(Scheme 6). 

Scheme 6 

 

 The lactone product 153 is formed through SET mechanism as outlined in Scheme 

7. 
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Scheme 7 

 

1.1.8. SET reactions in Claisen condensation 

 The Claisen condensation reaction of two ester molecules with an alkoxide base 

gives a β-ketoester (Scheme 8).40 

Scheme 8 

 

 In 1983, Ashby et al. reported41 that the Claisen condensation reaction of ethyl p- 

benzoate 162 with lithium enolate of pinacolone 163 gave the product 165 and the 

intermediacy of paramagnetic species 164 was confirmed by epr experiments (Scheme 9). 
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Scheme 9 

 

1.1.9 SET reactions in Birch reduction 

 Birch et al. reported 42 that substituted benzene derivatives react with Na metal in 

liquid ammonia to give the corresponding unconjugated cyclohexadienes (Scheme 10). 

Scheme 10 
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The Birch reaction goes through a SET process. The electron transfer from Na 

metal to the benzene ring 172 would give a radical anion 173 which after protonation by 

alcohol followed by further reduction and protonolysis lead to the formation of 1, 4-

cyclohexadiene 174 (Scheme 11). 

Scheme 11 

 

In Birch reductions, the electron withdrawing (W) groups lead to reduction at the 

ipso and para positions and the electron donating (D) groups lead to reduction at the ortho 

and meta positions (Scheme 12). 

Scheme 12 
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1.1.9.1 SET process in Organic Donor and Acceptor systems 

Single electron transfer (SET) and polar processes are two main processes involved 

in charge transfer reactions in organic chemistry  (Scheme 13). 

Scheme 13 

 

 Mulliken’s charge transfer theory,43 Taube’s outer-sphere/inner-sphere 

mechanisms44 and Marcus,s two state non adiabatic theory45 are most important theories in 

electron transfer reactions in chemistry. Noncovalent interactions are interactions between 

molecules that stabilize the association of two or more molecules without forming ionic or 

covalent bonds. Aromatic systems play a major role in biological reactions through 

noncovalent interactions. Interactions like electrostatic, charge transfer, dispersion (Van 

der Walls), hydrophobic interaction contribute to noncovalent molecular interactions.  

 A complex between two organic molecules in which charge transfer takes place 

from one molecule (donor) to the other molecule (acceptor) is called charge transfer (CT) 

complex or electron donor acceptor-complex. The electron donor should have low 

ionization potential and electron acceptor should have high electron affinities. Charge 

transfer complexes have a neutral ground state when there is only partial electron transfer 

from donor to acceptor molecule. 

 Mulliken et al. reported 46 that the diffusive interaction of electron rich donor (D) 

with electron poor acceptor (A) gave a reversible complex [D, A] (Scheme 14). 

Scheme 14 
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 The energy levels of HOMO and LUMO play an important role in electron transfer 

reactions. The LUMO of the electrophilic reagents (acceptor) such as NO2
+ and Br+ are 

lower than the HOMO of aromatic molecules (Donor) and hence readily undergoes 

electrophilic substitution reactions.  For example, benzene reacts with NO2
+ to form 

nitrobenzene 180 via the formation of radical intermediate 179 (Scheme 15).47  

Scheme 15 

 

 Taube proposed that both outer-sphere and inner-sphere process are involved in 

electron transfer reactions.Taube et al. reported 48 that in the reaction of chromium 

complex 181with cobalt complex 182, the electron transfer from Cr(II) to Co(III) takes 

place via a bridged intermediate 183 to give the green chromium complex 184 and cobalt 

complex 185 (Scheme 16). The electron transfer is accompanied by the transfer chloride 

ligand. This process occurs via inner-sphere electron transfer. 

Scheme 16 

 

 In outer-sphere electron transfer process, the organic compounds can accept or 

loose an electron without undergoing structural changes like bond cleavage or bond 



Chapter 1 Introduction 19 

 

formation. For example, nitrobenzene 180 can accept one electron to form nitrobenzene 

radical anion 186 without undergoing any structural change (Scheme 17).49  

Scheme 17 

 

 Marcus described that in outer-sphere mechanism, the donor (D) and acceptor (A) 

diffuse together to form an outer sphere precursor complex (D/A) 187 which reorganizes 

towards a transition state in which electron transfer takes place to form a successor 

complex (D+./A-.) 188 that can further dissociate to give the corresponding ion pairs 189 

(Scheme 18).50  

Scheme 18 

 

 

1.1.9.2 SET and Polar Process in Quinone Chemistry 

 Quinone redox systems play major role in biological reactions.51 Quinones undergo 

2H+/2e- reduction in aqueous solution (or) in protic solvents.52 The redox process of 

hydroquinone - quinone is a sequence of proton and electron transfer (Fig 1). In the first 

step, deprotonation takes place to form a phenoxide ion which is transformed into a 

phenoxy radical by a one-electron oxidation, then  dissociation of the second OH group 

generates the radical anion semiquinone followed by a second one-electron oxidation to 

give benzoquinone. All intermediates are resonance stabilized.   
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  Figure 1. The redox process of hydroquinone – quinone system. 

 In nonaqueous (or) aprotic conditions, the quinone reduction proceeds through two 

consecutive single electron reductions (Fig 2). 

 

  Figure 2. Quinone reduction in aprotic medium. 

1.1.9.3 Addition and substitution reactions of quinone 

 In 1844, the first addition reaction of benzoquinone 191 with hydrogen chloride 

was reported by Wöhler (Scheme 19).53 

Scheme 19 

 

1.1.9.4 Addition and substitution reaction of quinones with amines  

 The reaction of various substituted anilines 193 with 1,4- benzoquinone 191 gives 

the addition products of 1,4- benzoquinone (Scheme 20).54 
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Scheme 20 

 

 Similarly, Nagakura and coworkers reported55 that p-chloranil 195 reacted with 

substituted aniline derivatives to form the corresponding aminoquinone products. They 

proposed that the outer (π)-complex 197 was formed first followed by the inner (σ)-

complex 198 (Scheme 21). 

Scheme 21  

 

 Yamaoka and Nagakura reported 56 that the reaction of p-chloranil 195 with n-

butyl amine 200, gave the substituted aminoquinone products. Here, the electron transfer 

takes place from n-butylamine 200 to p-chloranil 195 (Scheme 22). 

Scheme 22 

 

1.1.9.5 Charge Transfer and Electron Transfer Reactions of Quinones 

 It was reported that DABCO 204 reacted with p-chloranil 195 in benzene solvent 

to give DABCO-chloranil 1:1 complex. The reactions of p-chloranil or p-bromanil with 
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DABCO also gave paramagnetic species 205 in benzene and in THF solvents (Scheme 

23).57 

Scheme 23 

 

p-Chloranil 195 reacts with diclofenac 206 to form the charge transfer complex 

207. The charge transfer complex was further converted to radical ion pair 208 in 

methanol solvent (Scheme 24).58  

Scheme 24 

 

We have developed several new synthetic methods based on reaction of amine 

derivatives with p-chloranil. The results are described in Chapter 2. 
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Chapter 2 

 

Development of Organic Synthetic Methods based 

on Electron Transfer Reactions  



 2.1 Introduction 

 

2.1.1 Aryl quinones 

 We have developed synthetic methods to access arylquinones and aminoquinones. 

Accordingly, a brief review of literature on the synthesis of these derivatives will facilitate 

the discussion. 

 Quinone derivatives are widely present in pharmacologically active natural 

products in plants, fungi, and bacteria. Quinones also play important role in chemistry, 

material science, nanotechnology, and medicines, because of its core structure possessing 

electron transfer properties.1 Arylquinones are also found in nature and exhibit biological 

activity. For example terphenylquinone 1 has activity against human protein tyrosine 

kinase. The compound 2-(5-oxohexa-1,3-dienyl)-1,4-naphthaquinone 2 shows anti-

malarial activity and the trimeric naphthaquinone derivative conocurvone 3 exhibits anti-

HIV activity Figure 1.2 

 

 

Figure 1. Pharmacologically active benzo and naphthoquinone compounds. 
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2.1.2 Previous reports on arylsubsubstituted 1,4-benzoquinones. 

 In(OTf)3 catalyzed arylsubstituted 1,4-benzoquinones synthesis was reported 

(Scheme 1).3 

Scheme 1 

 

 Mathew et al. reported4 that 2,5-dichloro-1,4-benzoquinone react with 

diazonium salt of 4-(dimethylamino) aniline to give the corresponding amino alkyl 

benzoquinones (Scheme 2). 

Scheme 2 

 

Errazuriz et al. reported 5 the oxidative cleavage of various hydroquinone dimethylethers 

with nitric acid- manganese dioxide, to the corresponding substituted aryl quinones in 76-95% 

yields (Scheme 3). 
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Scheme 3 

 

 Jiang et al. reported6 the synthesis of arylnaphthoquinone derivatives using 1-

naphthol in the presence of m-CPBA followed by triflic acid catalyzed arylation using 

N,N-dimethyl aniline (Scheme 4). 

Scheme 4 

 

2.1.3 Reaction of Primary and Secondary amino alcohols with quinone acceptors 

The nitrogen-containing compounds were found to undergo Michael addition to a 

variety of quinones. In 1844, Wohler reported the first addition reaction of hydrogen 

chloride to benzoquinone resulting to give chloro hydroquinone.7 In 1969, Nagakura et al. 

reported8 that the reaction of p-chloranil with aniline gave the aminoquinone product via 

through single electron transfer mechanism. Aminoquinones also show electro switching 

properties.9 Several of these derivatives also have medicinal,10-12 herbicides,13 and anti-

bacterial, anti fungal, and anticancer activities. Also, some aminoquinone derivatives are 

involved in enzyme inhibition and DNA-cross linking processes.14 
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Delarmelina et.al reported15 that 2,3-dichloro napthquinone reacted with 

etanolamine in the presence triethylamine to give the corresponding 1,4-addition product 

18 (Scheme 5). 

Scheme 5 

 

 Pandurangan et.al reported that p-chloranil reacted with ethanol amine to give the 

corresponding 1,4-addition product 19 under reflux condition in ethanol (Scheme 6).16 

Scheme 6 

 

 Earlier, aminoquinones were prepared in this laboratory in DCM at 25 oC (Scheme 

7).17 

Scheme 7 
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Previously, it was reported that the reaction of secondary amine with p-chloranil 

gave the aminoquinone products by polar mechanism but the SET mechanism was not 

considered.18 Also, these authors did not report any epr spectral analysis of the 

intermediates formed in the reaction. However, it was observed in this laboratory that epr 

signal was observed upon mixing secondary amines with p-chloranil. Therefore, we have 

undertaken detailed studies on the reaction of arylamines and amino alcohol derivatives 

with p-chloranil. The results are described in the next section. 

 

 



 

 

2.2 Results and Discussion 

 

2.2.1 Reaction of tertiary aryl amines with quinone acceptors  

 Previously, it was reported in this laboratory that the reaction of N,N-

diethylaniline with p-chloranil gave the N,N,N',N'-tetraethylbenzidine product 23 along 

with the formation of the corresponding hydroquinone 24 (Scheme 8).19 

Scheme 8 

 

 Surprisingly, the reaction of the 1-naphthylamine derivative with p-chloranil gave 

the N, N-diethylnaphthylaminoquinone product 25ab in 62% yield (Scheme 9).  

Scheme 9 

 

2.2.2 Electron transfer reaction of N,N-diethylnaphthylamine with quinone 

acceptors 

   

     (a) 10 min  (b) 1 h 
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     (c) 2 h    (d) 6 h 

Figure 2. EPR studies of N,N-diethylnaphthylamine 4b (0.05 mmol) with quinone 5a 

(0.05 mmol) in DCM solvent with various time intervals. 

 We have monitored the reaction of N, N-diethylnaphthylamine with p-chloranil in 

DCM by esr spectral analysis. We have observed that immediately after mixing, the esr 

signal was observed which disappeared after 12 h (Figure 2). 

Scheme 10 

 

 Presumably, the signal strength decreased due to formation of charge transfer 

complex or products from the initially formed paramagnetic intermediates 26 (Scheme 

10). 
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 We have carried out the reaction in different solvents in order to optimize the 

condition. We have observed that the substitution product 25ab was obtained in 75% 

yield when DMF was used as solvent (Table 1, entry 4). 

Table 1. Reaction of p-chloranil 5a with N, N-diethyl naphthylamine 4b a,b 

 

Entry Solvent 

(5 ml) 

Product 25ab 

Yield (%)b 

1 Toluene 30 

2 DCM 62 

3 THF 20 

4 DMF 75 

5 CH3CN 72 

6 NMP 70 

aThe reactions were carried out with 2 mmol of p-chloranil 5a and N,N-diethyl 

naphthylamine 4b at 25 ºC for 10 h. bIsolated yield. 

 We have also carried out the reaction of several N, N-dialkylnaphthylamines 4 

with p-chloranil 5a in DMF solvent and the corresponding products 25aa-25ac were 

isolated in 62-84% yield (Table 2). We have also observed that the reaction of N-

naphthylpyrrolidine and piperidine derivatives 4d-4f with p-chloranil 5a gave the 

products 25ad-25af in 45-82% yield (Table 2). 
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Table 2. Reaction of p-chloranil 5a with N, N-dialkyl naphthylamine derivatives 4a,b 

 

aThe compounds 25aa-25ac were prepared by using quinone (2 mmol) and amine (2mmol) 

in DMF solvent at 25 oC, and the compounds 25ad-25af were prepared in toluene at 80 oC 

for 10 h. 

 

A plausible mechanism for the formation of aromatic substitution product 25 is 

outlined in Scheme 11. The quinone 5 would accept an electron from the N, N-

dialkylnaphthylamine 4 to give the paramagnetic intermediates of radical anion 28 and 

radical cation 29. Subsequent C-C bond forming reaction would lead to the intermediate 

32. After elimination of the HX the product 25 would be formed (Scheme 11). 
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Scheme 11 

 

2.2.3 Reaction of o-chloranil with N,N-dialkyl naphthylamine derivatives 

 We have also carried out the reaction of N, N-dialkylnaphthylamines 4 with 

3,4,5,6-tetrachloro-1,2-napthoquinone 33 in DMF solvent. In this case, the corresponding 

aryloxy product 35a was obtained in 58-75% yield and the arylated product 34 was not 

formed (Scheme 12). 

Scheme 12 
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Table 3. Reaction of o-chloranil 33 with N,N-dialkyl naphthylaminederivatives 4 a b 

 

aThe compounds 35a-35f were prepared by using o-chloranil (2 mmol) and amine (2 mmol) in 

DMF solvent at 25 oC, for 10 h.
 
bIsolated yield.  

 

 A tentative mechanism for the formation of aryloxy product 35 is outlined in 

Scheme 13. The quinone 33 would accept an electron from N,N-dialkylnaphthylamine 4 

to give the paramagnetic radical anion 36 and radical cation 37. Subsequent reactions of 

the intermediates 38 and 39 would give the intermediate 40. After proton transfer to 

oxygen anion and aromatization, the product 35 would be formed (Scheme 13). 
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Scheme 13 

 

The product 35c was characterized by X-ray- single crystal structure analysis. (Figure 3) 

Figure 3.  ORTEP representation of aryloxy product–35c (Thermal elipsoids were drawn 

with 50% probability). 
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Table 4.  Crystal data and structure refinement for compound 35c. 

Identification code  compound 35c 

Empirical formula  C19 H15 Cl4 N O2 

Formula weight  431.12 

Temperature  298(2) K 

Wavelength  0.71073 Å 

Crystal system  Triclinic 

Space group  P -1 

Unit cell dimensions a = 8.0007(11) Å α = 98.770(7)°. 

 b = 8.9751(15) Å β = 102.081(6)°. 

 c = 13.745(2) Å γ = 94.314(6)°. 

Volume 948.0(3) Å3 

Z 2 

Density (calculated) 1.510 Mg/m3 

Absorption coefficient 0.638 mm-1 

F(000) 440 

Crystal size 0.38 x 0.28 x 0.18 mm3 

Theta range for data collection 2.545 to 27.575°. 

Index ranges -10<=h<=10, -11<=k<=11, -17<=l<=17 

Reflections collected 28574 

Independent reflections 4367 [R(int) = 0.0716] 

Completeness to theta = 25.242° 99.9 %  

Absorption correction None 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 4367 / 0 / 235 

Goodness-of-fit on F2 1.063 

Final R indices [I>2sigma(I)] R1 = 0.0448, wR2 = 0.1011 

R indices (all data) R1 = 0.0768, wR2 = 0.1124 

Extinction coefficient n/a 

Largest diff. peak and hole 0.285 and -0.367 e.Å-3 
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2.2.4 Reaction of aliphatic tertiary aminoalcohols with quinone acceptors 

As outlined in the introductory section, ethanolamine was reported to react with 

chloroquinones to give only addition of amine end to the quinone (Scheme 5 and 6). It 

was of interest to examine the reaction of tertiary amino alcohols. Hence, we have 

performed the reaction of tertiary amino alcohols like N,N-dimethylaminoethanol and 

N,N-dimethylethylenediamine with p-chloranil 5a. EPR analysis indicated that 

paramagnetic intermediates were formed in both the cases (Figure 4). 

 

   

      (a) 10 min   (b) 1 h 

 

      

      (c) 2 h     (d) 6 h 

 

   

      (a) 10 min   (b) 1 h 
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     (c) 2 h    (d) 6 h 

Figure 4. EPR studies of N,N-dimethylaminoethanol 41 (0.05 mmol) and N,N-

dimethylethylenediamine 42 (0.05 mmol) with p-chloranil 5a (0.05 mmol) in DCM 

solvent with various time intervals. 

 The epr signal persisted for long time but the signal strength decreased with time. 

Presumably, the N,N-dimethylaminoethanol 41 reacts with p-chloranil to give 

paramagnetic intermediates which combine to give the charge transfer complex or the 

intermediates are slowly coupled to give the diaminoquinone product 46 (Scheme 14) 

Scheme 14 

 

Initially, we have examined the reaction of p-chloranil with N,N-dimethylamino 

ethanol at room temperature using DCM as a solvent. We have observed that the p-

chloranil (1 equiv.) reacts with 2-(dimethylamino)ethanol (0.5 equiv.) to afford the mono 

aminoquinone product 47 in 18% yield. Whereas the reaction using p-chloranil (2 equiv.) 
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and 2-(dimethylamino)ethanol (8 equiv.) in DCM solvent gave the diaminoquinone 

product 46 in 62% yield (Scheme 15). 

Scheme 15 

 

Table 5: Optimization of the reaction condition.a 

 

Entry Solvent 

(5 ml) 

Yield(%) 46 

4747 1 Toluene Trace (< 5%) 

2 DCM 62 

3 THF 20 

4 DMF 80 

5 CH3CN 72 

6 NMP 76 

aThe reactions were carried out with chloranil 5a (2 mmol), and tertiary amino 

alcohol 41 (8 mmol) at rt for 8 h.bIsolated yield of 46. 

 

We have carried out this reaction under several conditions. We have found that p-

chloranil 5a (1 equiv.) reacts with N,N-dimethylaminoethanol 41 (4 equiv.) in toluene 

solvent to give the diaminoquinone product 46 only in trace amount (entry 1, Table 5). 

Then, we have screened different solvents, Fortunately, the reaction of p-chloranil (1 
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equiv.) with N,N-dimethylaminoethanol (4 equiv.) in DMF solvent gave the diamino 

quinone product 46 in 80% yield (entry 4, Table 5). 

We have also carried out experiments varying the amounts of the aminoalcohol 

41. 

Table 6: Effect of amino alcohol concentration.a,b 

 

Entry Aminoalcohol 

(41) (mmol) 

Yield (%) 

(47) 

Yield (%) 

(46) 

1 1 30 - 

2 2 15 - 

3 4 Trace trace 

4 6 - 52 

5 8 - 80 

aThe reactions were carried out with p-chloranil 5a (2 mmol), and  

tertiaryamino alcohol 41 at rt for 8 h.bIsolated yield of 46.  

 

We have observed that the p-chloranil (1 equiv.) reacts with N,N-dimethylamino 

ethanol (0.5 equiv.) in DMF solvent to give the mono aminoquinone product 47 in 30% 

yield. The reaction of p-chloranil (1 equiv.) with N,N-dimethylaminoethanol (2 equiv.) in 

DMF solvent gave the monoaminoquinone product 47 and diaminoquinone product 46 in 

trace amount. Whereas the reaction using p-chloranil (1 equiv.) and N,N-dimethylamino 

ethanol (4 equiv.) in DMF solvent gave the diaminoquinone product 46 in 80% yield. We 

have also examined the reaction using 10 equiv. of N,N-dimethylaminoethanol but there 
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was no significant further change in yields of the product. The product 46 was 

characterized by X-ray- single crystal structure analysis (Figure 5).  

 Figure 5.  ORTEP representation of diaminoquinone product–46 (Thermal 

 elipsoids were drawn with 50% probability). 

 

 We have also carried out the reaction of amino alcohol 41 and the diamine 42 with 

p-chloranil and 2,3-dichloronaphthoquinone. The results are summarized in Table 8. 
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Table 7.  Crystal data and structure refinement for compound 46. 

Identification code  compound 46 

Empirical formula  C12 H14 N2 O4 

Formula weight  250.25 

Temperature  298(2) K 

Wavelength  0.71073 Å 

Crystal system  Monoclinic 

Space group  P 21/n 

Unit cell dimensions a = 3.9451(5) Å α = 90°. 

 b = 13.2759(19) Å β = 96.054(4)°. 

 c = 10.3953(15) Å γ = 90°. 

Volume 541.41(13) Å3 

Z 2 

Density (calculated) 1.535 Mg/m3 

Absorption coefficient 0.117 mm-1 

F(000) 264 

Crystal size 0.24 x 0.20 x 0.16 mm3 

Theta range for data collection 2.497 to 27.497°. 

Index ranges -5<=h<=5, -17<=k<=17, -13<=l<=13 

Reflections collected 8774 

Independent reflections 1220 [R(int) = 0.0554] 

Completeness to theta = 25.242° 98.7 %  

Absorption correction None 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 1220 / 0 / 83 

Goodness-of-fit on F2 1.225 

Final R indices [I>2sigma(I)] R1 = 0.0811, wR2 = 0.2443 

R indices (all data) R1 = 0.0844, wR2 = 0.2471 

Extinction coefficient n/a 

Largest diff. peak and hole 0.467 and -0.460 e.Å-3 
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Table 8: Synthesis of fused aminoquinones 
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A tentative mechanisim for the formation of aminoquinone product 46 is outlined 

in Scheme 16. Initially, the quinone 5a would accept an electron from N,N-

dimethylaminoethanol 41 to give the paramagnetic intermediates of radical anion 44 and 

radical cation 51. Then, C-N bond formation would take place followed by the 

elimination of HCl to give the substitution product 53. Subsequent attack by the hydroxy 

end and elimination of HCl and CH3Cl would result in the formation of the bicyclic 

aminoquinone product 47. Similar further sequence of reactions would also take place 

resulting in the final product 46 (Scheme 16).  

Scheme 16 

 

2.2.5 Reaction of cyclic tertiary amino alcohol with p-chloranil 

 Efforts were undertaken to investigate the reaction of cyclic tertiary amino 

alcohols with p-chloranil. We have observed that the reaction of cyclic tertiary amino 

alcohol like N-methyl-(S)-DPP 56 with p-chloranil 5a gave paramagnetic intermediates as 

confirmed by epr spectroscopic analysis. The epr signal persisted for long time but the 

signal strength decreased with time (Scheme 17). 
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Scheme 17 

 

 

   

      (a) 10 min   (b) 1 h 

      

      (c) 2 h    (d) 6 h  

Figure 6. EPR studies of N-Methyl-(S)-DPP 56 (0.05 mmol) with quinone 5 (0.05 mmol) 

in DCM solvent with various time intervals. 

 After workup of the reaction mixture, the highly substituted pyrrole 59 was 

obtained in 58% yield and the expected pentacyclic product 60 was not formed (Scheme 

18) 
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Scheme 18 

 

 The substituted pyrrole product formation can be explained considering the 

reaction of the N-methyl-(S)-DPP and p-chloranil to give the enamine 64 in situ as shown 

in Scheme 19. Initially, the amine 56 would react with p-chloranil 5a to give the amine 

radical cation intermediate 61. Then, abstraction of hydrogen radical would lead to the the 

iminium ion 62 which after deprotonation would give the enamine intermediate 64. that 

could react with chloranil 5a to give the intermediate 67. Subsequent reaction with p-

chloranil 5a would give the amine radical cation intermediate 68 that after abstraction of 

proton, deprotonation-oxidation sequence of reactions would give the pyrrole product 59 

(Scheme 19). 
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Scheme 19 

 

2.2.6 Reaction of cyclic secondary amino alcohol with quinone acceptors 

2.2.6.1 Reaction of cyclic secondary amino alcohol with p-chloranil  

 Interestingly, when the reaction was carried out using cyclic secondary amino 

alcohols 70, the tricyclic compound 72aa with a new chiral center was formed in 55% 

yield and the pentacyclic compound 71 was not formed (Scheme 20). 
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Scheme 20 

 

The tricyclic product 72aa is a single diastereomer as revealed by X-ray-single 

crystal structure analysis (Figure 7). 

 

 

 

 

 

Figure 7.  ORTEP representation of chiral aminoquinone–72aa (Thermal elipsoids were 

drawn with 50% probability). 
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Table 9.  Crystal data and structure refinement for compound 72aa. 

Identification code  compound 72aa 

Empirical formula  C23 H18 Cl3 N O3 

Formula weight  462.73 

Temperature  298(2) K 

Wavelength  1.54184 Å 

Crystal system  Monoclinic 

Space group  P 21 

Unit cell dimensions a = 6.9286(2) Å α = 90°. 

 b = 12.4028(3) Å β = 104.084(3)°. 

 c = 12.4099(4) Å γ = 90°. 

Volume 1034.38(5) Å3 

Z 2 

Density (calculated) 1.486 Mg/m3 

Absorption coefficient 4.231 mm-1 

F(000) 476 

Crystal size 0.18 x 0.14 x 0.10 mm3 

Theta range for data collection 3.672 to 71.533°. 

Index ranges -8<=h<=6, -14<=k<=9, -13<=l<=15 

Reflections collected 3946 

Independent reflections 2789 [R(int) = 0.0187] 

Completeness to theta = 67.684° 98.9 %  

Absorption correction Semi-empirical from equivalents 

Max. and min. transmission 1.0000 and 0.36498 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 2789 / 1 / 271 

Goodness-of-fit on F2 1.066 

Final R indices [I>2sigma(I)] R1 = 0.0340, wR2 = 0.0926 

R indices (all data) R1 = 0.0346, wR2 = 0.0937 

Absolute structure parameter 0.031(12) 

Extinction coefficient n/a 

Largest diff. peak and hole 0.268 and -0.206 e.Å-3 
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Table 10.  Crystal data and structure refinement for compound 72ab. 

Identification code  compound 72ab 

Empirical formula  C11 H10 Cl3 N O3 

Formula weight  310.55 

Temperature  298(2) K 

Wavelength  0.71073 Å 

Crystal system  Orthorhombic 

Space group  P 21 21 21 

Unit cell dimensions a = 7.3243(3) Å α = 90°. 

 b = 9.2129(4) Å β = 90°. 

 c = 18.0415(8) Å γ = 90°. 

Volume 1217.41(9) Å3 

Z 4 

Density (calculated) 1.694 Mg/m3 

Absorption coefficient 0.750 mm-1 

F(000) 632 

Crystal size 0.28 x 0.24 x 0.20 mm3 

Theta range for data collection 2.482 to 27.580°. 

Index ranges -9<=h<=9, -11<=k<=12, -23<=l<=23 

Reflections collected 14562 

Independent reflections 2802 [R(int) = 0.0336] 

Completeness to theta = 25.242° 99.5 %  

Absorption correction None 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 2802 / 0 / 163 

Goodness-of-fit on F2 1.164 

Final R indices [I>2sigma(I)] R1 = 0.0287, wR2 = 0.0816 

R indices (all data) R1 = 0.0307, wR2 = 0.0829 

Absolute structure parameter -0.002(16) 

Extinction coefficient n/a 

Largest diff. peak and hole 0.400 and -0.543 e.Å-3 
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The reaction of p-chloranil with L-prolinol also gave the tricyclic product 72ab as 

a single diastereomer as revealed by X-ray-single crystal structure analysis (Figure 8). 

 

 

 

 

 

Figure 8  ORTEP representation of chiral aminoquinone-72ab (Thermal elipsoids were 

drawn with 50% probability). 

 The reaction of (S)-DPP with p-chloranil gave amine radical cation and p-

chloranil radical anion and the signal strength decreases with time (Figure 9). The results 

are in accordance with initial formation of paramagnetic intermediates followed by 

formation of charge transfer complex and the tricyclic product (72aa). 

Scheme 21 
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    (a) 10 min   (b) 1 h 

    
    (c) 2 h   (d) 6 h 

Figure 9. EPR studies of (S)-DPP 70a (0.05 mmol) with p-chloranil 5a (0.05 mmol) in 

DCM solvent with various time intervals. 

2.2.6.2 Reactions of cyclic secondary amino alcohols with quinones. 

The reaction of p-chloranil with (S)-DPP was carried out in various solvents. The 

use of DMF as solvent gave the tricyclic product 72aa in 71% yield.  

Table 11:  Optimization of the reaction condition.a,b 

 
Entry Solven (5 ml) Yield (%)72aa 

1 Toluene 20 

2 DCM 52 

3 THF 58 

4 DMF 71 

5 CH3CN 53 

aThe reactions were carried out with quinone derivatives 5a 

(2 mmol),and cyclic secondary amino alcohol 70a (2 mmol) 

at rt for 8 h.  bIsolated yield of 72aa. 
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Therefore, we have carried out reaction of other quinone derivatives also in DMF 

solvent (Scheme 21a). 

Scheme 21a 
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The results are summarized in Table 12.  

Table 12:  Synthesis of aminoquinone derivatives a,b  

Entry quinone amino alcohol Producta Yield (%)b 

 

1 

  

 

 

 

76 

 

2 

 

 

 

 

 

60 

 

3 

  

 

 

 

81 

 

4 

  

 

  

62 

 

5 

  

 

  

73 

 

6 

    

71 

aThe reactions were carried out using quinone derivatives (2 mmol), and prolinol derivatives 

(2 mmol) at rt for 8 h.  bThe yields are for isolated products. 
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A tentative mechanism for the formation of tricyclic aminoquinone product 72aa 

is outlined in Scheme 22. The p-chloranil 5a would accept an electron from (S)-DPP 70a 

to give the paramagnetic radical anion 44 and radical cation 73 intermediates which 

would combine to give the intermediate 76. Subsequent elimination of HCl followed by 

addition of alcohol moiety to the carbonyl group 77 would give the product 72aa 

(Scheme 22). 

Scheme 22 

 

2.2.7 Synthesis of fused aminoquinol 

 We have observed that the tricyclic product 72ab reacts with triflouroacetic acid 

78 (TFA) to give the aromatized aminoquinol product 79 (Scheme 23). 

Scheme 23 
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A tentative mechanism can be considered for the formation of fused aminoquinol 

product 79 as outlined in Scheme 24. Initially, the tricyclic aminoquinone OH group 

would be protonated by TFA 78. Subsequent elimination of water molecule would lead to 

the carbocation intermediate 82. Single electron transfer from triflouro acetate anion 80 to 

the intermediate 82 would give the aromatized intermediate 85 that may take a hydrogen 

from DCM to give the aminoquinol 79. The intermediate 83 would further decompose to 

give carbon dioxide and hexaflouroethane20 (Scheme 24). 

Scheme 24 

 

 We have also carried out the TFA experiment by using 2-naphthol 86 and the 

chiral aminoquinone 72ab (Scheme 25). Unfortunately, we have obtained only the 

racemic bi-2-naphthol 87 in 23% yield (Scheme 25). 

Scheme 25 
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 2.2.8 Synthesis of racemic bi-2-naphthol (BINOL) using p-chloranil, 

triflouroacetic acid and 2-naphthol. 

We have observed that the reaction of 2-naphthol 86 with p-chloranil 5a and 

triflouroacetic acid 78 gave the bi-2-naphthol 87 in 80% yield in DCM solvent at 25oC 

(Scheme 26). 

Scheme 26 

 

A tentative mechanism can be considered for the formation of bi-2-naphthol 87 as 

outlined in Scheme 27. Initially, the p-chloranil carbonyl groups could be protonated by 

TFA 78 to give the intermediates 88 and 80. Single electron transfer from triflouro acetate 

anion 80 to the intermediate 89 could give the CF3COO.83. Single electron transfer from 

2-naphthol 86 to the intermediate 83 would generate radical cation 91 and radical 92 

which after coupling and aromatization would result in the bi-2-naphthol 87 product 

(Scheme 27). 

Scheme 27 
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2.2.9 Synthesis of N,N'-Alkyl substituted meso piperazine 

 We have also synthesized the piperazine derivative 100 for examining its electron 

transfer reaction with p-chloranil as outlined in Scheme 28. 

Scheme 28 

 

The condensation reaction between benzil 96 and ethylenediamine 97 in ethylalcohol 

resulted in the formation of 5,6-diphenyl-2,3-dihydropyrazine 98 which on reduction with 

NaBH4/ MeOH gave the meso-2,3-diphenylpiperazine 99 in 86% yield. After further 

reaction with ethyl bromide using triethyl amine as a base in DCM solvent, the meso 

N,N'-diethyl piperazine product 100 was obtained in 90% yield.  

2.2.9.1 Reaction of N,N'-dialkyl meso piperazine derivative with p-chloranil 

acceptor 

 The reaction of N,N'-diethylmesopiperazine with p-chloranil gave paramagnetic 

intermediates through electron transfer reaction. The strength of the epr signal decreased 

with time (Figure 10). 

   

      (a) 10 min   (b) 1 h   
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      (c) 2 h    (d) 6 h  

Figure 10. EPR studies of N,N'-diethylmesopiperazine 100 (0.05 mmol) with p-chloranil 

5a (0.05 mmol) in DCM solvent under various time intervals. 

2.2.9.2 Electron transfer reaction of p-chloranil and N,N'-diethylmesopiperazine  

Scheme 29 

 

 Presumably, the initially formed radical ion intermediates would give the 

diamagnetic charge transfer complex. There was no other organic product obtained.  

 Previously, electrochemical cells were constructed in this laboratory based on the 

reaction of simple tertiary amines like diisopropyl ethylamine, DABCO and 

triphenylamine with p-chloranil as electron acceptor and benzoquinone as electron 

transporter.21 We have investigated the use of sulfones in the place of benzoquinone as 

electron acceptor. The results are described in the next chapter. 



2.3 Conclusions 

 

 Systematic studies on the reaction of tertiary aryl amines, acyclic tertiary amino 

alcohols, cyclic tertiary amino alcohols, cyclic secondary amino alcohols with p-chloranil 

were carried out. The reactions gave paramagnetic intermediates but the esr signal strength 

decreased with time, indicating that the initially formed paramagnetic intermediates 

participate in further reactions. Accordingly, we have developed several new synthetic 

methods based on these electron transfer reactions.  

 We have developed a method for the synthesis of  monosubstituted N,N’- dialkyl-

1-naphthylaminoquinone derivatives using different N,N-dialkylnapthalene derivatives 

with p-chloranil. 

Scheme 9 

 

 We have also developed a method for the synthesis of aryloxy derivatives based on 

electron transfer reaction of N,N-dialkyl naphthalene derivatives with 3,4,5,6-tetrachloro-

1,2-napthoquinone. 
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Scheme 12 

 

 

 Further, a method for the synthesis of fused aminoquinone derivatives by the 

reaction of p-chloranil with N,N-dimethylaminoethanol was developed. 

Scheme 15 

 

 Also, a new method for the synthesis of chiral tricyclic products using quinone 

derivatives and different cyclic secondary amino alcohols was developed. 

Scheme 4 

 

 Finally, we have also developed a method for the preparation of bi-2-naphthol 

using p-chloranil, triflouroacetic acid and 2-naphthol. 
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Scheme 26 

 

 These methods have potential for further exploitation in organic synthesis. 



2.4 Experimental Section 

 

2.4.1 General Information  

 IR (KBr) and IR (neat) spectra were recorded on JASCO FT-IR spectrophotometer 

model-5300.  The NMR spectra [1H (400 MHz) and 13C (100 MHz)] were recorded on 

Bruker-Avance-400 spectrometers chloroform-d as solvent. Chemical shifts are expressed 

in δ downfield with respect to the signal of internal standard tetramethylsilane (δ = 0 

ppm). Coupling constants J are in Hz. The mass spectral analyses were carried out using 

Chemical Ionization (CI) or Electro Spray Ionization (ESI) techniques. EPR spectra was 

recorded in a spectrometer equipped with an EMX micro X source for X band 

measurement using Xenon 1.1b.60 software provided by the manufacturer. Analytical thin 

layer chromatographic tests were carried out on glass plates (3 x 10 cm) coated with 250 

m silica gel-G and GF254 containing 13% calcium sulfate as binder.  The spots were 

visualized by short exposure to iodine vapor or UV light.  Column chromatography was 

carried out using silica gel (100-200 mesh). 

All the glasswares were pre-dried at 100-120 ˚C in an air-oven for 4 h, assembled 

in hot condition and cooled under a stream of dry nitrogen. Unless otherwise mentioned, 

all the operations and transfer of reagent were carried out using standard syringe-septum 

technique recommended for handling air sensitive reagents and organometallic 

compounds. 

 In all experiments, a round bottom flask of appropriate size with a side arm, a side 

septum, a magnetic stirring bar, a condenser and a connecting tube attached to a mercury 

bubbler was used. The outlet of the mercury bubbler was connected to the atmosphere by a 
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long tube. All dry solvents and reagents used were distilled from appropriate drying 

agents. As a routine practice, all organic extracts were washed using saturated NaCl 

solution (brine) and dried over Na2SO4 or K2CO3 and concentrated on Heidolph-EL-rotary 

evaporator. 

 Toluene and THF were freshly distilled over sodium-benzophenone ketyl 

before use. NaBH4, and NaOH were supplied by E-Merck (India) was used as received. 

Naphthylamine, and N,N-diethyl aniline were supplied by Avra (India) was used as 

received. chloranil, were purchased from Aldrich.  

2.4.2 General procedure for the preparation of compounds 25aa-25af 

 To a reaction flask cooled under N2, was added N,N'-dialkyl naphthylamine (2 

mmol) in DMF (10 mL). To this solution chloranil (2 mmol) were added and stirred at 25 

°C for 10 h. After completion of the reaction, work up with DCM, filtered on 

anhyd.Na2SO4 evaporated on rotary evaporator. The residue was subjected to 

chromatography on silica gel (100-200 mesh) using 20% ethyl acetate in hexane to elute 

the desired products.   

2,3,5-Trichloro-6-(4-(dimethylamino)naphthalen-1-yl)cyclohexa-2,5-diene-1,4-dione 

(25aa) 

 Yield  : 0.638 g (84%); Violet colour solid, 

 mp  : 118-120 oC;  

 IR (Neat) : 3049, 2936, 2827, 2781, 1680, 1562, 1510, 1458,  

  1386, 1329, 1252, 1210, 1102, 1040, 952, 890, 766cm-1. 

1H NMR :(400 MHz, CDCl3): 8.31-8.29 (d, J=8.08Hz, 1H), 7.54-7.37 (m, 3H), 7.23-

  7.21 (d, J=7.52Hz, 1H), 7.12-7.10 (d, J=7.56Hz, 1H), 2.98 (s, 6H). 



Chapter 2 Synthetic methods based on electron transfer 73 

 

 13C NMR : (100 MHz, CDCl3): 175.4, 171.6, 153.1, 144.2, 142.0, 141.7, 140.5,131.5, 

  128.4, 127.9, 126.7, 125.3, 125.5, 125.0, 122.3, 112.7, 44.9.  

HRMS : (ESI-TOF) m/z: [M + H]+ Calcd for C18H12Cl3NO2: 380.0012; Found:  

  380.0016. 

2,3,5-Trichloro-6-(4-(diethylamino)naphthalen-1-yl)cyclohexa-2,5-diene-1,4-dione 

(25ab) 

Yield  : 0.612 g (75%); Violet colour solid, 

mp  : 135-139 oC;  

IR (Neat) : 2972, 2928, 1684, 1568, 1508,1458, 1211, 1171, 

  1108, 1057, 906, 813, 766cm-1. 

1H NMR : (400 MHz, CDCl3): 8.38-8.36 (d, J=8.28Hz, 1H), 7.53-7.39 (m, 3H),7.25 

  7.23 (d, J=7.8Hz, 1H), 7.18-7.16 (d, J=7.8Hz, 1H), 3.33-3.28 (q, J=7.12Hz, 

  4H) 1.16-1.12 (t, J=7.12Hz, 6H). 

13C NMR : (100 MHz, CDCl3):175.4, 150.6, 144.3, 142.0, 141.7, 140.5, 131.6, 130.5, 

  127.6, 125.4, 125.2, 124.9, 122.7, 116.4, 47.3, 12.2. 

 IR (Neat) : 2972, 2928, 1684, 1568, 1508, 1458, 1211, 1171, 1108, 906, 813, 

   766cm-1. 

HRMS : (ESI-TOF) m/z: [M + H]+ Calcd for C20H16Cl3NO2: 408.0325; Found:  

  408.0321. 

2.4.3 General procedure for the preparation of compounds 25ad-25af: 

To a stirred suspension of naphthyl amines (2 mmol) in toluene (10 mL), chloranil 

2 (2 mmol) was added at 25 oC. The contents were stirred at 80 oC for 10 h. Toluene was 

removed; water (5 mL) and DCM (15 mL) were added.  The DCM layer was washed with 
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saturated NaCl solution, dried with Na2SO4 and concentrated. The residue was 

chromatographed on silica gel (100-200 mesh) using 20% ethyl acetate in hexane as  

to elute the desired products. 

2,3,5-Trichloro-6-(4-(pyrrolidin-1-yl)naphthalen-1-yl)cyclohexa-2,5-diene-1,4-dione 

(25ad) 

 Yield  : 0.665 g (82%); Violet colour solid, 

 mp  : 168-171 oC; 

IR (Neat) : 3016, 2945, 2836, 2763, 1680, 1678, 1560, 1509, 

  1448, 1386, 1320, 1242, 1210, 1102, 952, 890, 756cm-1. 

1H NMR : (400 MHz, CDCl3): 8.31-8.28 (m, 1H), 7.45-7.41 (m, 2H), 7.39-7.34 (m,  

  1H), 7.21-7.19 (d, J=8.0Hz, 1H), 6.93-6.91 (d, J=8.05Hz, 1H), 3.58-3.55  

  (m, 4H), 2.07-2.04 (m, 4H). 

13C NMR : (125 MHz, CDCl3): 175.6, 171.7, 150.1, 144.2, 141.6, 141.0, 140.5,  

  131.9, 128.8, 126.9, 126.5, 125.9, 125.1, 124.0, 119.5, 108.8, 52.7, 25.4.  

HRMS : (ESI-TOF) m/z: [M + H]+ Calcd for C20H14Cl3NO2: 406.0168; Found:  

  406.0164. 

 2,3,5-Trichloro-6-(4-(piperidin-1-yl)naphthalen-1-yl)cyclohexa-2,5-diene-1,4-dione 

(25af) 

 Yield  : 0.520 g (62%); Violet colour solid, 

 mp  : 150-154 oC;  

IR (Neat) : 2932, 2851, 2805, 1681, 1564, 1509, 1449, 1426,  

  1378, 1338, 1292, 1255, 1214, 1177, 1108, 1036, 1001,905, 828,   

  791,765cm-1. 
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1H NMR : (500 MHz, CDCl3): 8.28-8.26 (d, J=8.15 Hz, 1H), 7.53-7.50 (m, 1H),  

  7.47-7.44 (m, 1H), 7.39-7.38 (d, J=8.15 Hz, 1H), 7.23-7.22 (d, J=7.8 Hz,  

  1H), 7.12-7.10 (d, J=7.8 Hz, 1H), 3.14 (s, 4H), 1.91-1.86 (m, 4H), 1.71 (s, 

  2H). 

13C NMR : (125 MHz, CDCl3): 175.6, 171.7, 153.4, 144.4, 142.1, 141.8, 140.7,  

  131.6, 129.1, 128.1, 126.8, 125.6, 125.1,125.0, 122.8, 113.6, 54.6, 26.6,  

  24.7.  

HRMS : (ESI-TOF) m/z: [M + H]+ Calcd for C21H16Cl3NO2: 420.0325; Found:  

  420.0364. 

2.4.4 General procedure for the preparation of compounds 35a-35c: 

 To a reaction flask cooled under N2, was added N,N'-dialkyl naphthylamine (2 

mmol) in DMF (5 mL).  To this solution o-chloranil (2 mmol) were added and stirred at 25 

°C for 10 h.  After completion of the reaction, work up with DCM, filtered on 

anhyd.Na2SO4 evaporated on rotary evaporator. The residue was subjected to 

chromatography on silica gel using 10% ethyl acetate in hexane to elute the desired 

products.   

2,3,4,5-Tetrachloro-6-((4-(dimethylamino)naphthalen-1-yl)oxy)phenol (35a)  

Yield  : 0.625 g (75%); White solid, 

mp  : 165-167 oC;  

IR (KBr) : 3390, 1773, 1706, 1624, 1587, 1551, 1433,1391, 1272, 

  1226, 1190, 1148, 1050, 993, 952, 901, 766,823cm-1. 

1H NMR : (400 MHz, CDCl3): 11.22 (s, 1H), 8.39-8.38 (m, 1H), 8.21-8.19 (m, 1H),  

  7.62-7.60 (m, 2H), 6.88-6.86 (d, J=8.28 Hz, 1H), 6.43-6.41 (d, J=8.24 Hz, 

  1H), 2.74 (s, 6H). 
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 13C NMR : (100 MHz, CDCl3): 148.7, 148.4, 146.0, 140.0, 129.7, 128.9, 127.0,  

  126.6, 126.1, 125.7, 124.1, 122.8, 122.0, 121.6, 114.1, 106.9, 45.5.  

HRMS : (ESI-TOF) m/z: [M + H]+ Calcd for C18H13Cl4NO2: 415.9778; Found:  

  415.9759. 

2,3,4,5-Tetrachloro-6-((4-(diethylamino)naphthalen-1-yl)oxy)phenol (35b) 

 Yield  : 0.631 g (71%); White solid, 

mp  : 130-132 oC;  

IR (KBr) : 3478, 1742, 1582, 1515, 1427, 1376, 1262, 

  1231, 1148, 1055, 983, 937, 802, 766, 601cm-1. 

1H NMR : (400 MHz, CDCl3): 11.23 (s, 1H), 8.35-8.26 (m, 2H), 7.61-7.58 (m, 2H),  

  7.02-7.00 (d, J=8.2 Hz, 1H), 6.48-6.46 (d, J=8.24 Hz, 1H), 3.09-3.04 (m,  

  4H), 0.95-0.92 (t, J=7.04 Hz, 6H). 

 13C NMR : (100 MHz, CDCl3): 148.7, 142.5, 139.9, 132.3, 128.9, 126.9, 126.6,  

  126.1, 125.6, 124.1, 122.6, 122.0, 121.5, 118.3, 106.9, 48.0, 12.6.  

HRMS : (ESI-TOF) m/z: [M + H]+ Calcd for C20H17Cl4NO2: 444.0091; Found:  

  444.0083. 

2,3,4,5-Tetrachloro-6-((4-(ethyl(methyl)amino)naphthalen-1-yl)oxy)phenol 35c:  

 Yield  : 0.594 g (69%); White solid, 

 mp  : 124-127 oC;  

 IR (KBr) : 3452, 1593, 1546, 1427, 1391, 1267, 1221,1050, 

   901, 808, 761, 704cm-1. 

1H NMR : (400 MHz, CDCl3): 11.22 (s, 1H), 8.40-8.38 (m, 1H), 8.22-8.19 (m, 1H),  

  7.61-7.59 (m, 2H), 6.90-6.88 (d, J=8.28 Hz, 1H), 6.44-6.42 (d, J=8.24 Hz, 

  1H), 3.00-2.95 (m, 2H), 2.70 (s, 3H),1.10-1.07 (t, J=6.92 Hz, 3H). 
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 13C NMR : (100 MHz, CDCl3): 148.7, 148.5, 145.2, 139.9, 130.6, 128.9, 127.0,  

  126.6, 126.1, 125.7, 123.9, 122.8, 122.0, 121.6, 115.6, 106.9, 51.5, 41.8,  

  13.0.  

HRMS : (ESI-TOF) m/z: [M + H]+ Calcd for C19H15Cl4NO2: 429.9935; Found:  

  429.9928. 

2.4.5 General procedure for the preparation of compounds (46-50) 

 To a reaction flask cooled under N2, was added N,N-dimethyl amino ethanol (2.4 g, 

8 mmol) in DMF (10 mL). To this solution quinone (2 mmol) were added and stirred at 25 

°C for 8 h. After completion of the reaction,  the residue was subjected to chromatography 

on silica gel (100-200 mesh) using 50% ethyl acetate in hexane to elute the desired 

products 46 to 50.   

4-Methyl-3,4-dihydro-2H-naphtho[2,3-b][1,4]oxazine-5,10-dione (49) 

Yield  : 0.403 g (88%); black colour solid,  

mp  : 145-148 °C; 

IR (Neat) : 1627, 1584, 1563, 1482, 1428, 1379, 1319, 1282,1233, 

   1190, 1147, 1055, 1022, 952, 714 cm-1. 

1H NMR : (400 MHz, CDCl3): δ 8.05-8.04 (m, 1H), 7.98-7.96 (m, 1H), 7.67-7.59 (m, 

  2H), 4.28-4.26 (m, 2H), 3.35-3.33 (m, 2H),3.27 (d, J=1.6 Hz, 3H).  

13C NMR : (100 MHz, CDCl3): δ 181.8, 177.0, 141.0, 134.5, 133.4, 132.7, 131.4,  

  130.9, 126.0, 125.6, 63.3, 50.7, 41.8. 
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HRMS : (ESI-TOF) m/z: [M + H]+ Calcd for C13H11NO3: 230.0812; Found:  

  230.0817. 

 

6,7-Dichloro-4-methyl-3,4-dihydro-2H-benzo[b][1,4]oxazine-5,8-dione (47) 

Yield  : 0.418 g (30%); Black colour solid, 

mp  : 128-130 °C; 

IR (Neat) : 1663, 1623, 1600, 1557, 1480, 1433, 1388,1322, 1246, 

   1201, 1162, 1112, 1017, 901, 767 cm-1.  

1H NMR : (400 MHz, CDCl3): δ 4.22-4.20 (t, J=3.8 Hz, 2H), 3.33-3.31 (t, J=3.9 Hz, 

  2H), 3.20 (s, 3H). 

13C NMR : (100 MHz, CDCl3): δ 174.6, 169.9, 138.6, 138.0, 136.7, 132.1, 63.5, 50.8, 

  41.9. 

HRMS : (ESI-TOF) m/z: [M + H]+ Calcd for C9H7Cl2NO3: 247.9876; Found:  

  247.9880. 

4,9-Dimethyl-3,4,8,9-tetrahydrobenzo[1,2-b:4,5-b']bis([1,4]oxazine)-5,10(2H,7H)-

dione (46) 

Yield  : 0.4 g (80%); Black colour solid,  

m.p  : 190-195 C; 

IR (KBr) : 1627, 1557, 1471, 1422, 1379, 1314, 1276,1249, 1201, 1060, 974, 
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   741 cm-1. 

1H NMR : (400 MHz, CDCl3): δ 4.1-4.08 (t, J=3.92 Hz, 2H), 3.18-3.16 (t, J=3.96  

  Hz, 2H), 3.09 (s, 3H). 

13C NMR : (100 MHz, CDCl3): δ 176.4, 136.5, 129.6, 62.8, 50.8, 42.0. 

HRMS : (ESI-TOF) m/z: [M + Na]+ Calcd for C12H14N2O4: 273.0846; Found:  

  273.0856. 

1-Methyl-1,2,3,4-tetrahydrobenzo[g]quinoxaline-5,10-dione (50) 

Yield  : 0.401 g (88%); black colour solid, 

mp  : 124-128 °C; 

IR (Neat) : 1773, 1638, 1595, 1557, 1471, 1390, 1330, 1287,1244, 1184,1152, 1055, 

  957, 720 cm-1. 

1H NMR : (400 MHz, CDCl3): δ 8.06-8.03 (m, 1H), 7.98-7.96 (m, 1H), 7.66-7.59 (m, 

  2H), 4.28-4.26 (t, J=4.16 Hz, 2H), 3.35-3.33 (t, J=4.2 Hz, 2H), 3.27 (s,  

  3H).  

13C NMR : (100 MHz, CDCl3): δ 181.8, 177.0, 141.0, 134.4, 133.4, 132.7, 131.4,  

  130.9, 126.0, 125.6, 63.3, 50.7, 41.8. 

HRMS : (ESI-TOF) m/z: [M + H]+ Calcd for C13H12N2O2: 229.0972; Found:  

  229.0972. 
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6,7-Dichloro-1-methyl-1,2,3,4-tetrahydroquinoxaline-5,8-dione (48) 

Yield  : 0.405 g (82%); Black solid, 

m.p  : 127-130 C;  

IR (Neat) : 1660, 1622, 1595, 1557, 1428, 1384, 1325, 1244,1201, 1163, 1114, 1060, 

  1011, 909, 849, 801, 774, 725 cm-1. 

1H NMR : (400 MHz, CDCl3): δ 4.20-4.18 (m, 2H), 3.33-3.31 (m, 2H), 3.19 (s, 3H). 

13C NMR : (100 MHz, CDCl3): δ 174.5, 169.8, 138.6, 137.9, 136.7, 132.1, 63.5, 50.8, 

  41.9. 

HRMS : (ESI-TOF) m/z: [M + H]+ Calcd for C9H8Cl2N2O2: 247.0036; Found:  

  247.0041. 

2.4.6 General procedure for the preparation of compounds 72aa-ca and 75aa-ba: 

To a reaction flask cooled under N2, was added Prolinol derivatives (2 mmol) in DMF (10 

mL). To this solution quinone (2 mmol) were added and stirred at 25 °C for 8 h. After 

completion of the reaction, the residue was subjected to chromatography on silica gel 

(100-200 mesh) using 20-30% ethyl acetate in hexane to elute the desired products. 

5-Chloro-10b-hydroxy-12,12-diphenyl-2,3,12,12a-tetrahydro-1H-naphtho[1,2-

b]pyrrolo[1,2-d][1,4]oxazin-6(10bH)-one (75aa) 

Yield  : 0.54 g (62%); Yellow solid,  

mp  : 120-125 °C; 

[α]D
25  :-120.18 (c 0.11, CHCl3); 
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IR (Neat) : 3227, 1594, 1534, 1479, 1446, 1293, 1276, 1106, 1024, 887, 761,  

  695 cm-1. 

1H NMR : (400 MHz, CDCl3): δ 7.73-7.71 (d, J=7.76 Hz, 1H), 7.6-7.58 (d, J=7.24  

  Hz, 3H), 7.52-7.40 (m, 4H), 7.24-7.13 (m, 4H), 6.94-6.92 (d, J=7.6 Hz,  

  2H), 5.77-5.74 (m, 1H), 5.16 (s, 1H), 4.24-4.17 (m, 1H), 4.02-3.97 (m, 1H), 

  2.43-2.34 (m, 1H), 1.97-1.92 (m, 1H) 1.69-1.64 (m, 1H), 0.64-0.52 (m,  

  1H). 

13C NMR : (100 MHz, CDCl3): δ 177.2, 155.5, 145.5, 142.0, 139.8, 132.0, 128.8,  

  128.4, 128.2, 128.0, 127.8, 127.7, 127.6, 126.9, 125.7, 125.1, 101.6, 92.1,  

  81.4, 60.2, 52.5, 28.6, 23.0. 

HRMS : (ESI-TOF) m/z: [M + H]+ Calcd for C27H22ClNO3: 444.1361; Found:  

  444.1371. 

6,7,9-Trichloro-5a-hydroxy-4,4-diphenyl-2,3,3a,4-tetrahydro-1H-

benzo[b]pyrrolo[1,2-d][1,4]oxazin-8(5aH)-one (72aa) 

Yield  : 0.70 g (76%); Yellow solid, 

mp  : 170-173 °C; 

[α]D
25  : -849.28 (c 0.1, CHCl3); 

IR (KBr) : 3287, 1627, 1545, 1452, 1408, 1347, 1287, 1221, 1150, 1052, 1013, 947, 

  887, 778, 756, 706, 663, 580 cm-1. 
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1H NMR : (400 MHz, CDCl3): δ 7.55-7.53 (m, 2H), 7.50-7.41 (m, 3H), 7.29-7.27 (m, 

  3H), 6.93-6.90 (m, 2H), 5.44-5.41 (m, 1H), 4.20-4.14 (m, 1H), 3.99-3.93  

  (m, 1H), 3.82 (s, 1H), 2.42-2.32 (m, 1H), 1.91-1.85 (m, 1H) 1.75-1.69 (m,  

  1H), 0.79-0.69 (m, 1H). 

13C NMR : (100 MHz, CDCl3): δ 170.4, 152.7, 144.7, 140.8, 140.5, 131.1, 128.6,  

  128.2, 127.9, 127.8, 126.6, 99.5, 92.0, 81.6, 61.2, 52.7, 29.0, 23.1. 

HRMS : (ESI-TOF) m/z: [M + H]+ Calcd for C23H18Cl3NO3: 462.0425; Found:  

  462.0432. 

6,7,9-Trichloro-5a-hydroxy-2,3,3a,4-tetrahydro-1H-benzo[b]pyrrolo[1,2-

d][1,4]oxazin-8(5aH)-one (72ab) 

Yield  : 0.44 g (71%); Yellow solid,  

mp  : 160-163 °C; 

[α]D
25  : -153.87 (c 0.1, CHCl3); 

IR (Neat) : 3319, 1617, 1541, 1465, 1444, 1298, 1255, 1190, 1038, 1017, 990, 876,  

  734 cm-1.  

1H NMR : (400 MHz, CDCl3): δ 8.15 (s, 1H), 4.42-4.41 (m, 1H), 4.23-4.18 (m, 2H), 

  4.11-4.07 (m, 1H), 2.5 (s, 1H), 2.13-2.10 (m, 1H), 2.00-1.97 (m, 1H), 1.93-

  1.89 (m, 1H), 1.53-1.49 (m, 1H). 

13C NMR : (100 MHz, CDCl3): δ 169.1, 155.2, 142.8, 129.3, 98.0, 90.4, 65.7,  

  55.7,53.1, 28.1, 24.3. 
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HRMS : (ESI-TOF) m/z: [M + H]+ Calcd for C11H10Cl3NO3: 309.9804; Found:  

  309.9809. 

6,7-Dichloro-5a-hydroxy-8-oxo-4,4-diphenyl-2,3,3a,4,5a,8-hexahydro-1H-

benzo[b]pyrrolo[1,2-d][1,4]oxazine-9-carbonitrile (72ca) 

Yield  : 0.73 g (81%); Light pink solid, 

mp  : 175-178 °C; 

[α]D
25  : -395.60 (c 0.3, CHCl3); 

IR (Neat) : 3276, 1610, 1556, 1495, 1441, 1358, 1304, 1106, 1046, 854, 805, 

   690 cm-1. 

1H NMR : (400 MHz, CDCl3): δ 8.42 (s, 1H), 7.51-7.44 (m, 4H), 7.41-7.37 (m, 1H), 

  7.30-7.29 (m, 3H), 6.83-6.80 (m, 2H), 5.31-5.28 (m, 1H), 4.01-3.94 (m,  

  1H), 3.77-3.72 (m, 1H), 3.38 (s, 1H), 1.82-1.67 (m, 2H), 0.78-0.71 (m, 1H). 

13C NMR : (100 MHz, CDCl3): δ 172.8, 161.9, 144.6, 143.4, 141.3, 130.4, 128.7,  

  128.5, 128.3, 128.0, 127.0, 117.1, 90.0, 82.1, 78.9, 61.5, 51.8, 29.0, 23.1. 

HRMS : (ESI-TOF) m/z: [M + H]+ Calcd for C24H18Cl2N2O3: 453.0767; Found:  

  453.0771.   
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5a-Hydroxy-4,4-diphenyl-2,3,3a,4-tetrahydro-1H-benzo[b]pyrrolo[1,2-d][1,4]oxazin-

8(5aH)-one (72ba) 

Yield  : 0.43 g (60%); Light red solid,  

mp  : 170-175 °C;  

[α]D
25  : -558.17 (c 0.15, CHCl3);  

IR (Neat) : 3249, 1660, 1561, 1495, 1452, 1408, 1353, 1271, 1156, 1134, 1073, 1024, 

  838, 750, 695 cm-1. 

1H NMR : (400 MHz, CDCl3): δ 7.48-7.37 (m, 5H), 7.23 (s, 3H), 6.87 (s, 2H), 6.55- 

  6.53 (d, J=9.0 Hz, 1H), 5.92-5.90 (d, J=8.9 Hz, 1H), 5.61 (s, 1H), 5.33- 

  5.31 (d, J=7.6 Hz, 1H), 5.04 (s, 1H), 3.27 (s, 1H), 3.05 (s, 1H), 2.40 (s, 1H) 

  1.77 (s, 2H), 1.14 (s, 1H). 

13C NMR : (100 MHz, CDCl3): δ 184.6, 158.2, 144.8, 142.0, 138.9, 128.2, 128.1,  

  127.8, 127.6, 127.1, 93.2, 89.4, 82.1, 59.6, 53.4, 47.6, 29.9, 22.8. 

HRMS : (ESI-TOF) m/z: [M + H]+ Calcd for C23H21NO3: 360.1599; Found:  

  360.1606. 

10b-Hydroxy-12,12-diphenyl-2,3,12,12a-tetrahydro-1H-naphtho[1,2-b]pyrrolo[1,2-

d][1,4]oxazin-6(10bH)-one (75ba) 

Yield  : 0.59 g (73%); Light pink solid, 

mp  : 192-196 °C; 

[α]D
25  : -105.87 (c 0.52, CHCl3); 



Chapter 2 Synthetic methods based on electron transfer 85 

 

IR (KBr) : 3121, 1603, 1546, 1494, 1453, 1386, 1298, 1164, 1009, 885, 828, 782,  

  704, 647, 596 cm-1.  

1H NMR : (400 MHz, CDCl3): δ 7.95-7.93 (m, 1H), 7.80-7.78 (m, 1H), 7.62-7.57 (m, 

  3H), 7.52-7.46 (m, 3H), 7.42-7.39 (m, 1H), 7.34 (s, 1H), 7.19-7.18 (m, 3H), 

  6.74-6.71 (m, 2H), 5.23-5.19 (t, J=7.3 Hz, 2H) 3.40-3.34 (m, 2H), 3.14- 

  3.07 (m, 1H), 1.83-1.73 (m, 1H) 1.57-1.49 (m, 1H), 1.15-1.06 (m, 1H). 

13C NMR : (100 MHz, CDCl3): δ 180.4, 158.5, 146.1, 143.2, 141.2, 131.7, 130.3,  

  128.8, 128.7, 128.1, 128.0, 127.9, 127.8, 127.2, 126.3,124.8, 93.8, 90.0,  

  82.6, 59.6, 47.8, 30.3, 22.9.  

HRMS : (ESI-TOF) m/z: [M + H]+ Calcd for C27H23NO3: 410.1751; Found:  

  410.1761.  

6,7,9-Trichloro-2,3,3a,4-tetrahydro-1H-benzo[b]pyrrolo[1,2-d][1,4]oxazin-8-ol (79) 

Yield  : 0.47 g (81%); White solid, 

mp  : 95-98 °C; 

IR (Neat) : 3509, 1577, 1422, 1376, 1278, 1200, 1148, 1061, 1014, 859, 823 cm-1. 

1H NMR : (400 MHz, CDCl3): δ 5.68 (s, 1H), 4.25-4.20 (d, J=23.2 Hz, 2H), 3.47 (s, 

  2H), 2.95 (s, 1H), 2.30 (s, 1H), 2.01 (s, 1H) 1.91-1.88 (m, 1H), 1.76-1.72  

  (m, 1H). 

13C NMR : (100 MHz, CDCl3): δ 142.9, 137.2, 132.5, 119.4, 111.8, 111.2, 65.3, 54.3, 

  52.7, 26.5, 22.8. 
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HRMS : (ESI-TOF) m/z: [M + H]+ Calcd for C11H10Cl3NO2: 293.9850; Found:  

  293.9850. 

2.4.7 General procedure for the preparation of racemic binol (87): 

 To a solution of 2-naphthol (0.288g, 2 mmol) in dry CH2Cl2 (10 mL) in a round 

bottomed flask, trifluoroacetic acid (0.3ml, 4mmol) was added slowly using a syringe after 

that chloranil (0.488g, 2 mmol) was added to the reaction under N2 atmosphere and stirred 

at 25 °C for 5 h. The reaction quenched with premixed solid sodium bicarbonate with few 

pieces of ice. The product was extracted CH2Cl2 (2 X 40 mL) and water (20 mL). The 

combined organic extract was washed with brine (20 mL), dried over anhydrous Na2SO4, 

and filtered. The solvent was evaporated and purification of residue by column 

chromatography on silica gel (100-200 mesh) using 20-30% ethyl acetate in hexane to 

elute the desired product racemic binol 87. 

 

1,1'-Bi-2,2'-naphthol (87) 

Yield  : 0.45 g (80%); Colorless solid. 

mp  : 217-219 °C; (lit.10 mp. 216-218 °C) 

IR (KBr) : (cm-1) 3484, 3402, 3040, 1621, 1599,  

  1517, 1468, 1386, 1325, 1271, 1221, 1183, 1145. 

1H NMR : (400 MHz, CDCl3, δ ppm) 7.96 (d, J = 8Hz, 2H), 7.89(d, J = 8Hz, 

2H), 7.39-7.33 (m, 4H) 7.33-7.29 (m, 2H), 7.16 (d, J = 8Hz, 2H), 

5.09 (s, 2H). 

13C NMR : (100 MHz, CDCl3, δ ppm) 152.6, 133.4, 131.4, 129.4, 128.4, 127.5, 

124.2, 124.0, 117.7, 110.8. 
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Chapter 3 

 

 

Construction of Electricity Harvesting 

Electrochemical Cell using tertiary Amines, p-

Chloranil and Sulfones 



3.1 Introduction 

 

3.1.1 Organic solar cell 

 The organic photovoltaics or solar cells are flexible devices with low 

manufacturing cost compared to that of rigid inorganic solar cells. In organic solar cells, 

photo excitation of the light harvesting organic material produce coupled electron-hole 

pair called as exciton. The electric field splits the exciton into the charge carriers as 

electron-hole (positive charge) pairs. The charge carriers move to the respective 

electrodes. Some electron donors and acceptors used in the heterojunction solar cells are 

shown in Figure 1. 

 

 Figure 1. Major donor polymers and acceptors used in the organic solar cells. 
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3.1.2 Single layer organic solar cells 

 In organic solar cells, conductors with high work function such as indium tin oxide 

(ITO) are used as transparent cathode and low work function metals such as aluminum, 

magnesium or calcium are used as anode. The cell is made by sandwiching an organic 

material between the two electrodes as shown in Figure 2. 

 

 Figure 2. (a) Schematic diagram for single layer organic solar cell (b) Energy level 

 diagram for organic solar cell. 

 When the organic materials are exposed to sun light, the electrons are excited to 

the LUMO and holes (positive charges) are produced in the HOMO. The potential created 

by the different work functions of the electrodes splits the electro-hole pair. Then, the 

electrons move to the anode and holes (positive charges) to the cathode. It was reported 

that magnesium phthalocyanine (MgPc) single layer solar cell (Al/MgPc/Ag) produced 

0.01% efficiency.1 Glenis and co-workers reported2 that the single layer cell using poly-3-

methyl thiophene produced 0.15% power conversion efficiency. Also, single layer cell 

using the conjugated polymer polyacetylene gave 0.3% conversion efficiency.3 These 

types of cells produce less than 1% power conversion efficiency. 
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3.1.3 Bilayer or Planar donor-acceptor solar cells 

 The bilayer organic solar cells are constructed by sandwiching two different layers 

in between the two electrodes. (Figure 3 a).  

 

 Figure 3. (a) Schematic diagram for Bilayer organic solar cell (b) Energy level 

 diagram for bilayer organic solar cell. 

The electrostatic forces are generated at the interface of layers due to the different 

electron affinity and ionization energy of two different layers. In this cell, the exciton 

splits efficiently than in the single layer cell. The layers having high electron affinity act as 

electron acceptor and the other layer with low ionization energy act as electron donor. 

Sariciftci and co-workers reported4 0.04% power conversion efficiency in the cell using 

C60/MEH-PPV in double layer cell. In this cell, C60 works as an acceptor and poly (2-

methoxy-5-(2’-ethylhexyloxy- 1,4-phenylene-vinylene), MEH-PPV as a donor. Tang et al. 

reported5 that 1% power conversion efficiency was produced by using copper 

phthalocyanine (CuPc) as an electron donor and perylene tetracarboxylic derivative as an 

acceptor in two layer cell. It was reported that the bilayer cell using the donor polymer 

poly (p-phenylenevinylene) PPV and acceptor C60 produced around 9% power conversion 

efficiency. 6   
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3.1.4 Bulk heterojunction solar cell 

 The thickness of the layer is important for effective absorption of light in organic 

solar cells. If the thickness of the layer is more, the exciton will recombine before reaching 

the electrodes. In bulk-heterojunction cell, by placing a mixture of electron donor and 

acceptor blend the exciton diffusion pathway is minimized. In bulk heterojunction solar 

cell, the donor and acceptor are mixed together and deposited over the ITO electrode 

(Figure 4 a). 

 

 Figure 4. (a) Schematic diagram for Bulk heterojunction solar cell (b) Use of 

 buffer HTL and ETL layers.  

The efficiency of organic solar cell was improved by the introduction of fullerene 

based derivatives in bulk heterojunction. It was reported7 that the cell with blend of 

polymer MEH-PPV donor and fullerene using Ca/MEH-PPV/PCBM/ITO gave 2.9% 

power conversion efficiency. Yu and co-workers8 reported improvement by replacing 

MEH-PPV polymer with poly (3-octylthiophene), P3OT polymer. More recently, it was 

reported that by using thiophene based PTB7-Th polymer and PC71BM as an acceptor, the 

power conversion efficiency was improved to 11%.9-12 
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In 2008, mechanistic schemes involving the charge transfer complexes in 

equilibrium with radical cation, and anion pair and dissociated ions were proposed in 

donor-acceptor systems (Scheme 1).13a These reported reversible reactions take place at 

ambient conditions in the ground state of donor and acceptor. Initially, the CT complex is 

reported to be formed with subsequent formation of the electron transfer (ET) complex 

(Scheme 1). Finally, the dissociated radical ions 13, 14 are formed by ionisation/diffusion 

in polar solvents. This implies that the energy barrier or activation energy for the 

formation of complex and radical ions is overcome by the surrounding heat (Scheme 1). 

Scheme 1 

 

As described in Chapter 2, amines readily undergo electron transfer reactions to 

give the corresponding radical cations and anions in dipolar aprotic solvent like PC 

(propylene carbonate) which then lead to the corresponding charge transfer complexes in 

equilibrium with the radical ions (Scheme 2). 

Scheme 2 

 

An interesting possibility is the development of an electrochemical cell device 

based on transport of charges in these radical cation and anion pair species to the 

electrodes to complete the circuit and regenerating the donor and acceptor.  If the electron 

transfer from the amine donor to the quionone acceptor could again happen, then the 
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device would be useful in converting the heat around it to electricity continuously 

(Figure5).   

 

 

 Figure 5. Ground state electron transfer between organic electron donor (D) and 

 acceptor (A) - Construction of an electricity harvesting cell. 

We have envisaged the construction of an electrochemical cell so as to transport 

the charge carriers (i.e. electron in Q-. and the hole in R3N
+.) formed in such reactions 

under ambient temperature conditions to produce electricity (Fig. 5).  The difference 

between ground state electron transfer process in such cells and the electron transfer 

involved in donor/acceptor photovoltaic or solar cells is that in the later case the electron 

transfer from a donor to an acceptor takes place after photoexcitation of the electron in the 

ground state to excited state. 

 We have decided to use sulfone as electron acceptor or transporter in the ground 

state electricity harvesting cells. Accordingly, a brief review of the reports on the sulfones 

as electron acceptor will be useful for the discussion. 
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3.1.5 Application of sulfones as electron acceptors 

 Sulfone containing material is attractive for use as a phosphorescent host material 

because sulfone group possesses a strong electron accepting nature.13b-d,14 For example, 

5',5''''-sulfonyl-di-1,1':3',1''-terphenyl 15 (BTPS estimated electron affinity EA = 2.9 eV) is 

useful as a host material for high efficiency blue and green phosphorescent OLEDs.15  

 

 Figure 6. Structure for the electron acceptor host material 

 Bissulfone 16 (estimated electron affinity EA = 2.28 eV) was used as high triplet 

energy electron acceptor in blue phosphorescent light emitting devices.16a The main reason 

for insertion of sulfone groups in host compounds17 is that the acceptor group influences a 

strong inductive electron withdrawing effect which lowers both HOMO and LUMO 

energies of the triplet synthon and improves electron injection. The bissulfone 17 is also 

useful as electron acceptor but its electron affinity was estimated to be low (EA = 1.04 

eV).16b 

 

 

 Figure 7. Chemical structures of the electron acceptor host compounds 
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 Fluorinated sulfones are useful as electrolytes in high energy Li-ion batteries. The 

fluorination lowers the HOMO and LUMO energy levels and raises the oxidation 

potentials of the sulfone molecules.18 

 

 Figure 8. Schematic diagram for Fluorinated sulfone used in Li ion batteries 

 Schoenebeck et. al reported19 that reductive cleavage of sulfones and sulfonamides 

by a neutral organic super electron donor (SED) compound 20. In these reactions, electron 

transfer from super electron donor (SED) to the arenesulfonyl group leads to the formation 

of radical-anion and radical cation intermediates (Scheme 3).19 

Scheme 3 
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 Sullivan, et al reported 20 that reductive cleavage of sulfonamides by a 

photoactivated neutral organic super electron donor (Scheme 4). 

Scheme 4 

 

 

 



98          Introduction 

Merchant et al reported 21 that fluoro alkylated products are obtained by the nickel-

catalyzed cross coupling reaction of alkyl sulfones with aryl zinc reagent (Scheme 5). 

Scheme 5 

 

Delaunay et al reported22 that heteroarylalkylsulfones undergo cathodic cleavage 

reaction to give radical anion intermediates, resulting in alkanesulfinate anion in high yield 

along with the corresponding hydrocarbon (Scheme 6). 

Scheme 6 

 

 Vasilieva et al reported23 that the electrochemical reduction of 2-

methylthioxanthen-9-one sulfoxide and sulfone give radical anions (Scheme 7). 

Scheme 7 
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 Kaiser et al reported24 that thiaxanthone-5-dioxide, thianthrene-5,10-tetroxide and 

2,7-dimethyl thianthrene-5,10-tetroxide on reduction with metals like potassium give 

radical anions. Here, the sulfonyl group accepts electron from potassium (K) (Scheme 8). 

Scheme 8 

 

 Fehnel et al reported25 that thiaxanthone-5-dioxide on treatment with Zn dust gives 

intense blue color due to the formation of sulfone anion (Scheme 9). 

Scheme 9 

 

 We have investigated the application of sulfones as electron acceptor in electricity 

harvesting electrochemical cells. The results are described in the next section. 



3.2 Results and Discussion 

 

3.2.1 Organic electrochemical cells using sulfones as electron transporters 

We have undertaken efforts to construct electricity harvesting electrochemical cells 

based on ground state electron transfer reactions. We have selected the highly electron 

deficient p-chloranil 63 (Cl4BQ) as acceptor and benzoquinone (BQ) 64, dimethylsulfone 

65 and sulfolane 66 as electron transporter. Also, the amines and N,N’-tetramethyl-1,4-

phenylenediamine (TMPDA) 58, triphenylamine (TPA) 59, 1,4-diazabicyclo[2.2.2]octane 

(DABCO) 60, N, N-diisopropylethylamine (DIPEA) 61 and N,N-diisopropylbenzamide 

(DiPrBA) 62 were selected as electron donors for the construction of the electrochemical 

cell. 

 

Figure 9: Eelectron donors and acceptors for use in electrochemical cells. 

Recently, electrochemical cells were constructed in this laboratory based on 

ground state electron transfer reactions using various donor amines and p-chloranil 

acceptor with TiO2 as solid support in PC solvent under different configurations.26 
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3.2.2 Two layer cell configuration 

Previously, it was observed in this laboratory that the cells can be easily 

constructed by making donor and acceptor pastes using TiO2, polyethylene oxide (PEO) 

and propylene carbonate (PC) and coating on commercially available Al (0.2mm x 5cm x 

5cm) and SS (SS 304, 0.05mm x 5cm x 5cm) foils or graphite sheet (0.4mm x 5cm x 

5cm). The configuaration of two layer cell was constructed as shown in Figure 10. 

 

 

Figure 10. (a) Schematic diagram of cell with two layer configuration (b) Tentative mechanism for electron 

transport via D/D.+ and A-/A exchange reactions. 

The acceptor layer was coated on Al foil and the donor layer was coated on SS foil 

or Graphite sheet. The foils were then sandwiched to construct the electrochemical cell. 

However, visible holes were formed on SS foils indicating corrosion and hence later 
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graphite sheets were used. It was observed that the two layer cells conducted in this way 

(Figure 10) did not produce power after 24 h. Hence, multilayer cells gave better results 

(Figure 11) . 

3.2.3 Multilayer Cell Configuration 

(a)              (b) 

 

 

 

Figure 11. (a) Schematic diagrams of multi-layer cell using BQ along with p-chloranil without TiO2 in PC 

layer (c) Tentative mechanism for electron transport to the electrodes via D/D.+ and A-/A exchange 

reactions. 

 

The IV-data were recorded at 1 h and 48 h after packing. The higher power outputs 

(Pmax) were observed 1 h after packing compared to that observed after 48 h. Presumably, 

the power output becomes less as the initially formed amine radical cations and p-chloranil 

anions might be converted to the corresponding charge transfer complex (CT 1) in 

accordance with decrease in epr signal strength observed earlier (Figure 11c). The 
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complexes CT 2 and CT 3 may also contribute to the conduction. The results indicate that 

increase in the temperature of the cell (from 28 °C to 40 °C) increases the power output 

due to increase in the rate of electron transfer between the donor-acceptor and also 

dissociation of the formed charge transfer complexes into radical ions.  Also, the increase 

in temperature would help in crossing the activation energy barrier for transport of ions to 

the electrodes and hence would also improve the conductance.  

 The epr studies indicated that the initially formed radical ions are transformed to 

charge transfer complexes with time as discussed in chapter 2. This could account for the 

reduction of current and Pmax values with time as the concentration of radical ions would 

be lesser with time. It was reported that radical anions of compounds with lesser electron 

affinity are stabilized to more extent in polar solvents. Since, benzoquinone (BQ) has 

lesser electron affinity (EA 1.91 eV) compared to p-chloranil (EA 2.78 ev), the BQ could 

accept electron from p-chloranil radical anion and hence the p-chloranil will be available 

for reversible electron transfer from the amines. Indeed, the Pmax values were higher in 

reactions using BQ for electron transport.27,28 

 It was of interest to us to develop electrochemical cells using different donors and 

p-chloranil along with sulfolane and dimethylsulfone as electron transporter. Accordingly, 

we have constructed the cell using the different donors and the sulfolane as transporter 

using Cl4BQ and tertiary amines (Figure 12). The electron affinity (EA) values of 

sulfolane and dimethylsulfone were not reported but expected to be less than the EA (2.28 

eV) of bissulfone 816a and bissulfone 9 (EA=1.04 eV)16b compared to that of benzoquinone 

(EA=1.91 eV) and p-chloranil (EA=2.78 eV). We have constructed the cell in 5 layer 

configuration using sulfolane (Figure 12). In this configuration, the solvent PC (propylene 
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carbonate) was used for dissolving the donor, acceptor and sulfolane to facilitate the 

electron transport from the p-chloranil radical anion (Figure 12). 

Figure 12: Five layer cell with sulfolane in two layers 

 

 

 

 

 

 

1 h after packing 

Donor        Pmax/mW/FF(28 °C)     Pmax/mW/FF(35 °C)       Pmax/mW/FF(40 °C)  

TMPDA     3.62/0.240              4.782/0.242              5.159/0.241 

TPA           2.091/0.269              2.249/0.271              2.391/0.273 

DABCO     3.516/0.273              5.788/0.271              8.543/0.291 

DIPEA       3.315/0.280              4.956/0.281              6.071/0.29 

DiPrBA      3.649/0.263              3.693/0.268              3.948/0.27  

 

48 h after packing 

Donor       Pmax/mW/FF(28 °C)     Pmax/mW/FF(35 °C)       Pmax/mW/FF(40 °C)   
TMPDA   0.318/0.259            0.426/0.27              0.434/0.268 

TPA          0.659/0.251            0.777/0.256             0.993/0.266 

DABCO   1.055/0.205            2.017/0.255             2.102/0.256 

DIPEA     1.168/0.255            1.591/0.289             1.929/0.321 

DiPrBA    0.694/0.279            0.877/0.299             0.896/0.298  

 

 

Figure 12. (a) Schematic diagram of multi-layer with Cl4BQ/Sulfolane/Donor/PC/TiO2/PEO configuration. 

(b) Representative IV for the cell (Table ES 1, entry 3, DABCO donor). (c) Tentative mechanism for 

electron transport to the electrodes via D/D.+ and A-/A exchange reactions.   
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We have recorded the IV-data at 1 h and 48 h after packing the cell as outlined in 

Figure 12. The power output (Pmax) values at 1h are high compared the values at 48 h, as 

initially more number of radical ions will be present leading to better conduction. The 

power output becomes less with time indicating that the amine radical cations and p-

chloranil anions may converted to charge transfer complexes (CT1, CT2 and CT3). The 

conduction is expected to decrease with formation of CT complexes, especially with the 

formation of CT1 complex, if this complex precipitates out of the solution. 

Among various donors TMPDA, TPA, DABCO, DIPEA and DiPrBA, the donor 

DABCO gave better results at 28 oC, 35 oC, and 40 oC (Figure 3). While increasing 

temperature, the Pmax and FF values increased and highest values are obtained at 40 oC. 

This may be due to the increase in rate of electron transport and also dissociation of charge 

transfer complexes (CT1, CT2 and CT3) to the radical ions at higher temperature. The 

increase in the temperature may also induce the ions to cross the activation energy barrier 

for conduction. The electron affinity (EA) of dimethylsulfone is expected to be less than 

that of the bissulfone 816a (EA=2.28 eV) and bissulfone 9 (EA=1.04 eV)16b compared to 

that of benzoquinone (EA=1.91 eV) and p-chloranil (EA=2.78 eV). However, we have 

constructed the cell using dimethylsulfone in 2 layers with different donors using PC as 

solvent (Figure 13). 

Figure 13: Five layer cell with Dimethylsulfone in two layers 
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1 h after packing 

Donor       Pmax/mW/FF(28 °C)           Pmax/mW/FF(35 °C)        Pmax/mW/FF(40 °C)   

TMPDA    3.998/0.231                  4.361/0.243                     4.84/0.283 

TPA          2.151/0.265                  2.206/0.268                     2.308/0.273  

DABCO    3.152/0.226                  6.549/0.273                     6.925/0.269 
DIPEA      2.647/0.279                  3.168/0.290                     3.624/0.294 

DiPrBA     2.847/0.271                  2.86/0.270                        3.354/0.278  

 

48 h after packing 

Donor       Pmax/mW/FF(28 °C)           Pmax/mW/FF(35 °C)       Pmax/mW/FF(40 °C)   

TMPDA    0.507/0.261                   0.553/0.263                      0.779/0.258 

TPA          1.027/0.242                   1.238/0.26                           1.279/0.254 

DABCO    1.467/0.274                   2.575/0.283                      2.692/0.271 

DIPEA      0.717/0.275                   1.07/0.295                            1.165/0.298 

DiPrBA     1.314/0.277                   1.703/0.317                      1.774/0.305  

 

          

 

Figure 13. (a) Schematic diagram of multi-layer with Cl4BQ/Dimethylsulfone/Donor/PC/TiO2/PEO 

configuration. (b) Representative IV for the cell (Table ES 2, entry 9, DABCO donor). (c) Tentative 

mechanism for electron transport to the electrodes via D/D.+ and A-/A exchange reactions.   

We have recorded IV-data at 1 h and 48 h after packing the cell. Among various 

donors, the donor DABCO gave better results at 28 oC, 35 oC, and 40 oC (Figure 13). The 

recorded IV data of cell 1 h after packing the cell the power maximum (Pmax) and fill 

factor (FF) values for DABCO are Pmax 6.925 mW, with FF 0.269 at 40 oC (Table ES2 

entry 9) but decreased to Pmax 2.692 mW with FF 0.271 after 48h. 
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 We have then constructed the 6 layer cell using donor in two PC layers and p-

chloranil (Cl4BQ) in one layer with dimethyl sulfone as electron transporter (Figure 14). 

Figure 14: Six layer cell using Me2SO2 in one layer(end layer) 

 

 

 

 

 

 

1 h after packing 

Donor       Pmax/mW/FF(28 °C)           Pmax/mW/FF(35 °C)          Pmax/mW/FF(40 °C)   

DIPEA       6.24/0.277                      7.650/0.283                    12.02/0.318 

NMP          3.413/0.182                   4.623/0.190                    5.986/0.200 

DABCO     3.368/0.249                   5.154/0.252                    5.336/0.232 

 

48 h after packing 

Donor       Pmax/mW/FF(28 °C)          Pmax/mW/FF(35 °C)          Pmax/mW/FF(40 °C)   

DIPEA       5.534/0.369                6.397/0.378                       6.991/0.392 

NMP          1.804/0.186                2.589/0.197                   3.026/0.210 

DABCO     1.535/0.215                2.027/0.205                   2.25/0.207 

 

         

 

Figure 14. (a) Schematic diagram of multi-layer with Cl4BQ/DimethylSulfone /Donor/PC/TiO2/PEO 

configuration. (b) Representative IV for the cell (Table ES 2, entry 11, DIPEA donor). (c) Tentative 

mechanism for electron transport to the electrodes via D/D.+ and A-/A exchange reactions.   
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We have recorded IV-data at 1 h and 48 h after packing the cell as outlined in 

Figure 14. Interestingly, in this configuration higher output (Pmax) was obtained for all 

donors. Among various donors, DIPEA gave better results at 28 oC, 35 oC, and 40 oC 

(Figure 14). However, the value at 40 oC Pmax 12.02 mW at 1h with FF 0.318 decreased 

to Pmax 6.991 mW with FF 0.392 after 48h. 

We have then constructed the 6 layer cell using p-chloranil (Cl4BQ) in three layers 

and dimethyl sulfone electron transporter in two layers as shown in Figure 15. 

Figure 15: Six layer cell using Me2SO2 in two layer(end layer) TiO2 in PC layer 

 

 

 

 

 

 

 

1 h after packing 

Donor       Pmax/mW/FF(28 °C)        Pmax/mW/FF(35 °C)       Pmax/mW/FF(40 °C) 

TMPDA    0.308/0.255              0.602/0.293              1.524/0.332  

TPA          2.076/0.236              2.901/0.269              3.80/0.279 

DABCO   7.299/0.236              10.41/0.287              10.99/0.321 

DIPEA     6.380/0.250              8.373/0.291              12.42/0.351 

DiPrBA    2.394/0.226              2.523/0.250                4.04/0.267  

 

48 h after packing 

Donor       Pmax/mW/FF(28 °C)        Pmax/mW/FF(35 °C)       Pmax/mW/FF(40 °C) 

TMPDA   0.669/0.210              1.078/0.263              1.216/0.288 

TPA          2.853/0.3                 3.11/0.322                   3.756/0.337 
DABCO   3.554/0.304              4.932/0.384              5.501/0.414 

DIPEA     2.572/0.295              2.96/0.331              3.874/0.363 

DiPrBA    1.83/0.254                2.111/0.281              2.405/0.289  

 

         

 

 

 

         Figure 15 (continued) 
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Figure 15. (a) Schematic diagram of multi-layer with Cl4BQ/Dimethylsulfone/Donor/PC/TiO2/PEO 

configuration. (b) Representative IV for the cell (Table ES 3, entry 14, DIPEA donor). (c) Tentative 

mechanism for electron transport to the electrodes via D/D.+ and A-/A exchange reactions.   

We have recorded IV-data at 1 h and 48 h after packing as outlined in Figure 15. 

Among various donors TMPDA, TPA, DABCO, DIPEA and DiPrBA, the donor DIPEA 

gave better results at 28 oC, 35 oC, and 40 oC (Figure 15). However, the power output 

(Pmax) decreased to more extent in this configuration. For example, the Pmax value of 

DIPEA was Pmax 12.42 mW at 1h but it decreased to Pmax 3.874 mW after 48h. 

 We have then constructed the 6 layer cell using p-chloranil (Cl4BQ) in four layers 

and dimethyl sulfone in four layers (Figure 16). 

Figure 16: Six layer cell using Me2SO2 in four layer(end layer) TiO2 in PC layer 

 

 

 

 

 

 

         Figure 16 (continued) 
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1 h after packing 

Donor       Pmax/mW/FF(28 °C)         Pmax/mW/FF(35 °C)          Pmax/mW/FF(40 °C)   

TMPDA    1.077/0.186               1.635/0.204                  1.863/0.232 

TPA          1.182/0.255               1.348/0.259                  1.412/0.257 

DABCO    2.642/0.191               3.324/0.182                  4.051/0.201 
DIPEA      4.314/0.349                  6.39/0.327                  8.392/0.379 

DiPrBA     3.5/0.268                        4.167/0.275                    4.248/0.277  

 

48 h after packing 

Donor       Pmax/mW/FF(28 °C)        Pmax/mW/FF(35 °C)           Pmax/mW/FF(40 °C)   

TMPDA    0.294/0.221              0.317/0.228                  0.448/0.238 

TPA          0.667/0.261               0.783/0.258                       0.847/0.271 

DABCO    0.731/0.161              1.225/0.169                  2.427/0.195 

DIPEA      0.312/0.204              0.430/0.209                  0.688/0.243 

DiPrBA     1.385/0.31              1.573/0.311                  1.584/0.34  

 

 

Figure 16. (a) Schematic diagram of multi-layer with Cl4BQ/Me2SO2/Donor/PC/TiO2/PEO configuration. 

(b) Representative IV for the cell (Table ES 3, entry 19, DIPEA donor). (c) Tentative mechanism for 

electron transport to the electrodes via D/D.+ and A-/A exchange reactions.   

We have recorded IV-data at 1 h and 48 h after packing as outlined in Figure 16. 

Again, the donor DIPEA gave better results at 1h (Figure 16). However, only very poor 

Pmax and FF values were obtained at 40 oC in this configuration. 
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Comparison of BQ and Me2SO2 as electron transporters 

Figure 17: Six layer cell using Me2SO2 or BQ in two layers 

We have also constructed cells in similar configurations using BQ and Me2SO2 as 

electron transporters using p-chloranil (Cl4BQ) as electron acceptor. 

 

 

 

 

 

 

 

 

1 h after packing    48 h after packing 

Donor       Pmax/mW/FF(40 °C)  Pmax/mW/FF(40 °C) 

TMPDA  2.814/0.274   1.307/0.272 

TPA         1.693/0.203   1.87/0.218                  

DABCO  2.865/0.282   1.524/0.271                   

DIPEA    5.525/0.226   4.649/0.235                  

DiPrBA   1.115/0.225   0.997/0.246 

 

 

 

 

 

 

 

 

 

 

        Figure 17 (continued) 
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1 h after packing    48 h after packing 

Donor       Pmax/mW/FF(40 °C)  Pmax/mW/FF(40 °C) 

TMPDA  2.772/0.241   0.669/0.241 
TPA         1.117/0.214   1.045/0.228                  

DABCO  1.633/0.249   1.15/0.237                   

DIPEA    5.286/0.196   6.253/0.243                  

DiPrBA   1.246/0.215   0.495/0.214 

 

 
 

Figure 17. (a) Schematic diagram of multi-layer with Cl4BQ/Me2SO2/Donor/PC/TiO2/PEO configuration. 

(b) Schematic diagram of multi-layer with Cl4BQ/ Donor/PC/BQ/TiO2/PEO configuration. (c) 

Representative IV for the cell (Table ES 4, entry 31, DIPEA donor). (d) Representative IV for the cell (Table 

ES 4, entry 26, DIPEA donor). (e) Tentative mechanism for electron transport to the electrodes via D/D.+ 

and A-/A exchange reactions. 

Among various donors TMPDA, TPA, DABCO, DIPEA and DiPrBA, the donor 

DIPEA gave better results compared to other donors (Figure 17). The Pmax and FF values 

at 40 oC for TMPDA, TPA, DABCO, after 48h (using BQ as electron transporter) were 

less compared to the Pmax and FF values at 40 oC for TMPDA, TPA, DABCO, realized 

using Me2SO2 (Figure 17). Clearly, the conduction was better with Me2SO2 compared to 

BQ as electron transporter in PC solvent. However, in the case of DIPEA the Pmax and FF 

values increased at 48h using BQ as electron transporter. 
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Comparison of BQ and Me2SO2 in PC solvent 

Figure 18: Six layer cell using Me2SO2 or BQ in three layers. 

We have also constructed cells in 6 layers configuration using Me2SO2 or BQ in 

three layers as shown in Figure 18. 

 

 

 

 

 

 

 

1 h after packing    48 h after packing 

Donor       Pmax/mW/FF(40 °C)  Pmax/mW/FF(40 °C) 

TPA         2.607/0.264   1.932/0.258                  

DABCO  8.497/0.255   5.691/0.268                   

DIPEA    12.83/0.238   2.24/0.258                  

 

 

 

 

 

 

 

1 h after packing    48 h after packing 

Donor       Pmax/mW/FF(40 °C)  Pmax/mW/FF(40 °C) 

TPA         2.015/0.236   1.384/0.222                  

DABCO  6.302/0.23   4.093/0.248                   

DIPEA    14.79/0.202   2.347/0.239                  
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Interestingly, the Pmax and FF values at 40 oC for TPA, DABCO, DIPEA were 

higher at 48h using Me2SO2 as electron transporter compared to the Pmax and FF values at 

40 oC for TPA, DABCO, DIPEA using BQ as electron transporter. Clearly, the conduction 

seems to be better with Me2SO2 compared to BQ as electron transporter. 

Although, further studies may be required for the understanding the effect of 

different electron transporters on the functioning of the organic electrochemical cells, the 

results will be useful in planning future research efforts in this area. 



3.3 Conclusions 

 

 We have developed a simple electrochemical cell device based on electron transfer 

reactions in ground state with readily available amine or amide as donors and p-chloranil 

as electron acceptor and dimethyl sulfone as transporter at ambient temperatures. In these 

electrochemical cell devices, the donors react with acceptors to give radical ions and 

produce electricity in the ground state. The use of the simple dimethyl sulfone gives 

similar or better results compared to using benzoquinone as electron transporter. Further 

systematic studies on the prevention of the formation of charge transfer complexes (CT1) 

by finding a better electron transporter would lead to more fruitful results. 

 



3.4 Experimental Section 

 

3.4.1 General Information 

 P-Chloranil, N, N-diisopropylethylamine (DIPEA), 1,4-diazabicyclo[2.2.2]octane 

(DABCO) dimethylsulfone (Me2SO2) and TiO2 were purchased from Avra chemicals 

(India). p-benzoquinone (BQ), triphenylamine (TPA), N,N’-tetramethyl-1,4-

phenylenediamine (TMPDA), propylene carbonate (PC), ethylene carbonate (EC) and 

polyethylene oxide (PEO) were purchased from Sigma Aldrich. Netural alumina (Al2O3) 

was purchased from SRL chemicals, India. Zinc oxide (ZnO) was purchased from E-

Merck, India. The metal oxides were heated at 150 C in a vacuum oven for 2 h before 

use. PC and EC were always kept under molecular sieves. N, N-diisopropylbenzamide was 

prepared from the literature procedure. Graphite sheet (0.4mm thickness, 5cm x 5cm, 

Resistivity, ρ = 2x10-4Ω.m) was purchased from Falcon Graphite Industries, Hyderabad, 

India. Aluminium Foil (0.2mm thickness, 5cm x 5cm, Resistivity, ρ = 2x10-5Ω.m) and 

Stainless steel (0.4mm thickness, 5cm x 5cm, Resistivity, ρ = 5x10-4Ω.m) were purchased 

from Aluminium Enterprises and Rasik Metals, Hyderabad, India. EPR spectra was 

recorded on a Bruker-ER073 instrument equipped with an EMX micro X source for X 

band measurement using Xenon 1.1b.60 software provided by the manufacturer. Electrical 

measurements were carried out by ZAHNER instrument using CIMPS software. The 

current-voltage curve was drawn using Origin software.  
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3.4.2 Procedure for IV measurement for electrochemical cell 

 The voltage and current of the fabricated cell was initially measured using an 

multimeter. The IV characteristics were measured by ZAHNER instrument using CIMPS 

software. The IV characteristics of the cell were done under dark condition without 

illumination of light. The cell was recorded at scan rate of 1mV/S to get maximum power 

(Pmax) and fill factor (FF). The cell potentiostat should be open circuit voltage (Voc) 

before the measurement. 

3.4.3 Preparation of Electrochemical Cells 

Simple solution processing and casting techniques were followed for the construction of 

the cell device. 

Configuration 1 (Figure 12, Table ES1 ) 

The PEO (0.05 g) was dissolved in dichloromethane and mixed with TiO2 (0.5 g) 

powder.  DCM was removed to obtain a paste for coating on Al and Graphite foils. After 1 

h, TiO2 (0.5 g) /Sulfolane (0.24 g)/PC (0.5 g)/PEO (0.05 g) in DCM was coated on 

TiO2/PEO/Al and dried. TiO2 (0.5 g) /Cl4BQ (0.25 g)/PC (0.5 g)/ PEO (0.05 g) in DCM 

was coated on TiO2/PEO/Gr and dried in air at room temperature overnight. Donor (1 

mmol)/ Sulfolane (0.120 g)/ PC (0.5 g)/PEO (0.1 g) was heat coat before packing on dried 

coated Al foil. The cell was prepared by sandwiching the coated Al/Gr layers. The rim of 

the cell prepared in this way was sealed all around using TiO2/PEO paste, then with 

commercial adhesive Bondfix (India) and covered with cellophane tape. 

 

 

 

 



Configuration 2 (Figure 13, Table ES2 ) 

The PEO (0.05 g) was dissolved in dichloromethane and mixed with TiO2 (0.5 g) 

powder.  DCM was removed to obtain a paste for coating on Al and Graphite foils. After 1 

h, TiO2 (0.5 g) /Me2SO2 (0.188 g)/PC (0.5 g)/PEO (0.05 g) in DCM was coated on 

TiO2/PEO/Al and dried. TiO2 (0.5 g) /Cl4BQ (0.25 g)/PC (0.5 g)/ PEO (0.05 g) in DCM 

was coated on TiO2/PEO/Gr and dried in air at room temperature overnight. Donor (1 

mmol)/ Me2SO2 (0.094 g)/ PC (0.5 g)/PEO (0.1 g) was heat coat before packing on dried 

coated Al foil. The cell was prepared by sandwiching the coated Al/Gr layers. The rim of 

the cell prepared in this way was sealed all around using TiO2/PEO paste, then with 

commercial adhesive Bondfix (India) and covered with cellophane tape. 

 

Configuration 3 (Figure 14, Table ES2 ) 

The PEO (0.05 g) was dissolved in dichloromethane and mixed with TiO2 (0.5 g) 

powder. DCM was removed to obtain a paste for coating on Al and Graphite foils. After 1 

h, Me2SO2 (0.376 g)/PEO (0.05 g) in DCM was coated on TiO2/PEO/Al and dried. Cl4BQ 

(0.25 g)/PEO (0.05 g) in DCM was coated on TiO2/PEO/Gr and dried. Donor (2 mmol)/ 

PC (0.5 g)/ TiO2 (0.25 g) slurry was prepared and casted above the coated layer on Al and 

Graphite and dried in air at room temperature overnight. The cell was prepared by 

sandwiching the coated Al/Gr layers. The rim of the cell prepared in this way was sealed 

all around using TiO2/PEO paste, then with commercial adhesive Bondfix (India) and 

covered with cellophane tape. After packing the cell was connected immediately to charge 

a Ni-Cd battery through a Zener diode.It was disconnected while carry out the IV-curve 

measurement. 
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Configuration 4 (Figure 15, Table ES3) 

The PEO (0.05 g) was dissolved in dichloromethane and mixed with TiO2 (0.5 g) 

powder. DCM was removed to obtain a paste for coating on Al and Graphite foils.  After 1 

h, Me2SO2 (0.376 g)/PEO (0.05 g) in DCM was coated on TiO2/PEO/Al and dried. Donor 

(1 mmol)/Cl4BQ (0.25 g)/PEO (0.05 g) in DCM was coated on TiO2/PEO/Gr and dried. 

Me2SO2 (0.188 g) /Cl4BQ (0.025 g)/ PC (0.5 g) /PEO (0.05 g) /TiO2 (0.25 g) was coated 

on coated Al. and Cl4BQ (0.025 g)/ PC (0.5 g) /PEO (0.05 g) /TiO2 (0.25 g) was coated on 

coated Graphite and dried in air at room temperature overnight. The cell was prepared by 

sandwiching the coated Al/Gr layers. The rim of the cell prepared in this way was sealed 

all around using TiO2/PEO paste, then with commercial adhesive Bondfix (India) and 

covered with cellophane tape. 

 

Configuration 5 (Figure 16, Table ES3) 

The PEO (0.1 g) was dissolved in dichloromethane and mixed with TiO2 (0.5 g) 

powder. DCM was removed to obtain a paste for coating on Al, The PEO (0.05 g) was 

dissolved in dichloromethane and mixed with TiO2 (0.5 g) powder. DCM was removed to 

obtain a paste for coating on Graphite foils. After 1 h, Cl4BQ (0.1 g)/Me2SO2 (0.094 

g)/PEO (0.05 g) in DCM was coated on TiO2/PEO/Al and TiO2/PEO/Gr and dried. Cl4BQ 

(0.025 g)/Donor (1 mmol) /PC (0.5 g) /Me2SO2 (0.094 g) / TiO2 (0.25 g)/ PEO (0.05 g) in 

DCM slurry was prepared and casted above the coated layer on Al and Graphite and dried 

in air at room temperature overnight. The cell was prepared by sandwiching the coated 

Al/Gr layers. The rim of the cell prepared in this way was sealed all around using 

TiO2/PEO paste, then with commercial adhesive Bondfix (India) and covered with 

cellophane tape.   



Configuration 6 (Figure 17, Table ES4) 

TiO2 (0.5 g)/Me2SO2 (0.188 g)/PEO (0.05 g) in DCM slurry was prepared coated 

layer on Al and TiO2 (0.5 g)/ Cl4BQ (0.25 g)/PEO (0.05 g) in DCM slurry was prepared 

coated layer on Graphite and dried. After 1 h, Me2SO2 (0.188 g)/PEO (0.05 g) in DCM 

was coated on coated Al. Cl4BQ (0.25 g)/Donor (1 mmol)/ PEO (0.05 g) in DCM slurry 

was prepared coated layer on coated Graphite and dried. PC (0.5 g) / PEO (0.05 g) / TiO2 

(0.25 g) in DCM slurry was prepared and casted above the coated layer on Al and 

Graphite and dried in air at room temperature overnight. The cell was prepared by 

sandwiching the coated Al/Gr layers. The rim of the cell prepared in this way was sealed 

all around using TiO2/PEO paste, then with commercial adhesive Bondfix (India) and 

covered with cellophane tape. 

 

Configuration 7 (Figure 17, Table ES4) 

TiO2 (0.5 g)/BQ (0.22 g)/PEO (0.05 g) in DCM slurry was prepared coated layer 

on Al and TiO2 (0.5 g)/ Cl4BQ (0.25 g)/PEO (0.05 g) in DCM slurry was prepared coated 

layer on Graphite and dried. After 1 h, BQ (0.22 g)/PEO (0.05 g) in DCM was coated on 

coated Al. Cl4BQ (0.25 g)/Donor (1 mmol)/ PEO (0.05 g) in DCM slurry was prepared 

coated layer on coated Graphite and dried. PC (0.5 g) / PEO (0.05 g) / TiO2 (0.25 g) in 

DCM slurry was prepared and casted above the coated layer on Al and Graphite and dried 

in air at room temperature overnight. The cell was prepared by sandwiching the coated 

Al/Gr layers. The rim of the cell prepared in this way was sealed all around using 

TiO2/PEO paste, then with commercial adhesive Bondfix (India) and covered with 

cellophane tape. 
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Configuration 8 (Figure 18, Table ES5) 

The PEO (0.05 g) was dissolved in dichloromethane and mixed with TiO2 (0.5 g) 

powder. DCM was removed to obtain a paste for coating on Al and Graphite foils. After 1 

h, Me2SO2 (0.188 g)/PEO (0.05 g) in DCM was coated on TiO2/PEO/Al, Cl4BQ (0.5 

g)/Donor (2 mmol)/ PEO (0.05 g) in DCM was coated on TiO2/PEO/Gr and dried in air at 

room temperature overnight. Me2SO2 (0.094 g)/PC (0.75 g) / PEO (0.05 g) was disolved 

and mixed with TiO2 (0.5 g) powder heat coat before packing on dried coated layer on Al 

and Graphite The cell was prepared by sandwiching the coated Al/Gr layers. The rim of 

the cell prepared in this way was sealed all around using TiO2/PEO paste, then with 

commercial adhesive Bondfix (India) and covered with cellophane tape. 

 

Configuration 9 (Figure 18, Table ES5) 

The PEO (0.05 g) was dissolved in dichloromethane and mixed with TiO2 (0.5 g) 

powder. DCM was removed to obtain a paste for coating on Al and Graphite foils. After 1 

h, BQ (0.22 g)/PEO (0.05 g) in DCM was coated on TiO2/PEO/Al, Cl4BQ (0.5 g)/Donor 

(2 mmol)/ PEO (0.05 g) in DCM was coated on TiO2/PEO/Gr and dried in air at room 

temperature overnight. BQ (0.11 g)/PC (0.75 g) / PEO (0.05 g) was disolved and mixed 

with TiO2 (0.5 g) powder heat coat before packing on dried coated layer on Al and 

Graphite The cell was prepared by sandwiching the coated Al/Gr layers. The rim of the 

cell prepared in this way was sealed all around using TiO2/PEO paste, then with 

commercial adhesive Bondfix (India) and covered with cellophane tape. 

 

 

 



Table ES1. TiO2 in edge layer, Sulfolane in 2 layers donor in PC as solvent. 

                                                  Cell Configuration 1 (Figure 12) 

                                                        ( Sulfolane in 2 layers) 

 

 

 

 

 

 

                                                                            (Entries 1-5)    

 

Entry 

Cell Configuration 

 

 

Time 

after 

packing 

 

T oCc 

 

Voc 

(V) 

 

Isc 

(mA) 

 

Vmax 

(V) 

 

Imax 

(mA) 

 

Pmax 

(mW) 

 

Fill 

Factor 

1 

 

Gr--------------- 

Layer1:TiO2(0.5g) + PEO(0.05g)  

Layer2: TiO2(0.5g) + Cl4BQ(0.25g) + PC (0.5g) + 

PEO(0.05g) 

Layer3: TMPDA(0.164g)+Sulfolane(0.120g) +PC (0.5g)   

PEO(0.1g)  

Layer4: TiO2(0.5g) + Sulfolane(0.24g) + PC (0.5g) + 

PEO(0.05g) 

Layer5: TiO2(0.5g) + PEO(0.05g) 

Al---------------- 

 

1 h 

28 oC 

 

35 oC 

 

40 oC 

0.928 

 

0.963 

 

0.99 

16.26 

 

20.5 

 

21.59 

0.453 

 

0.465 

 

0.472 

7.987 

 

10.28 

 

10.94 

3.62 

 

4.782 

 

5.159 

0.24 

 

0.242 

 

0.241 

 

48 h 

28 oC 

 

35 oC 

 

40 oC 

0.972 

 

0.975 

 

0.976 

1.27 

 

1.615 

 

1.661 

0.528 

 

0.568 

 

0.518 

0.603 

 

0.750 

 

0.838 

0.318 

 

0.426 

 

0.434 

0.259 

 

0.27 

 

0.268 

 

96 h 

 

40 oC 

 

0.958 

 

1.266 

 

0.53 

 

0.591 

 

0.313 

 

0.258 

2 

 

Gr--------------- 

Layer1:TiO2(0.5g) + PEO(0.05g)  

Layer2: TiO2(0.5g) + Cl4BQ(0.25g) + PC (0.5g) + 

PEO(0.05g) 

Layer3: TPA(0.245g)+Sulfolane(0.120g) +PC (0.5g)   

PEO(0.1g)  

Layer4: TiO2(0.5g) + Sulfolane(0.24g) + PC (0.5g) + 

PEO(0.05g) 

Layer5: TiO2(0.5g) + PEO(0.05g) 

Al---------------- 

 

1 h 

28 oC 

 

35 oC 

 

40 oC 

1.026 

 

1.028 

 

1.046 

7.573 

 

8.087 

 

8.384 

0.53 

 

0.526 

 

0.545 

3.95 

 

4.28 

 

4.387 

2.091 

 

2.249 

 

2.391 

0.269 

 

0.271 

 

0.273 

 

48 h 

28 oC 

 

35 oC 

 

40 oC 

1.008 

 

0.992 

 

0.996 

2.611 

 

3.057 

 

3.753 

0.493 

 

0.493 

 

0.5 

1.338 

 

1.578 

 

1.989 

0.659 

 

0.777 

 

0.993 

0.251 

 

0.256 

 

0.266 

 

96 h 

 

40 oC 

 

1.009 

 

1.897 

 

0.449 

 

0.988 

 

0.443 

 

0.232 

3 

 

 

Gr--------------- 

Layer1:TiO2(0.5g) + PEO(0.05g)  

Layer2: TiO2(0.5g) + Cl4BQ(0.25g) + PC (0.5g) + 

PEO(0.05g) 

Layer3: DABCO(0.112g)+Sulfolane(0.120g) +PC (0.5g)   

PEO(0.1g)  

Layer4: TiO2(0.5g) + Sulfolane(0.24g) + PC (0.5g) + 

PEO(0.05g) 

Layer5: TiO2(0.5g) + PEO(0.05g) 

Al---------------- 

 

1 h 

28 oC 

 

35 oC 

 

40 oC 

1.053 

 

1.045 

 

1.059 

12.24 

 

20.41 

 

27.71 

0.501 

 

0.517 

 

0.536 

7.022 

 

11.21 

 

15.95 

3.516 

 

5.788 

 

8.543 

0.273 

 

0.271 

 

0.291 

 

48 h 

28 oC 

 

35 oC 

 

40 oC 

1.088 

 

1.095 

 

1.091 

4.725 

 

7.231 

 

7.531 

0.499 

 

0.523 

 

0.517 

2.117 

 

3.857 

 

4.065 

1.055 

 

2.017 

 

2.102 

0.205 

 

0.255 

 

0.256 

 

96 h 

 

40 oC 

 

1.065 

 

3.063 

 

0.499 

 

1.446 

 

0.721 

 

0.221 

4 

 

Gr--------------- 

Layer1:TiO2(0.5g) + PEO(0.05g)  

Layer2: TiO2(0.5g) + Cl4BQ(0.25g) + PC (0.5g) + 

PEO(0.05g) 

Layer3: DIPEA(0.13g)+Sulfolane(0.120g) +PC (0.5g)   

 

1 h 

28 oC 

 

35 oC 

 

40 oC 

1.031 

 

1.039 

 

1.052 

11.48 

 

16.96 

 

19.9 

0.527 

 

0.518 

 

0.524 

6.295 

 

9.571 

 

11.59 

3.315 

 

4.956 

 

6.071 

0.28 

 

0.281 

 

0.29 
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PEO(0.1g)  

Layer4: TiO2(0.5g) + Sulfolane(0.24g) + PC (0.5g) + 

PEO(0.05g) 

Layer5: TiO2(0.5g) + PEO(0.05g) 

Al---------------- 

 

48 h 

28 oC 

 

35 oC 

 

40 oC 

1.1 

 

1.078 

 

1.08 

4.163 

 

5.098 

 

5.562 

0.549 

 

0.567 

 

0.598 

2.129 

 

2.804 

 

3.226 

1.168 

 

1.591 

 

1.929 

0.255 

 

0.289 

 

0.321 

 

96 h 

 

40 oC 

 

0.988 

 

1.805 

 

0.541 

 

0.985 

 

0.532 

 

0.299 

5 

 

Gr--------------- 

Layer1:TiO2(0.5g) + PEO(0.05g)  

Layer2: TiO2(0.5g) + Cl4BQ(0.25g) + PC (0.5g) + 

PEO(0.05g) 

Layer3: DiPrBA(0.205g)+Sulfolane(0.120g) +PC (0.5g)   

PEO(0.1g)  

Layer4: TiO2(0.5g) + Sulfolane(0.24g) + PC (0.5g) + 

PEO(0.05g) 

Layer5: TiO2(0.5g) + PEO(0.05g) 

Al---------------- 

 

1 h 

28 oC 

 

35 oC 

 

40 oC 

1.043 

 

1.048 

 

1.063 

13.32 

 

13.16 

 

13.78 

0.508 

 

0.541 

 

0.559 

7.19 

 

6.833 

 

7.06 

3.649 

 

3.693 

 

3.948 

0.263 

 

0.268 

 

0.27 

 

48 h 

28 oC 

 

35 oC 

 

40 oC 

0.962 

 

0.943 

 

0.954 

2.586 

 

3.112 

 

3.149 

0.482 

 

0.497 

 

0.499 

1.442 

 

1.765 

 

1.798 

0.694 

 

0.877 

 

0.896 

0.279 

 

0.299 

 

0.298 

 

96 h 

 

40 oC 

 

0.928 

 

1.551 

 

0.502 

 

0.874 

 

0.438 

 

0.305 



Table ES2 TiO2 in edge layer, Dimethylsulfone in 2 layers, donor in PC as solvent. 

            Cell Configuration 2 (Figure 13)                  Cell Configuration 3 (Figure 14) 

             ( Dimethylsulfone in 2 layers )                     ( Dimethylsulfone in 1 layer ) 

 

 

 

 

 

 

                                  (Entries 6-10)                                                          (Entries 11-13) 

 

Entry 

Cell Configuration 

 

 

Time 

after 

packing 

 

T oCc 

 

Voc 

(V) 

 

Isc 

(mA) 

 

Vmax 

(V) 

 

Imax 

(mA) 

 

Pmax 

(mW) 

 

Fill 

Factor 

6 

 

Gr-------------- 

Layer1: TiO2(0.5g) + PEO (0.05g)  

Layer2: TiO2(0.5g) + Cl4BQ(0.25g) + PC (0.5g) + PEO 

(0.05g) 

Layer3: DIPEA(0.13g) + Me2SO2(0.094g) + PC (0.5g) + 

PEO (0.1g) 

Layer4: TiO2(0.5g) + Me2SO2(0.188g)  + PC (0.5g) + PEO 

(0.05g) 

Layer5: TiO2(0.5g) + PEO (0.05g)  

Al------------ 

 

1 h 

28 oC 

 

35 oC 

 

40 oC 

0.993 

 

0.997 

 

1.018 

9.56 

 

10.97 

 

12.11 

0.529 

 

0.539 

 

0.543 

5.006 

 

5.875 

 

6.671 

2.647 

 

3.168 

 

3.624 

0.279 

 

0.29 

 

0.294 

 

48 h 

28 oC 

 

35 oC 

 

40 oC 

0.942 

 

0.928 

 

0.918 

2.771 

 

3.908 

 

4.26 

0.451 

 

0.484 

 

0.487 

1.59 

 

2.21 

 

2.394 

0.717 

 

1.07 

 

1.165 

0.275 

 

0.295 

 

0.298 

 

96 h 

 

40 oC 

 

0.863 

 

2.146 

 

0.445 

 

1.134 

 

0.504 

 

0.273 

7 

 

Gr-------------- 

Layer1: TiO2(0.5g) + PEO (0.05g)  

Layer2: TiO2(0.5g) + Cl4BQ(0.25g) + PC (0.5g) + PEO 

(0.05g) 

Layer3: TMPDA(0.164g) + Me2SO2(0.094g) + PC (0.5g) + 

PEO (0.1g) 

Layer4: TiO2(0.5g) + Me2SO2(0.188g)  + PC (0.5g) + PEO 

(0.05g) 

Layer5: TiO2(0.5g) + PEO (0.05g)  

Al------------ 

 

1 h 

28 oC 

 

35 oC 

 

40 oC 

0.995 

 

1.026 

 

1.049 

17.41 

 

17.46 

 

16.29 

0.474 

 

0.486 

 

0.53 

8.443 

 

8.983 

 

9.133 

3.998 

 

4.361 

 

4.84 

0.231 

 

0.243 

 

0.283 

 

48 h 

28 oC 

 

35 oC 

 

40 oC 

0.993 

 

0.987 

 

0.979 

1.96 

 

2.137 

 

3.081 

0.52 

 

0.515 

 

0.502 

0.976 

 

1.076 

 

1.554 

0.507 

 

0.553 

 

0.779 

0.261 

 

0.263 

 

0.258 

 

96 h 

 

40 oC 

 

0.939 

 

1.996 

 

0.478 

 

0.954 

 

0.456 

 

0.243 

8 

 

Gr-------------- 

Layer1: TiO2(0.5g) + PEO (0.05g)  

Layer2: TiO2(0.5g) + Cl4BQ(0.25g) + PC (0.5g) + PEO 

(0.05g) 

Layer3: TPA(0.245g) + Me2SO2(0.094g) + PC (0.5g) + 

PEO (0.1g) 

Layer4: TiO2(0.5g) + Me2SO2(0.188g)  + PC (0.5g) + PEO 

(0.05g) 

Layer5: TiO2(0.5g) + PEO (0.05g)  

Al------------ 

 

1 h 

28 oC 

 

35 oC 

 

40 oC 

1.085 

 

1.092 

 

1.077 

7.492 

 

7.531 

 

7.865 

0.541 

 

0.552 

 

0.547 

3.977 

 

3.999 

 

4.223 

2.151 

 

2.206 

 

2.308 

0.265 

 

0.268 

 

0.273 

 

48 h 

28 oC 

 

35 oC 

 

40 oC 

1.016 

 

0.966 

 

0.993 

4.171 

 

4.931 

 

5.07 

0.465 

 

0.47 

 

0.479 

2.211 

 

2.637 

 

2.671 

1.027 

 

1.238 

 

1.279 

0.242 

 

0.26 

 

0.254 

 

96 h 

 

40 oC 

 

0.942 

 

2.518 

 

0.445 

 

1.362 

 

0.605 

 

0.255 

9 

 

Gr-------------- 

Layer1: TiO2(0.5g) + PEO (0.05g)  

Layer2: TiO2(0.5g) + Cl4BQ(0.25g) + PC (0.5g) + PEO 

(0.05g) 

Layer3: DABCO(0.112g) + Me2SO2(0.094g) + PC (0.5g) + 

 

1 h 

28 oC 

 

35 oC 

 

40 oC 

1.066 

 

1.082 

 

1.078 

13.07 

 

22.16 

 

23.9 

0.519 

 

0.501 

 

0.5 

6.077 

 

13.06 

 

13.86 

3.152 

 

6.549 

 

6.925 

0.226 

 

0.273 

 

0.269 
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PEO (0.1g) 

Layer4: TiO2(0.5g) + Me2SO2(0.188g)  + PC (0.5g) + PEO 

(0.05g) 

Layer5: TiO2(0.5g) + PEO (0.05g)  

Al------------ 

 

48 h 

28 oC 

 

35 oC 

 

40 oC 

1.073 

 

1.056 

 

1.068 

4.987 

 

8.606 

 

9.302 

0.521 

 

0.588 

 

0.582 

2.187 

 

4.384 

 

4.629 

1.467 

 

2.575 

 

2.692 

0.274 

 

0.283 

 

0.271 

 

96 h 

 

40 oC 

 

1.023 

 

4.235 

 

0.496 

 

1.91 

 

0.947 

 

0.219 

10 

 

Gr-------------- 

Layer1: TiO2(0.5g) + PEO (0.05g)  

Layer2: TiO2(0.5g) + Cl4BQ(0.25g) + PC (0.5g) + PEO 

(0.05g) 

Layer3: DiPrBA(0.205g) + Me2SO2(0.094g) + PC (0.5g) + 

PEO (0.1g) 

Layer4: TiO2(0.5g) + Me2SO2(0.188g)  + PC (0.5g) + PEO 

(0.05g) 

Layer5: TiO2(0.5g) + PEO (0.05g)  

Al------------ 

 

1 h 

28 oC 

 

35 oC 

 

40 oC 

1.101 

 

1.098 

 

1.106 

9.534 

 

9.591 

 

10.9 

0.548 

 

0.542 

 

0.548 

5.196 

 

5.276 

 

6.118 

2.847 

 

2.86 

 

3.354 

0.271 

 

0.272 

 

0.278 

 

48 h 

28 oC 

 

35 oC 

 

40 oC 

1.001 

 

0.955 

 

0.985 

4.744 

 

5.63 

 

5.911 

0.485 

 

0.493 

 

0.499 

2.711 

 

3.455 

 

3.558 

1.314 

 

1.703 

 

1.774 

0.277 

 

0.317 

 

0.305 

 

96 h 

 

40 oC 

 

0.924 

 

2.062 

 

0.528 

 

1.497 

 

0.789 

 

0.415 

11 

 

Gr-------------- 

Layer1: TiO2(0.5g) + PEO (0.05g)  

Layer2: Cl4BQ(0.25g) + PEO (0.05g) 

Layer3: DIPEA(0.26g) + PC (0.5g) + TiO2 (0.25g) 

Layer4: DIPEA(0.26g)  + PC (0.5g) + TiO2 (0.25g) 

Layer5:   Me2SO2(0.376g) + PEO (0.05g) 

Layer6: TiO2(0.5g) + PEO (0.05g)  

Al------------ 

 

1 h 

28 oC 

 

35 oC 

 

40 oC 

1.076 

 

1.037 

 

1.117 

20.92 

 

26.06 

 

33.85 

0.544 

 

0.539 

 

0.569 

11.47 

 

14.20 

 

21.11 

6.24 

 

7.650 

 

12.02 

0.277 

 

0.283 

 

0.318 

 

48 h 

28 oC 

 

35 oC 

 

40 oC 

1.072 

 

1.059 

 

1.032 

14.01 

 

15.98 

 

17.29 

0.605 

 

0.584 

 

0.594 

9.151 

 

10.95 

 

11.77 

5.534 

 

6.397 

 

6.991 

0.369 

 

0.378 

 

0.392 

 

96 h 

 

40 oC 

 

0.974 

 

7.976 

 

0.581 

 

4.796 

 

2.786 

 

0.359 

12 

 

Gr-------------- 

Layer1: TiO2(0.5g) + PEO (0.05g)  

Layer2: Cl4BQ(0.25g) + PEO (0.05g) 

Layer3: NMP(0.198g) + PC (0.5g) + TiO2 (0.25g) 

Layer4: NMP(0.198g)  + PC (0.5g) + TiO2 (0.25g) 

Layer5:   Me2SO2(0.376g) + PEO (0.05g) 

Layer6: TiO2(0.5g) + PEO (0.05g)  

Al------------ 

 

1 h 

28 oC 

 

35 oC 

 

40 oC 

0.967 

 

0.943 

 

1.008 

19.45 

 

25.81 

 

29.73 

0.354 

 

0.349 

 

0.388 

9.642 

 

13.26 

 

15.42 

3.413 

 

4.623 

 

5.986 

0.182 

 

0.190 

 

0.200 

 

48 h 

28 oC 

 

35 oC 

 

40 oC 

1.041 

 

1.045 

 

1.04 

9.3 

 

12.59 

 

13.85 

0.431 

 

0.432 

 

0.42 

4.185 

 

5.996 

 

7.201 

1.804 

 

2.589 

 

3.026 

0.186 

 

0.197 

 

0.21 

 

96 h 

 

40 oC 

 

1.042 

 

17.46 

 

0.406 

 

7.952 

 

3.231 

 

0.178 

13 

 

Gr-------------- 

Layer1: TiO2(0.5g) + PEO (0.05g)  

Layer2: Cl4BQ(0.25g) + PEO (0.05g) 

Layer3: DABCO(0.224g) + PC (0.5g) + TiO2 (0.25g) 

Layer4: DABCO(0.224g)   + PC (0.5g) + TiO2 (0.25g) 

Layer5:   Me2SO2(0.376g) + PEO (0.05g) 

Layer6: TiO2(0.5g) + PEO (0.05g)  

Al------------ 

 

1 h 

28 oC 

 

35 oC 

 

40 oC 

0.953 

 

0.938 

 

0.978 

14.20 

 

21.78 

 

23.52 

0.483 

 

0.465 

 

0.503 

6.972 

 

11.09 

 

10.60 

3.368 

 

5.154 

 

5.336 

0.249 

 

0.252 

 

0.232 

 

48 h 

28 oC 

 

35 oC 

 

40 oC 

0.883 

 

0.875 

 

0.862 

8.071 

 

11.3 

 

12.64 

0.419 

 

0.425 

 

0.399 

3.667 

 

4.771 

 

5.647 

1.535 

 

2.027 

 

2.25 

0.215 

 

0.205 

 

0.207 

 

96 h 

 

40 oC 

 

0.889 

 

5.947 

 

0.393 

 

2.767 

 

1.087 

 

0.206 



Table ES3 TiO2 in edge layer, Cl4BQ in PC layers, Sulfolane in 2&4 layers PC as solvent. 

                   Cell Configuration 4 (Figure 15)                     Cell Configuration 5 (Figure 16) 

                         ( Sulfolane in 2 layers )                                    ( Sulfolane in 4 layers ) 

 

 

 

 

 

 

                                      (Entries 14-18)                                                              (Entries 19-23) 

 

Entry 

Cell Configuration 

 

 

Time 

after 

packing 

 

T oCc 

 

Voc 

(V) 

 

Isc 

(mA) 

 

Vmax 

(V) 

 

Imax 

(mA) 

 

Pmax 

(mW) 

 

Fill 

Factor 

14 

 

Gr--------------- 

Layer1:TiO2(0.5g) + PEO(0.05g)  

Layer2: Cl4BQ(0.25g) +DIPEA (0.17ml ) + PEO(0.05g) 

Layer3: Cl4BQ (0.025g) + PC (0.5g) + TiO2 (0.25g) +  

PEO(0.05g)  

Layer4: Me2SO2 (0.188g) + Cl4BQ (0.025g) + PC (0.5g) + 

TiO2 (0.25g) +  PEO(0.05g) 

Layer5: Me2SO2 (0.376g) + PEO (0.05g) 

Layer6: TiO2(0.5g) + PEO(0.05g) 

Al---------------- 

 

1 h 

28 oC 

 

35 oC 

 

40 oC 

 

1.098 

 

1.07 

 

1.084 

 

23.26 

 

26.86 

 

32.61 

 

0.556 

 

0.566 

 

0.608 

 

11.48 

 

14.81 

 

20.42 

 

6.38 

 

8.373 

 

12.42 

 

0.25 

 

0.291 

 

0.351 

 

 

48 h 

28 oC 

 

35 oC 

 

40 oC 

 

1.005 

 

0.982 

 

0.971 

8.667 

 

9.118 

 

11.0 

0.516 

 

0.546 

 

0.572 

4.981 

 

5.418 

 

6.769 

2.572 

 

2.96 

 

3.874 

0.295 

 

0.331 

 

0.363 

 

 

96 h 

 

40 oC 

 

0.957 

 

4.54 

 

0.504 

 

2.843 

 

1.432 

 

0.33 

15 

 

Gr--------------- 

Layer1:TiO2(0.5g) + PEO(0.05g)  

Layer2: Cl4BQ(0.25g) + N,N-Diisopropyl benzamide 

(0.205g) + PEO(0.05g) 

Layer3: Cl4BQ (0.025g) + PC (0.5g) + TiO2 (0.25g) +  

PEO(0.05g)  

Layer4: Me2SO2 (0.188g) + Cl4BQ (0.025g) + PC (0.5g) + 

TiO2 (0.25g) +  PEO(0.05g) 

Layer5: Me2SO2 (0.376g) + PEO (0.05g) 

Layer6: TiO2(0.5g) + PEO(0.05g) 

Al---------------- 

 

1 h 

28 oC 

 

35 oC 

 

40 oC 

 

1.116 

 

1.086 

 

1.102 

9.493 

 

9.485 

 

13.75 

0.512 

 

0.516 

 

0.532 

4.67 

 

4.989 

 

7.594 

2.394 

 

2.523 

 

4.04 

0.226 

 

0.25 

 

0.267 

 

48 h 

28 oC 

 

35 oC 

 

40 oC 

1.127 

 

1.086 

 

1.068 

6.386 

 

6.927 

 

7.787 

0.534 

 

0.558 

 

0.543 

3.429 

 

3.781 

 

4.428 

1.83 

 

2.111 

 

2.405 

0.254 

 

0.281 

 

0.289 

 

 

96 h 

 

40 oC 

 

1.077 

 

4.256 

 

0.504 

 

2.265 

 

1.141 

 

0.249 

16 

 

Gr--------------- 

Layer1:TiO2(0.5g) + PEO(0.05g)  

Layer2: Cl4BQ(0.25g) + TPA(0.245g) + PEO(0.05g) 

Layer3: Cl4BQ (0.025g) + PC (0.5g) + TiO2 (0.25g) +  

PEO(0.05g)  

Layer4: Me2SO2 (0.188g) + Cl4BQ (0.025g) + PC (0.5g) + 

TiO2 (0.25g) +  PEO(0.05g) 

Layer5: Me2SO2 (0.376g) + PEO (0.05g) 

Layer6: TiO2(0.5g) + PEO(0.05g) 

Al---------------- 

 

1 h 

28 oC 

 

35 oC 

 

40 oC 

0.939 

 

0.94 

 

0.972 

9.372 

 

11.5 

 

14.04 

0.443 

 

0.443 

 

0.463 

4.693 

 

6.552 

 

8.216 

2.076 

 

2.901 

 

3.8 

0.236 

 

0.269 

 

0.279 

 

48 h 

28 oC 

 

35 oC 

 

40 oC 

1.049 

 

0.984 

 

0.982 

9.079 

 

9.818 

 

11.36 

0.509 

 

0.523 

 

0.52 

5.601 

 

5.947 

 

7.23 

2.853 

 

3.11 

 

3.756 

0.3 

 

0.322 

 

0.337 

 

96 h 

 

40 oC 

 

1.031 

 

5.82 

 

0.517 

 

3.537 

 

1.828 

 

0.305 

17 

 

Gr--------------- 

Layer1:TiO2(0.5g) + PEO(0.05g)  

Layer2: Cl4BQ(0.25g) + TMPDA(0.116g) + PEO(0.05g) 

Layer3: Cl4BQ (0.025g) + PC (0.5g) + TiO2 (0.25g) +  

PEO(0.05g)  

 

1 h 

28 oC 

 

35 oC 

 

40 oC 

0.219 

 

0.468 

 

0.715 

5.525 

 

4.404 

 

6.415 

0.197 

 

0.269 

 

0.364 

1.57 

 

2.242 

 

4.193 

0.308 

 

0.602 

 

1.524 

0.255 

 

0.293 

 

0.332 
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Layer4: Me2SO2 (0.188g) + Cl4BQ (0.025g) + PC (0.5g) + 

TiO2 (0.25g) +  PEO(0.05g) 

Layer5: Me2SO2 (0.376g) + PEO (0.05g) 

Layer6: TiO2(0.5g) + PEO(0.05g) 

Al---------------- 

 

48 h 

28 oC 

 

35 oC 

 

40 oC 

0.853 

 

0.821 

 

0.798 

3.736 

 

4.995 

 

5.298 

0.409 

 

0.346 

 

0.354 

1.637 

 

3.12 

 

3.431 

0.669 

 

1.078 

 

1.216 

0.21 

 

0.263 

 

0.288 

 

96 h 

 

40 oC 

 

0.791 

 

0.768 

 

0.238 

 

0.520 

 

0.123 

 

0.204 

18 

 

Gr--------------- 

Layer1:TiO2(0.5g) + PEO(0.05g)  

Layer2: Cl4BQ(0.25g) + DABCO(0.112g) + PEO(0.05g) 

Layer3: Cl4BQ (0.025g) + PC (0.5g) + TiO2 (0.25g) +  

PEO(0.05g)  

Layer4: Me2SO2 (0.188g) + Cl4BQ (0.025g) + PC (0.5g) + 

TiO2 (0.25g) +  PEO(0.05g) 

Layer5: Me2SO2 (0.376g) + PEO (0.05g) 

Layer6: TiO2(0.5g) + PEO(0.05g) 

Al---------------- 

 

1 h 

28 oC 

 

35 oC 

 

40 oC 

0.986 

 

0.98 

 

0.992 

31.34 

 

37.02 

 

34.5 

0.561 

 

0.625 

 

0.621 

13.01 

 

16.66 

 

17.7 

7.299 

 

10.41 

 

10.99 

0.236 

 

0.287 

 

0.321 

 

48 h 

28 oC 

 

35 oC 

 

40 oC 

1.018 

 

1.009 

 

1.007 

11.49 

 

12.71 

 

13.2 

0.504 

 

0.579 

 

0.596 

7.054 

 

8.525 

 

9.23 

3.554 

 

4.932 

 

5.501 

0.304 

 

0.384 

 

0.414 

 

96 h 

 

40 oC 

 

0.981 

 

8.165 

 

0.487 

 

5.353 

 

2.608 

 

0.326 

19 

 

Gr--------------- 

Layer1:TiO2(0.5g) + PEO(0.05g)  

Layer2: Cl4BQ(0.1g) + Me2SO2 (0.094g) + PEO(0.05g) 

Layer3: Cl4BQ (0.025g) + DIPEA(0.112g)+PC (0.5g) + 

Me2SO2 (0.094g) +  PEO(0.05g) +TiO2 (0.25g) 

Layer4: Cl4BQ (0.025g) + DIPEA(0.112g)+PC (0.5g) + 

Me2SO2 (0.094g) +  PEO(0.05g) +TiO2 (0.25g) 

Layer5: Cl4BQ(0.1g) + Me2SO2 (0.094g) + PEO(0.05g) 

Layer6: TiO2(0.5g) + PEO(0.1g) 

Al---------------- 

 

1 h 

28 oC 

 

35 oC 

 

40 oC 

1.059 

 

1.015 

 

1.003 

11.68 

 

19.25 

 

22.07 

0.615 

 

0.669 

 

0.658 

7.012 

 

9.555 

 

12.75 

4.314 

 

6.39 

 

8.392 

0.349 

 

0.327 

 

0.379 

 

48 h 

28 oC 

 

35 oC 

 

40 oC 

0.783 

 

0.752 

 

0.776 

1.956 

 

2.735 

 

3.649 

0.332 

 

0.307 

 

0.334 

0.940 

 

1.403 

 

2.063 

0.312 

 

0.430 

 

0.688 

0.204 

 

0.209 

 

0.243 

 

96 h 

 

40 oC 

 

0.819 

 

3.955 

 

0.375 

 

1.918 

 

0.718 

 

0.222 

20 

 

Gr--------------- 

Layer1:TiO2(0.5g) + PEO(0.05g)  

Layer2: Cl4BQ(0.1g) + Me2SO2 (0.094g) + PEO(0.05g) 

Layer3: Cl4BQ (0.025g) + DABCO(0.112g)+PC (0.5g) + 

Me2SO2 (0.094g) +  PEO(0.05g) +TiO2 (0.25g) 

Layer4: Cl4BQ (0.025g) + DABCO(0.112g)+PC (0.5g) + 

Me2SO2 (0.094g) +  PEO(0.05g) +TiO2 (0.25g) 

Layer5: Cl4BQ(0.1g) + Me2SO2 (0.094g) + PEO(0.05g) 

Layer6: TiO2(0.5g) + PEO(0.1g) 

Al---------------- 

 

1 h 

28 oC 

 

35 oC 

 

40 oC 

0.965 

 

0.947 

 

0.941 

14.33 

 

19.33 

 

21.39 

0.558 

 

0.37 

 

0.371 

4.733 

 

8.984 

 

10.92 

2.642 

 

3.324 

 

4.051 

0.191 

 

0.182 

 

0.201 

 

48 h 

28 oC 

 

35 oC 

 

40 oC 

0.9 

 

0.892 

 

0.896 

5.066 

 

8.105 

 

13.87 

0.379 

 

0.356 

 

0.353 

1.931 

 

3.446 

 

6.876 

0.731 

 

1.225 

 

2.427 

0.161 

 

0.169 

 

0.195 

 

96 h 

 

40 oC 

 

0.854 

 

5.543 

 

0.361 

 

2.421 

 

0.874 

 

0.185 

21 

 

Gr--------------- 

Layer1:TiO2(0.5g) + PEO(0.05g)  

Layer2: Cl4BQ(0.1g) + Me2SO2 (0.094g) + PEO(0.05g) 

Layer3: Cl4BQ (0.025g) + TMPDA(0.164g)+PC (0.5g) + 

Me2SO2 (0.094g) +  PEO(0.05g) +TiO2 (0.25g) 

Layer4: Cl4BQ (0.025g) + TMPDA(0.164g)+PC (0.5g) + 

Me2SO2 (0.094g) +  PEO(0.05g) +TiO2 (0.25g) 

Layer5: Cl4BQ(0.1g) + Me2SO2 (0.094g) + PEO(0.05g) 

Layer6: TiO2(0.5g) + PEO(0.1g) 

Al---------------- 

 

1 h 

28 oC 

 

35 oC 

 

40 oC 

0.706 

 

0.696 

 

0.694 

8.211 

 

11.51 

 

11.59 

0.281 

 

0.28 

 

0.292 

3.832 

 

5.84 

 

6.391 

1.077 

 

1.635 

 

1.863 

0.186 

 

0.204 

 

0.232 

 

48 h 

28 oC 

 

35 oC 

 

40 oC 

0.647 

 

0.635 

 

0.646 

2.063 

 

2.194 

 

2.912 

0.315 

 

0.303 

 

0.326 

0.935 

 

1.046 

 

1.376 

0.294 

 

0.317 

 

0.448 

0.221 

 

0.228 

 

0.238 

 

96 h 

 

40 oC 

 

0.612 

 

2.193 

 

0.294 

 

1.104 

 

0.324 

 

0.242 

22 

 

Gr--------------- 

Layer1:TiO2(0.5g) + PEO(0.05g)  

Layer2: Cl4BQ(0.1g) + Me2SO2 (0.094g) + PEO(0.05g) 

Layer3: Cl4BQ (0.025g) + DiPrBA(0.205g)+PC (0.5g) + 

Me2SO2 (0.094g) +  PEO(0.05g) +TiO2 (0.25g) 

Layer4: Cl4BQ (0.025g) + DiPrBA(0.205g)+PC (0.5g) + 

Me2SO2 (0.094g) +  PEO(0.05g) +TiO2 (0.25g) 

Layer5: Cl4BQ(0.1g) + Me2SO2 (0.094g) + PEO(0.05g) 

Layer6: TiO2(0.5g) + PEO(0.1g) 

Al---------------- 

 

1 h 

28 oC 

 

35 oC 

 

40 oC 

1.057 

 

1.082 

 

1.029 

12.37 

 

14.0 

 

14.91 

0.524 

 

0.514 

 

0.516 

6.683 

 

8.111 

 

8.24 

3.5 

 

4.167 

 

4.248 

0.268 

 

0.275 

 

0.277 

 

48 h 

28 oC 

 

35 oC 

 

40 oC 

1.036 

 

1.02 

 

0.998 

4.313 

 

4.954 

 

4.669 

0.53 

 

0.526 

 

0.537 

2.612 

 

2.989 

 

2.951 

1.385 

 

1.573 

 

1.584 

0.31 

 

0.311 

 

0.34 



 

Comparision of BQ and Me2SO2Using in PC solvent 

Table ES4 TiO2 in PC layer, Dimethylsulfone (or) BQ in 2 layers PC as solvent. 

 

96 h 

 

40 oC 

 

0.957 

 

3.16 

 

0.508 

 

1.936 

 

0.983 

 

0.325 
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Gr--------------- 

Layer1:TiO2(0.5g) + PEO(0.05g)  

Layer2: Cl4BQ(0.1g) + Me2SO2 (0.094g) + PEO(0.05g) 

Layer3: Cl4BQ (0.025g) + TPA(0.245g)+PC (0.5g) + 

Me2SO2 (0.094g) +  PEO(0.05g) +TiO2 (0.25g) 

Layer4: Cl4BQ (0.025g) + TPA(0.245g)+PC (0.5g) + 

Me2SO2 (0.094g) +  PEO(0.05g) +TiO2 (0.25g) 

Layer5: Cl4BQ(0.1g) + Me2SO2 (0.094g) + PEO(0.05g) 

Layer6: TiO2(0.5g) + PEO(0.1g) 

Al---------------- 

 

1 h 

28 oC 

 

35 oC 

 

40 oC 

1.037 

 

1.018 

 

1.04 

4.479 

 

5.122 

 

5.285 

0.513 

 

0.505 

 

0.506 

2.304 

 

2.673 

 

2.794 

1.182 

 

1.348 

 

1.412 

0.255 

 

0.259 

 

0.257 

 

48 h 

28 oC 

 

35 oC 

 

40 oC 

1.071 

 

1.053 

 

1.043 

2.386 

 

2.884 

 

2.994 

0.535 

 

0.511 

 

0.514 

1.249 

 

1.534 

 

1.649 

0.667 

 

0.783 

 

0.847 

0.261 

 

0.258 

 

0.271 

 

96 h 

 

40 oC 

 

1.055 

 

2.234 

 

0.502 

 

1.169 

 

0.586 

 

0.249 

               Cell Configuration 6 (Figure 17)                             Cell Configuration 7 (Figure 17) 

                ( Dimethylsulfone in 2 layers )                                     ( BQ in 2 layers ) 

 

 

 

 

 

 

 

                              (Entries 24-28)                                                                    (Entries 29-33) 

 

Entry 

Cell Configuration 

 

 

Time 

after 

packing 

 

T oCc 

 

Voc 

(V) 
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(V) 

 

Imax 

(mA) 

 

Pmax 

(mW) 

 

Fill 
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24 

 

Gr-------------- 

Layer1: TiO2(0.5g) + Cl4BQ(0.25g) + PEO (0.05g)  

Layer2: DABCO(0.112g)+Cl4BQ(0.25g) + PEO (0.05g) 

Layer3: PC (0.5g) + PEO (0.05g) +TiO2 (0.25g) 

Layer4: PC (0.5g) + PEO (0.05g) +TiO2 (0.25g) 

Layer5:   Me2SO2(0.188g) + PEO (0.05g) 

Layer6: TiO2(0.5g) + Me2SO2(0.188g) + PEO (0.05g)  

Al------------ 

 

1 h 

28 oC 

 

35 oC 

 

40 oC 

1.093 

 

1.106 

 

1.065 

6.205 

 

10.26 

 

9.556 

0.522 

 

0.491 

 

0.549 

2.962 

 

5.534 

 

5.223 

1.545 

 

2.717 

 

2.865 

0.228 

 

0.239 

 

0.282 

 

48 h 

28 oC 

 

35 oC 

 

40 oC 

1.112 

 

1.124 

 

1.12 

3.477 

 

4.016 

 

5.021 

0.533 

 

0.584 

 

0.59 

1.348 

 

1.936 

 

2.584 

0.717 

 

1.131 

 

1.524 

0.186 

 

0.251 

 

0.271 

 

96 h 

 

40 oC 

 

1.114 

 

4.555 

 

0.479 

 

1.878 

 

0.898 

 

0.177 

25 

 

Gr-------------- 

Layer1: TiO2(0.5g) + Cl4BQ(0.25g) + PEO (0.05g)  

Layer2: TPA(0.245g)+Cl4BQ(0.25g) + PEO (0.05g) 

Layer3: PC (0.5g) + PEO (0.05g) +TiO2 (0.25g) 

Layer4: PC (0.5g) + PEO (0.05g) +TiO2 (0.25g) 

 

1 h 

28 oC 

 

35 oC 

 

40 oC 

1.099 

 

1.109 

 

1.121 

6.225 

 

6.717 

 

7.437 

0.408 

 

0.445 

 

0.459 

2.953 

 

3.329 

 

3.69 

1.205 

 

1.481 

 

1.693 

0.176 

 

0.199 

 

0.203 
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Layer5:   Me2SO2(0.188g) + PEO (0.05g) 

Layer6: TiO2(0.5g) + Me2SO2(0.188g) + PEO (0.05g)  

Al------------ 

 

48 h 

28 oC 

 

35 oC 

 

40 oC 

1.176 

 

1.046 

 

1.116 

5.377 

 

6.716 

 

7.668 

0.449 

 

0.504 

 

0.488 

2.372 

 

3.376 

 

3.831 

1.065 

 

1.702 

 

1.87 

0.168 

 

0.242 

 

0.218 

 

96 h 

 

40 oC 

 

1.198 

 

4.858 

 

0.491 

 

2.17 

 

1.065 

 

0.183 

26 

 

Gr-------------- 

Layer1: TiO2(0.5g) + Cl4BQ(0.25g) + PEO (0.05g)  

Layer2: DIPEA(0.13g)+Cl4BQ(0.25g) + PEO (0.05g) 

Layer3: PC (0.5g) + PEO (0.05g) +TiO2 (0.25g) 

Layer4: PC (0.5g) + PEO (0.05g) +TiO2 (0.25g) 

Layer5:   Me2SO2(0.188g) + PEO (0.05g) 

Layer6: TiO2(0.5g) + Me2SO2(0.188g) + PEO (0.05g)  

Al------------ 

 

1 h 

28 oC 

 

35 oC 

 

40 oC 

1.129 

 

1.133 

 

1.143 

20.63 

 

21.5 

 

21.4 

0.493 

 

0.484 

 

0.495 

10.43 

 

10.9 

 

11.16 

5.138 

 

5.271 

 

5.525 

0.221 

 

0.216 

 

0.226 

 

48 h 

28 oC 

 

35 oC 

 

40 oC 

1.184 

 

1.121 

 

1.12 

15.72 

 

15.57 

 

17.7 

0.446 

 

0.491 

 

0.517 

7.966 

 

7.866 

 

8.991 

3.549 

 

3.858 

 

4.649 

0.191 

 

0.221 

 

0.235 

 

96 h 

 

40 oC 

 

1.186 

 

14.16 

 

0.481 

 

7.108 

 

3.416 

 

0.203 

27 

 

Gr-------------- 

Layer1: TiO2(0.5g) + Cl4BQ(0.25g) + PEO (0.05g)  

Layer2: TMPDA(0.166g)+Cl4BQ(0.25g) + PEO (0.05g) 

Layer3: PC (0.5g) + PEO (0.05g) +TiO2 (0.25g) 

Layer4: PC (0.5g) + PEO (0.05g) +TiO2 (0.25g) 

Layer5:   Me2SO2(0.188g) + PEO (0.05g) 

Layer6: TiO2(0.5g) + Me2SO2(0.188g) + PEO (0.05g)  

Al------------ 

 

1 h 

28 oC 

 

35 oC 

 

40 oC 

1.131 

 

1.149 

 

1.143 

7.96 

 

9.197 

 

8.996 

0.579 

 

0.555 

 

0.594 

4.313 

 

4.936 

 

4.739 

2.495 

 

2.737 

 

2.814 

0.277 

 

0.259 

 

0.274 

 

48 h 

28 oC 

 

35 oC 

 

40 oC 

1.025 

 

1.015 

 

1.005 

4.616 

 

4.671 

 

4.789 

0.515 

 

0.568 

 

0.566 

2.197 

 

2.212 

 

2.31 

1.131 

 

1.256 

 

1.307 

0.239 

 

0.265 

 

0.272 

 

96 h 

 

40 oC 

 

0.982 

 

2.031 

 

0.445 

 

0.977 

 

0.434 

 

0.218 

28 

 

Gr-------------- 

Layer1: TiO2(0.5g) + Cl4BQ(0.25g) + PEO (0.05g)  

Layer2: DiPrBA(0.205g)+Cl4BQ(0.25g) + PEO (0.05g) 

Layer3: PC (0.5g) + PEO (0.05g) +TiO2 (0.25g) 

Layer4: PC (0.5g) + PEO (0.05g) +TiO2 (0.25g) 

Layer5:   Me2SO2(0.188g) + PEO (0.05g) 

Layer6: TiO2(0.5g) + Me2SO2(0.188g) + PEO (0.05g)  

Al------------ 

 

1 h 

28 oC 

 

35 oC 

 

40 oC 

1.099 

 

1.103 

 

1.135 

3.689 

 

4.225 

 

4.366 

0.531 

 

0.526 

 

0.513 

1.849 

 

2.087 

 

2.172 

0.982 

 

1.097 

 

1.115 

0.242 

 

0.235 

 

0.225 

 

48 h 

28 oC 

 

35 oC 

 

40 oC 

1.15 

 

1.13 

 

1.134 

3.654 

 

3.495 

 

3.571 

0.537 

 

0.552 

 

0.544 

1.839 

 

1.798 

 

1.833 

0.987 

 

0.991 

 

0.997 

0.235 

 

0.251 

 

0.246 

 

96 h 

 

40 oC 

 

1.092 

 

2.529 

 

0.486 

 

1.316 

 

0.639 

 

0.232 

29 

 

Gr-------------- 

Layer1: TiO2(0.5g) + Cl4BQ(0.25g) + PEO (0.05g)  

Layer2: DABCO(0.112g)+Cl4BQ(0.25g) + PEO (0.05g) 

Layer3: PC (0.5g) + PEO (0.05g) +TiO2 (0.25g) 

Layer4: PC (0.5g) + PEO (0.05g) +TiO2 (0.25g) 

Layer5:   BQ(0.22g) + PEO (0.05g) 

Layer6: TiO2(0.5g) + BQ(0.22g)+ PEO (0.05g)  

Al------------ 

 

1 h 

28 oC 

 

35 oC 

 

40 oC 

1.118 

 

1.13 

 

1.14 

4.096 

 

4.9 

 

5.758 

0.604 

 

0.581 

 

0.563 

1.666 

 

2.337 

 

2.903 

1.007 

 

1.358 

 

1.633 

0.22 

 

0.245 

 

0.249 

 

48 h 

28 oC 

 

35 oC 

 

40 oC 

1.192 

 

1.202 

 

1.209 

2.943 

 

3.591 

 

4.007 

0.437 

 

0.53 

 

0.558 

1.409 

 

1.808 

 

2.059 

0.615 

 

0.957 

 

1.15 

0.176 

 

0.222 

 

0.237 

 

96 h 

 

40 oC 

 

1.207 

 

2.976 

 

0.467 

 

1.486 

 

0.694 

 

0.193 

30 

 

Gr-------------- 

Layer1: TiO2(0.5g) + Cl4BQ(0.25g) + PEO (0.05g)  

Layer2: TPA(0.245g)+Cl4BQ(0.25g) + PEO (0.05g) 

Layer3: PC (0.5g) + PEO (0.05g) +TiO2 (0.25g) 

Layer4: PC (0.5g) + PEO (0.05g) +TiO2 (0.25g) 

Layer5:   BQ(0.22g) + PEO (0.05g) 

Layer6: TiO2(0.5g) + BQ(0.22g) + PEO (0.05g)  

Al------------ 

 

1 h 

28 oC 

 

35 oC 

 

40 oC 

1.14 

 

1.153 

 

1.164 

3.231 

 

3.92 

 

4.477 

0.481 

 

0.511 

 

0.517 

1.434 

 

1.823 

 

2.16 

0.689 

 

0.931 

 

1.117 

0.187 

 

0.206 

 

0.214 

 

48 h 

28 oC 

 

35 oC 

1.196 

 

1.152 

2.964 

 

3.537 

0.52 

 

0.531 

1.448 

 

1.74 

0.752 

 

0.923 

0.212 

 

0.227 



 

 

 

 

 

 

 

 

 

 

40 oC 

 

1.153 

 

3.976 

 

0.535 

 

1.954 

 

1.045 

 

0.228 

 

96 h 

 

40 oC 

 

1.208 

 

3.157 

 

0.538 

 

1.527 

 

0.821 

 

0.215 

31 

 

Gr-------------- 

Layer1: TiO2(0.5g) + Cl4BQ(0.25g) + PEO (0.05g)  

Layer2: DIPEA(0.13g)+Cl4BQ(0.25g) + PEO (0.05g) 

Layer3: PC (0.5g) + PEO (0.05g) +TiO2 (0.25g) 

Layer4: PC (0.5g) + PEO (0.05g) +TiO2 (0.25g) 

Layer5:   BQ(0.22g) + PEO (0.05g) 

Layer6: TiO2(0.5g) + BQ(0.22g) + PEO (0.05g)  

Al------------ 

 

1 h 

28 oC 

 

35 oC 

 

40 oC 

1.166 

 

1.174 

 

1.187 

17.98 

 

18.85 

 

22.72 

0.378 

 

0.461 

 

0.479 

8.302 

 

9.067 

 

11.05 

3.14 

 

4.182 

 

5.286 

0.15 

 

0.189 

 

0.196 

 

48 h 

28 oC 

 

35 oC 

 

40 oC 

1.223 

 

1.126 

 

1.12 

15.77 

 

22.91 

 

22.99 

0.364 

 

0.511 

 

0.508 

7.077 

 

11.9 

 

12.32 

2.578 

 

6.077 

 

6.253 

0.134 

 

0.236 

 

0.243 

 

96 h 

 

40 oC 

 

1.222 

 

16.23 

 

0.402 

 

7.348 

 

2.956 

 

0.149 

32 

 

Gr-------------- 

Layer1: TiO2(0.5g) + Cl4BQ(0.25g) + PEO (0.05g)  

Layer2: TMPDA(0.166g)+Cl4BQ(0.25g) + PEO (0.05g) 

Layer3: PC (0.5g) + PEO (0.05g) +TiO2 (0.25g) 

Layer4: PC (0.5g) + PEO (0.05g) +TiO2 (0.25g) 

Layer5:   BQ(0.22g) + PEO (0.05g) 

Layer6: TiO2(0.5g) + BQ(0.22g) + PEO (0.05g)  

Al------------ 

 

1 h 

28 oC 

 

35 oC 

 

40 oC 

1.233 

 

1.233 

 

1.234 

8.982 

 

8.741 

 

9.34 

0.551 

 

0.614 

 

0.573 

4.524 

 

4.386 

 

4.835 

2.492 

 

2.692 

 

2.772 

0.225 

 

0.25 

 

0.241 

 

48 h 

28 oC 

 

35 oC 

 

40 oC 

1.134 

 

1.135 

 

1.133 

2.036 

 

2.267 

 

2.451 

0.505 

 

0.518 

 

0.53 

1.001 

 

1.17 

 

1.264 

0.505 

 

0.605 

 

0.669 

0.219 

 

0.235 

 

0.241 

 

96 h 

 

40 oC 

 

1.044 

 

1.364 

 

0.47 

 

0.647 

 

0.304 

 

0.214 

33 

 

Gr-------------- 

Layer1: TiO2(0.5g) + Cl4BQ(0.25g) + PEO (0.05g)  

Layer2: DiPrBA(0.205g)+Cl4BQ(0.25g) + PEO (0.05g) 

Layer3: PC (0.5g) + PEO (0.05g) +TiO2 (0.25g) 

Layer4: PC (0.5g) + PEO (0.05g) +TiO2 (0.25g) 

Layer5:    BQ(0.22g) + PEO (0.05g) 

Layer6: TiO2(0.5g) +  BQ(0.22g) + PEO (0.05g)  

Al------------ 

 

1 h 

28 oC 

 

35 oC 

 

40 oC 

1.158 

 

1.15 

 

1.146 

5.325 

 

4.615 

 

5.055 

0.498 

 

0.552 

 

0.518 

2.394 

 

2.213 

 

2.406 

1.191 

 

1.222 

 

1.246 

0.193 

 

0.23 

 

0.215 

 

48 h 

28 oC 

 

35 oC 

 

40 oC 

1.202 

 

1.196 

 

1.193 

1.171 

 

1.54 

 

1.94 

0.544 

 

0.558 

 

0.545 

0.525 

 

0.703 

 

0.907 

0.285 

 

0.392 

 

0.495 

0.203 

 

0.213 

 

0.214 

 

96 h 

 

40 oC 

 

1.202 

 

0.623 

 

0.573 

 

0.287 

 

0.164 

 

0.22 
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Comparision of BQ and Me2SO2Using PC solvent 

Table ES5  Dimethylsulfone (or) BQ in 3 layers PC as solvent. 

                Cell Configuration 8 (Figure 18)                     Cell Configuration 9 (Figure 18) 

                 ( Dimethylsulfone in 4 layers )                                 ( BQ in 4 layers ) 

 

 

 

 

 

 

 

                                 (Entries 34-36)                                                             (Entries 37-39) 
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packing 
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34 

 

Gr-------------- 

Layer1: TiO2(0.5g) + PEO (0.05g)  

Layer2: DIPEA(0.26g)+Cl4BQ(0.5g) + PEO (0.05g) 

Layer3:  Me2SO2(0.094g) + PC (0.75g) + PEO (0.05g)  

Layer4:  Me2SO2(0.094g) + PC (0.75g) + PEO (0.05g)  

Layer5:   Me2SO2(0.188g) + PEO (0.05g) 

Layer6: TiO2(0.5g) + PEO (0.05g)  

Al------------ 

 

1 h 

28 oC 

 

35 oC 

 

40 oC 

1.07 

 

1.078 

 

1.087 

29.32 

 

35.95 

 

49.63 

0.524 

 

0.556 

 

0.522 

15.58 

 

19.66 

 

24.59 

8.155 

 

10.93 

 

12.83 

0.26 

 

0.282 

 

0.238 

 

48 h 

28 oC 

 

35 oC 

 

40 oC 

1.074 

 

1.047 

 

1.055 

7.862 

 

7.264 

 

8.226 

0.457 

 

0.507 

 

0.526 

4.203 

 

3.953 

 

4.261 

1.921 

 

2.002 

 

2.24 

0.228 

 

0.263 

 

0.258 

 

96 h 

 

40 oC 

 

1.006 

 

10.03 

 

0.509 

 

5.628 

 

2.863 

 

0.284 

35 

 

Gr-------------- 

Layer1: TiO2(0.5g) + PEO (0.05g)  

Layer2: DABCO(0.224g)+Cl4BQ(0.5g) + PEO (0.05g) 

Layer3:  Me2SO2(0.094g) + PC (0.75g) + PEO (0.05g)  

Layer4:  Me2SO2(0.094g) + PC (0.75g) + PEO (0.05g)  

Layer5:   Me2SO2(0.188g) + PEO (0.05g) 

Layer6: TiO2(0.5g) + PEO (0.05g)  

Al------------ 

 

1 h 

28 oC 

 

35 oC 

 

40 oC 

1.068 

 

1.08 

 

1.093 

22.42 

 

27.94 

 

30.49 

0.469 

 

0.502 

 

0.518 

12.74 

 

15.5 

 

16.4 

5.977 

 

7.783 

 

8.497 

0.25 

 

0.258 

 

0.255 

 

48 h 

28 oC 

 

35 oC 

 

40 oC 

1.092 

 

1.094 

 

1.098 

15.78 

 

19.02 

 

19.31 

0.488 

 

0.533 

 

0.546 

8.137 

 

10.11 

 

10.43 

3.967 

 

5.389 

 

5.691 

0.23 

 

0.259 

 

0.268 

 

96 h 

 

40 oC 

 

1.08 

 

5.27 

 

0.515 

 

2.71 

 

1.395 

 

0.245 

36 

 

Gr-------------- 

Layer1: TiO2(0.5g) + PEO (0.05g)  

Layer2: TPA(0.490g)+Cl4BQ(0.5g) + PEO (0.05g) 

Layer3:  Me2SO2(0.094g) + PC (0.75g) + PEO (0.05g)  

Layer4:  Me2SO2(0.094g) + PC (0.75g) + PEO (0.05g)  

Layer5:   Me2SO2(0.188g) + PEO (0.05g) 

Layer6: TiO2(0.5g) + PEO (0.05g)  

Al------------ 

 

1 h 

28 oC 

 

35 oC 

 

40 oC 

1.071 

 

1.023 

 

1.046 

7.722 

 

8.001 

 

9.455 

0.512 

 

0.527 

 

0.527 

3.905 

 

4.069 

 

4.949 

2.001 

 

2.142 

 

2.607 

0.242 

 

0.262 

 

0.264 

 

48 h 

28 oC 

 

35 oC 

 

40 oC 

1.157 

 

1.114 

 

1.106 

5.652 

 

6.745 

 

6.772 

0.517 

 

0.524 

 

0.548 

2.94 

 

3.554 

 

3.527 

1.521 

 

1.863 

 

1.932 

0.233 

 

0.248 

 

0.258 

 

96 h 

 

40 oC 

 

1.161 

 

3.944 

 

0.536 

 

1.976 

 

1.06 

 

0.231 



 

37 

 

Gr-------------- 

Layer1: TiO2(0.5g) + PEO (0.05g)  

Layer2: DIPEA(0.26g)+Cl4BQ(0.5g) + PEO (0.05g) 

Layer3:  BQ(0.11g) + PC (0.75g) + PEO (0.05g)  

Layer4:  BQ(0.11g) + PC (0.75g) + PEO (0.05g)  

Layer5:   BQ(0.22g) + PEO (0.05g) 

Layer6: TiO2(0.5g) + PEO (0.05g)  

Al------------ 

 

1 h 

28 oC 

 

35 oC 

 

40 oC 

1.173 

 

1.165 

 

1.175 

28.51 

 

30.94 

 

62.46 

0.54 

 

0.541 

 

0.508 

13.22 

 

13.25 

 

29.13 

7.141 

 

7.173 

 

14.79 

0.214 

 

0.199 

 

0.202 

 

48 h 

28 oC 

 

35 oC 

 

40 oC 

1.102 

 

1.087 

 

1.086 

8.742 

 

8.966 

 

9.051 

0.486 

 

0.483 

 

0.515 

4.49 

 

4.727 

 

4.555 

2.182 

 

2.284 

 

2.347 

0.226 

 

0.235 

 

0.239 

 

96 h 

 

40 oC 

 

1.005 

 

3.803 

 

0.404 

 

1.815 

 

0.732 

 

0.192 

38 

 

Gr-------------- 

Layer1: TiO2(0.5g) + PEO (0.05g)  

Layer2: DABCO(0.224g)+Cl4BQ(0.5g) + PEO (0.05g) 

Layer3:  BQ(0.11g) + PC (0.75g) + PEO (0.05g)  

Layer4:  BQ(0.11g) + PC (0.75g) + PEO (0.05g)  

Layer5:   BQ(0.22g) + PEO (0.05g) 

Layer6: TiO2(0.5g) + PEO (0.05g)  

Al------------ 

 

1 h 

28 oC 

 

35 oC 

 

40 oC 

1.159 

 

1.15 

 

1.166 

23.83 

 

27.18 

 

23.52 

0.547 

 

0.486 

 

0.554 

11.31 

 

12.91 

 

11.37 

6.19 

 

6.27 

 

6.302 

0.224 

 

0.201 

 

0.23 

 

48 h 

28 oC 

 

35 oC 

 

40 oC 

1.173 

 

1.169 

 

1.17 

13.54 

 

13.49 

 

14.12 

0.476 

 

0.542 

 

0.524 

7.768 

 

7.367 

 

7.808 

3.696 

 

3.995 

 

4.093 

0.233 

 

0.253 

 

0.248 

 

96 h 

 

40 oC 

 

1.175 

 

10.05 

 

0.451 

 

5.632 

 

2.539 

 

0.215 

39 

 

Gr-------------- 

Layer1: TiO2(0.5g) + PEO (0.05g)  

Layer2: TPA(0.490g)+Cl4BQ(0.5g) + PEO (0.05g) 

Layer3:  BQ(0.11g) + PC (0.75g) + PEO (0.05g)  

Layer4:  BQ(0.11g) + PC (0.75g) + PEO (0.05g)  

Layer5:   BQ(0.22g) + PEO (0.05g) 

Layer6: TiO2(0.5g) + PEO (0.05g)  

Al------------ 

 

1 h 

28 oC 

 

35 oC 

 

40 oC 

1.168 

 

1.148 

 

1.152 

6.538 

 

6.78 

 

7.418 

0.522 

 

0.536 

 

0.541 

3.215 

 

3.351 

 

3.726 

1.677 

 

1.795 

 

2.015 

0.22 

 

0.231 

 

0.236 

 

48 h 

28 oC 

 

35 oC 

 

40 oC 

1.223 

 

1.201 

 

1.189 

4.037 

 

5.048 

 

5.244 

0.537 

 

0.531 

 

0.551 

1.893 

 

2.421 

 

2.512 

1.017 

 

1.286 

 

1.384 

0.206 

 

0.212 

 

0.222 

 

96 h 

 

40 oC 

 

1.185 

 

3.962 

 

0.507 

 

1.905 

 

0.966 

 

0.206 
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Chapter-4 

 

 

Electricity Harvesting Cell based on Electron 

Transfer Reaction of p-Chloranil with DMSO. 

 



4.1 Introduction 

 

4.1.1 Application of Dimethyl Sulfoxide as Reagent in Organic Synthesis:- 

 DMSO is widely used as solvent in organic chemistry. However, it can also 

participate in several reactions as a reagent. In this chapter, we have used DMSO as a 

donor in the construction of electrochemical cells as it was reported that DMSO gives 

paramagnetic intermediates on reaction with p-chloranil. Accordingly, a brief review on 

the reaction of DMSO with different organic substrates will be helpful. 

4.1.2 DMSO as a –Me- source  

 Alkylation of isoquinoline N-oxides using DMSO as a methyl source in the 

presence of palladium catalyzed compounds was reported (Scheme 1).1 

Scheme 1 
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 A simple method for iron catalyzed methylation of aromatic nitro compounds with 

DMSO in the presence of formic acid and triethylamine was reported (Scheme 2).2 

Scheme 2 

 

4.1.3 DMSO as a –CH2- source 

 Oxidative C-S bond cleavage by the reaction of DMSO with various acetylarenes 

and heteroarenes selectively transformed gave the corresponding β-amino ketones, 

followed by C-C and C-N bond formation.3,4 In this reaction, DMSO acts as one carbon 

bridge (Scheme 3). 

Scheme 3 
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 Oxazolidines are obtained by the reaction of certain 1,2-amino alcohols with 

phosphorus pentoxide in DMSO solvent (Scheme 4).5 

Scheme 4 

 

 Condensation of benzamides gives methylene bisamides using ammonium 

persulfate in DMSO solvent (Scheme 5).6 

Scheme 5 
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 Quinazolines and dihydroquinazolines were prepared from amidines on treatment 

using Cu(OTf)2 catalyst and excess Selectfluor in DMSO solvent (Scheme 6).7 

Scheme 6 

 

4.1.4 DMSO based annulation or aromatization source:- 

 Pyridine derivatives were prepared through ammonium iodide promoted 

cyclization reaction using methyl ketone and ammonium acetate in DMSO solvent 

(Scheme 7).8 

Scheme 7 
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 Synthesis of 1,3,5-triarylbenzenes from chalcones using sodium tert-butoxide in 

DMSO solvent was reported (Scheme 8).9  

Scheme 8: 

 

4.1.5 DMSO as a –CHO- source:- 

 Ammonium acetate promoted formylation of indoles using DMSO as solvent was 

reported (Scheme 9).10 
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Scheme 9 

 

 

 Copper catalyzed formylation reaction of 1H-pyrroles gave the corresponding α-

formylated substituted pyrrole derivatives in moderate to good yields (Scheme 10).11 

Scheme 10 
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 A Cu-catalyzed method for formylation of imidazo[1,2-a]pyridines with DMSO by 

using O2 as the oxidant was reported (Scheme 11).12 

Scheme 11 

 

4.1.6 DMSO as a –SMe- source:- 

 Methylthiolation of aryl C-H bonds in the presence of Cu(II)-mediated under 

oxidative conditions using DMSO as the methylthio source was reported (Scheme 12).13 

Scheme 12 
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 Highly regioselective para-methylthiolation of arylamines by using DMSO as the 

methylthio source was reported (Scheme 13).14 

Scheme 13 

 

 Thiomethylation products were obtained by the reaction of three-component 

coupling of o-(trimethylsilyl) phenyl triflate, DMSO and α-bromo carbonyl compounds on 

reaction with potassium fluoride (Scheme 14).15 

Scheme 14 

 

4.1.7 DMSO as –SO2Me source:  

 Methyl sulfone was prepared by the reaction of halobenzenes using DMSO in the 

presence of potassium tert-butoxide under Cu2O catalyzed aerobic oxidative methyl 

sulfonylation (Scheme 15).16 
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Scheme 15 

 

 Conversion of styrenes into β-keto methyl sulfones by reaction with catalytic CuBr 

and diethyl phosphite in DMSO under oxygen atmosphere was reported (Scheme 16).17 

Scheme 16 

 

4.1.8 DMSO based cyanation (-CN):- 

 Palladium catalyzed 3-cyanation of indoles using DMSO as source of the cyano 

group was reported (Scheme 17).18 
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Scheme 17 

 

4.1.9 DMSO as a –CH2SMe source  

 Synthesis of N-methylthiomethyl triazoles from alkynes, diphenyl phosphoryl 

azide (DPPA) and DMSO under copper catalysis was reported (Scheme 18).19 

Scheme 18  

 

4.1.9.1 Electron Transfer Reactions using DMSO 

 The DMSO radical cations was obtained from methyl carboxymethylsulfoxide by 

electron impact induced fragmentation (Scheme 19).20 
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Scheme 19 

 

 It was reported that the p-chloranil reacted with DMSO in chloroform to give the 

corresponding charge transfer complex followed by the formation of the corresponding 

radical ions. (Scheme 20).21 

Scheme 20 

 

 Since DMSO is a polar solvent like PC, and also functions as an electron donor, we 

have undertaken efforts to construct the electricity harvesting electrochemical cell using 

DMSO as solvent. We have also constructed the cell using DMSO as a donor with PC as a 

solvent. The results are described in the next section. 

 

 

 

 

 

 

 



4.2 Results and Discussion 

 

4.2.1 Organic Electrochemical cells using DMSO solvent 

 We have constructed electrochemical cells based on ground state electron transfer 

reactions using various aminedonors and p-chloranil acceptor under different 

configurations using PC as solvent, sulfones as electron transporter and TiO2 as solid 

support.22 In continuation of these studies, we have decided to investigate the use of 

DMSO in the construction of the electrochemical cell.  

We have selected the highly electron deficient p-chloranil 131 (Cl4BQ) as acceptor. 

and the benzoquinone (135) and dimethylsulfone 136 as electron transporters for our 

studies.  Also, we have selected the donors N,N-diethylaniline (PhNEt2) 137, N,N’-

tetramethyl-1,4-phenylenediamine(TMPDA) 138, triphenylamine (TPA) 139, 1,4-

diazabicyclo[2.2.2]octane (DABCO) 140, N, N-diisopropylethylamine (DIPEA) 141 and 

N,N-diisopropylbenzamide (DiPrBA) 142 along with DMSO or DMSO 143 and PC 

mixture for the construction of the organic electrochemical cell. 

 

Figure 1: Eelectron acceptors and donors for use in electrochemical cells. 
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The results are discussed in the next sections. 

4.2.2 Construction of Electrochemical cells in 4 layer configuration using DMSO as 

solvent 

 We have first constructed the 4 layer cell using Cl4BQ in two layers and the amine 

or amide donors in middle layers using DMSO as solvent (Figure 2). 

Figure 2: Four layers cell with Cl4BQ in two layers without using TiO2 

 

 

 

 

 

 

 

 

 

1 h after packing                 48 h after packing 

Donor       Pmax/mW/FF(28 °C)        Pmax/mW/FF(35 °C)       Pmax/mW/FF(35 °C)  

TMPDA    7.033/0.236              10.72/0.25              2.43/0.258 

DiPrBA     1.47/0.219              6.333/0.221              1.57/0.204 

 

 

 

 

 

 

 

         Figure 2 (continued) 
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Figure 2. (a) Schematic diagram of multi-layer with Cl4BQ/Donor/DMSO/PEO configuration. (b) 

Representative IV for the cell (Table ES 1, entry 2, TMPDA donor). (c) Tentative mechanism for electron 

transport to the electrodes via D/D.+ and A-/A exchange reactions. 

 We have recorded IV-data at 1 h and 48 h after packing as outlined in Figure 2. In 

this configuration, the initial power output was high Pmax 10.72 mW at 1h after packing, 

but it decreased very much to Pmax 2.43 mW at 48h. 

 We have then constructed the 4 layer cell using Cl4BQ in two layers along with 

TiO2 and amine or amide donors in middle layers using DMSO as solvent (Figure 3). 

Figure 3: Four layers cell with Cl4BQ and TiO2 in two layers 

 

 

 

 

         Figure 3 (continued) 
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1 h after packing                  48 h after packing 

Donor         Pmax/mW/FF(28 °C)      Pmax/mW/FF(35 °C)       Pmax/mW/FF(35 °C) 

TMPDA      2.138/0.221              4.385/0.294              2.85/0.338 

DiPrBA       4.905/0.269              7.971/0.287              4.139/0.237 

 

 
 

 

Figure 3. (a) Schematic diagram of multi-layer with Cl4BQ/Donor/DMSO/TiO2/PEO configuration. (b) 

Representative IV for the cell (Table ES 1, entry 3, DiPrBA donor). (c) Tentative mechanism for electron 

transport to the electrodes via D/D.+ and A-/A exchange reactions. 

In this configuration, the power output decreased at 1h compared to previous 

configuration (Figure 2) but the Pmax values at 48h was higher. We have then constructed 

the 4 layers cell using TiO2 in edge layers with Cl4BQ and donor in middle layers using 

DMSO as solvent. 
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Figure 4: Four layer cell with Cl4BQ in two layers using N,N-dialkyl benzamides 

 

 

 

 

 

 

 

 

1 h after packing       48 h after packing 

Donor      Pmax/mW/FF(28 °C)  Pmax/mW/FF(35 °C) Pmax/mW/FF(40 °C)   Pmax/mW/FF(40 °C) 

DiMBA    2.762/0.164                 3.75/0.178                      4.363/0.16       2.954/0.126 

DiEtBA    5.118/0.204              5.411/0.202          6.292/0.202       2.296/0.168 

DiPrBA    4.42/0.185              6.24/0.213          6.666/0.217       4.568/0.21 

   

 
Figure 4. (a) Schematic diagram of multi-layer with Cl4BQ/DMSO/Donor/TiO2/PEO configuration. (b) 

Representative IV for the cell (Table ES 1, entry 7, DiPrBA donor). (c) Tentative mechanism for electron 

transport to the electrodes via D/D.+ and A-/A exchange reactions. 
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 In this configuration, among the substituents methyl, ethyl and isopropyl in the 

benzamides, the power output was high in diisopropyl benzamide. This is in accordance 

with higher steric hinderance to form CT complex with Cl4BQ and hence the radical ions 

are expected to form to more extent (Figure 4). 

 We have then constructed the 6 layers cell using Cl4BQ in four layers and donor 

along with Cl4BQ in layer 2 and TiO2 in the edge layers 1 and 6 (Figure 5). 

Figure 5: Six layer cell with Cl4BQ in four layers and donor in layer 2 

 

 

 

 

 

 

 

 

 

1 h after packing                 48 h after packing 

Donor         Pmax/mW/FF(28 °C)      Pmax/mW/FF(35 °C)       Pmax/mW/FF(35 °C) 

TMPDA     2.437/0.229              7.236/0.306              4.13/0.267 

DiPrBA      3.976/0.198              6.9/0.234                   3.514/0.219 
 

 

 

 

 

         Figure 5 (continued) 
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Figure 5. (a) Schematic diagram of multi-layer with Cl4BQ/DMSO/Donor/TiO2/PEO configuration. (b) 

Representative IV for the cell (Table ES 2, entry 11, TMPDA donor). (c) Tentative mechanism for electron 

transport to the electrodes via D/D.+ and A-/A exchange reactions. 

In this configuration, the amine or amide donor in layer 2 is closer to Gr and the 

power output with TMPDA donor gave better results at 1h but the power decreased after 

48h. We have then constructed the 6 layers cell using Cl4BQ in one layer,TiO2 in edge 

layers and the donor in layer 2. 

Figure 6: Six layers cell with Cl4BQ in layer 5 and Donor in layer 2 and DMSO in 

middle layers 

 

 

         Figure 6 (continued) 
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1 h after packing               48 h after packing 

Donor       Pmax/mW/FF(28 °C)     Pmax/mW/FF(35 °C)       Pmax/mW/FF(35 °C) 

DIPEA,      1.384/0.14           2.502/0.203           1.199/0.174 

TMPDA     1.239/0.248           2.267/0.278                1.343/0.193 

 

 
 

 

Figure 6. (a) Schematic diagram of multi-layer with Cl4BQ/DMSO/Donor/TiO2/PEO configuration. (b) 

Representative IV for the cell (Table ES 2, entry 13, DIPEA donor). (c) Tentative mechanism for electron 

transport to the electrodes via D/D.+ and A-/A exchange reactions. 

In this configuration, the power output was very low. Presumably, there is very 

little interaction between the Cl4BQ and the donor. We have then constructed the 6 layers 

cell using Cl4BQ in four layers TiO2 in edge layers amine or amide donor in middle layers.  
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Figure 7: Six layer cell with Cl4BQ in four layers and donor in middle DMSO layers 

 

 

 

 

 

 

 

1 h after packing               48 h after packing 

Donor       Pmax/mW/FF(28 °C)     Pmax/mW/FF(35 °C)       Pmax/mW/FF(35 °C) 

TMPDA,    2.443/0.26           4.515/0.301           1.501/0.206 

DiPrBA     4.618/0.21           6.77/0.231                4.112/0.2 

 

 
 

 

Figure 7. (a) Schematic diagram of multi-layer with Cl4BQ/DMSO/Donor/TiO2/PEO configuration. (b) 

Representative IV for the cell (Table ES 3, entry 15, DiPrBA donor). (c) Tentative mechanism for electron 

transport to the electrodes via D/D.+ and A-/A exchange reactions. 
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In this configuration (Figure 7), the power output decreased at 1h and 48h 

compared to previous configuration (Figure 5). We have then constructed the 6 layers cell 

using Cl4BQ in four layers, DiPrBA in layer 4 and another donor in layer 3. 

Figure 8: Six layer cell with Cl4BQ in four layers and two different donors in middle 

layers 

 

 

 

 

 

 

 

 

 

 

1 h after packing                                                                                                         48 h after packing 

Donor      Pmax/mW/FF(28 °C)  Pmax/mW/FF(35 °C) Pmax/mW/FF(40 °C)      Pmax/mW/FF(40 °C) 

TMPDA    4.172/0.282                 5.758/0.307                    6.37/0.323       8.603/0.399 

TPA          1.457/0.261              2.036/0.295          2.535/0.34       2.342/0.291 

DABCO    8.026/0.208              8.544/0.259          9.699/0.244       3.664/0.25 

DIPEA      6.758/0.218                 7.554/0.253                    7.933/0.261       3.084/0.228 

PhNEt2     5.357/0.243              6.403/0.229          7.144/0.248       6.304/0.274 
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Figure 8. (a) Schematic diagram of multi-layer with Cl4BQ/DMSO/Donor/TiO2/PEO, 

Cl4BQ/DMSO/DiPrBA/TiO2/PEO configuration. (b) Representative IV for the cell (Table ES 3, entry 21, 

TMPDA donor). (c) Tentative mechanism for electron transport to the electrodes via D/D.+ and A-/A 

exchange reactions. 

 Surprisingly, in this configuration (Figure 8), the donor DABCO gave better results 

at 28 oC, 35 oC, and 40 oC (Figure 8) at 1h. The Pmax and FF values for DABCO were 

high (9.699 mW/0.244) at 40 oC but decreased to Pmax 3.664 mW, with FF 0.25 after 48h. 

The Pmax and FF values for TMPDA were 6.37 mW/0.323 at 40 oC at 1h but increased to 

Pmax 8.603 mW, with FF 0.399 after 48h. We have then constructed the 6 layers cell 

using Cl4BQ in four layers amide donor in middle layers using DMSO as solvent (Figure 

9). 

Figure 9: Six layer cell with Cl4BQ in four layers with amide donors in middle layer 

 

         Figure 9 (continued) 
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1 h after packing                                                                                                      48 h after packing 

Donor      Pmax/mW/FF(28 °C)  Pmax/mW/FF(35 °C) Pmax/mW/FF(40 °C)   Pmax/mW/FF(40 °C) 

DiMBA    1.641/0.192                 2.529/0.219                    2.896/0.242       1.712/0.199 

DiEtBA    3.045/0.208              4.018/0.234          4.60/0.253       2.631/0.265 

DiPrBA    3.768/0.241              4.754/0.283          5.009/0.304       3.292/0.29 

 

 
 

 

Figure 9. (a) Schematic diagram of multi-layer with Cl4BQ/DMSO/Donor/TiO2/PEO configuration. (b) 

Representative IV for the cell (Table ES 3, entry 23, DiPrBA donor). (c) Tentative mechanism for electron 

transport to the electrodes via D/D.+ and A-/A exchange reactions. 

Interestingly, this 6 layers configuration (Figure 9) gave less power compared to 

previous 4 layers configuration (Figure 4). 
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4.2.3 Construction of Electrochemical cell using PC as solvent and DMSO as donor 

The dielectric constant (Ɛ) of PC (Ɛ= 65.5)23 is higher than that of DMSO (Ɛ= 48.4)24. The 

DMSO was reported to react to transfer electron to p-chloranil. Accordingly, we have 

constructed cells using PC as solvent and DMSO as donor. We have constructed the 6 

layers cell using Cl4BQ in four layers TiO2 in PC layers and TiO2 in edge layers and 

DMSO as donor (Figure 10). 

Figure 10: Six layer cell with Cl4BQ in four layers and DMSO donor with PC solvent 

in middle layers 

 

 

 

 

 

 

 

 

1 h after packing 

Donor       Pmax/mW/FF(28 °C)     Pmax/mW/FF(35 °C)        Pmax/mW/FF(40 °C) 

DMSO       6.135/0.276              6.833/0.315           7.318/0.366 

 

48 h after packing 

Donor       Pmax/mW/FF(28 °C)     Pmax/mW/FF(35 °C)        Pmax/mW/FF(40 °C) 
DMSO       5.511/0.339              7.159/0.38                          7.669/0.441 

 

 

 

 

 

 

 

 

 

 

 

         Figure 10 (continued) 
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Figure 10. (a) Schematic diagram of multi-layer with Cl4BQ/DMSO/PC/TiO2/PEO configuration. (b) 

Representative IV for the cell (Table ES 4, entry 25, DMSO donor). (c) Tentative mechanism for electron 

transport to the electrodes via D/D.+ and A-/A exchange reactions. 

In this case, the donor DMSO gave high power (Pmax 7.318 mW) at 40 oC after 1h 

packing but the power output was increased to (Pmax 7.669 mW) at 40 oC after 48h 

packing. The shape of the IV curve was also good at 40 oC. The Pmax also remained in the 

higher range for a long time but after three weeks the power output was reduced to (Pmax 

1.713mW). We have also constructed the 6 layers cell using Cl4BQ in layer 1 and BQ in 3 

layers and TiO2 in edge layers (Figure 11). 

Figure 11: Six layer cell with Cl4BQ in layer 2 and BQ in three layers and TiO2 in 

edge layers 

 

 

         Figure 11 (continued) 
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1 h after packing 

Donor       Pmax/mW/FF(28 °C)     Pmax/mW/FF(35 °C)        Pmax/mW/FF(40 °C) 

DMSO       2.462/0.159                3.04/0.183               3.488/0.2 

48 h after packing 

Donor       Pmax/mW/FF(28 °C)     Pmax/mW/FF(35 °C)        Pmax/mW/FF(40 °C) 

DMSO       1.491/0.143                2.231/0.173               2.241/0.182 

 

 
 

Figure 11. (a) Schematic diagram of multi-layer with Cl4BQ/DMSO/PC/BQ/TiO2/PEO configuration and 

(b) Representative IV for the cell (Table ES 4, entry 26, DMSO donor). (c) Tentative mechanism for 

electron transport to the electrodes via D/D.+ and A-/A exchange reactions.   

In this configuration (Figure 11) the power output was low compared to previous 

configuration (Figure 10). Presumably, the presence of Cl4BQ in only one layer leads to 

poorer results. Next, we turned towards the construction of 6 layers cell using Cl4BQ in 
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four layers and BQ as electron transporter, TiO2 in PC layers and edge layers using DMSO 

as donor (Figure 12). 

Figure 12: Six layer cell with Cl4BQ and BQ in four layers and DMSO in middle 

layers 

 

 

 

 

 

 

 

 

 

 

1 h after packing 

Donor       Pmax/mW/FF(28 °C)     Pmax/mW/FF(35 °C)        Pmax/mW/FF(40 °C) 

DMSO       3.867/0.179                4.28/0.158               5.109/0.191 

48 h after packing 

Donor       Pmax/mW/FF(28 °C)     Pmax/mW/FF(35 °C)        Pmax/mW/FF(40 °C) 

DMSO       5.439/0.224                7.223/0.24               7.312/0.214 

 

 

 

 

 

 

 

 

         Figure 12 (continued) 
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Figure 12. (a) Schematic diagram of multi-layer with Cl4BQ/DMSO/PC/BQ/TiO2/PEO configuration and 

(b) Representative IV for the cell (Table ES 4, entry 27, DMSO donor). (c) Tentative mechanism for 

electron transport to the electrodes via D/D.+ and A-/A exchange reactions.   

We have recorded IV-data at 1h and 48h after packing. The 48 h IV-data values are 

high compared to 1h. The donor DMSO gave high power (Pmax 5.109 mW) at 40 oC after 

1h packing and the power output increased to Pmax 7.312 mW at 40 oC after 48h packing 

as outlined in Figure 12. This configuration gave higher power up to four weeks, but after 

four weeks, the power output was reduced to Pmax 2.513mW. Presumably, the transporter 

BQ accepts electron from p-chloranil radical anion and hence the p-chloranil will be 

available for reversible electron transfer from the amines. Indeed, the Pmax values were 

higher in reactions using BQ for electron transport. 

 We have then constructed the 6 layers cell using Cl4BQ in four layers and BQ in 

four layers TiO2 in PC layers and TiO2(1g) in edge layers using DMSO as donor (Figure 

13). 
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Figure 13: Six layer cell with Cl4BQ and BQ in four layers and more TiO2 (1 g) in 

layer 1 and 6 

 

 

 

 

 

 

 

1 h after packing 

Donor       Pmax/mW/FF(28 °C)     Pmax/mW/FF(35 °C)        Pmax/mW/FF(40 °C) 

DMSO       2.035/0.178                2.674/0.194               3.284/0.206 

48 h after packing 

Donor       Pmax/mW/FF(28 °C)     Pmax/mW/FF(35 °C)        Pmax/mW/FF(40 °C) 

DMSO       3.114/0.208                4.53/0.242               4.89/0.255 

 
 

Figure 13. (a) Schematic diagram of multi-layer with Cl4BQ/DMSO/PC/BQ/TiO2/PEO configuration and 

(b) Representative IV for the cell (Table ES 5, entry 28, DMSO donor). (c) Tentative mechanism for 

electron transport to the electrodes via D/D.+ and A-/A exchange reactions.   



 

Chapter 4  Development of electrochemicalcell 169 

In this configuration high power (Pmax 3.284 mW) was obtained for four weeks 

but it reduced to Pmax 1.669mW after 4 weeks. However, the use of TiO2 (1g) would have 

also reduced the power output. 

 We have then constructed the 6 layers cell using Cl4BQ in four layers and TiO2 

(0.75g) in edge layers and using DMSO as donor (Figure 14). 

Figure 14: Six layer cell with Cl4BQ in four layers and TiO2 in edge layers 

 

 

 

 

 

 

 

 

 

1 h after packing 

Donor       Pmax/mW/FF(28 °C)     Pmax/mW/FF(35 °C)        Pmax/mW/FF(40 °C) 

DMSO       4.244/0.197                5.245/0.208               7.015/0.217 

48 h after packing 

Donor       Pmax/mW/FF(28 °C)     Pmax/mW/FF(35 °C)        Pmax/mW/FF(40 °C) 

DMSO       3.869/0.211                4.679/0.218               6.463/0.229  

 

 

 

 

         Figure 14 (continued) 
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Figure 14. (a) Schematic diagram of multi-layer with Cl4BQ/DMSO/PC/TiO2/PEO configuration. (b) 

Representative IV for the cell (Table ES 5, entry 29, DMSO donor). (c) Tentative mechanism for electron 

transport to the electrodes via D/D.+ and A-/A exchange reactions.   

In this configuration, the initial power output was high Pmax 7.015mW at 1h after 

packing but it decreased to Pmax 6.463mW after 48h. This configuration was stable up to 

three weeks. After three weeks, the power output was reduced to Pmax 1.139mW . 

 We have then constructed the 6 layers cell using Cl4BQ in four layers and TiO2 in 

edge layers amine or amide donor in middle layers along with DMSO donor (Figure 15). 

Figure 15: Six layer cell with Cl4BQ in four layers and TiO2 in edge layers with 

DMSO and another Donor in PC 

 

 

 

 

 

         Figure 15 (continued) 
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1 h after packing 

Donor       Pmax/mW/FF(28 °C)        Pmax/mW/FF(35 °C)        Pmax/mW/FF(40 °C)   

TMPDA       11.31/0.302                  12.35/0.326               12.81/0.345 

DIPEA         8.998/0.207               14.53/0.247               16.63/0.265 

DiPrBA       5.509/0.18               7.131/0.185               8.341/0.196 

 

48 h after packing 

Donor       Pmax/mW/FF(28 °C)        Pmax/mW/FF(35 °C)        Pmax/mW/FF(40 °C)   

TMPDA       2.869/0.247                  3.228/0.253               4.082/0.275 

DIPEA         7.97/0.236               9.428/0.259               12.99/0.29 

DiPrBA       4.935/0.195               6.254/0.223               9.673/0.25 

 

 
 

Figure 15. (a) Schematic diagram of multi-layer with Cl4BQ/DMSO/Donor/PC/TiO2/PEO configuration. (b) 

Representative IV for the cell (Table ES 5, entry 30, DIPEA donor). (c) Tentative mechanism for electron 

transport to the electrodes via D/D.+ and A-/A exchange reactions.   
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Among various donors, the donor DIPEA gave better results at 28 oC, 35 oC, and 

40 oC (Figure 15). The recorded IV data of cell (after 1 h packing) the power maximum 

(Pmax) and fill factor (FF) values for DIPEA are Pmax 16.63 mW, with FF 0.265 at 40 oC 

but decreased to Pmax 12.99 mW, with FF 0.29 after 48h. The power produced was high 

in this configuration but after three weeks the power output was reduced to Pmax 

1.201mW.  

 We have then constructed the 6 layers cell using Cl4BQ in two layers and TiO2 in 

PC layers and edge layers with donor in middle layers along with DMSO donor (Figure 

16). 

Figure 16: Six layer cell with Cl4BQ in two layer and another donor along with 

DMSO in PC 

 

 

 

 

 

 

 

 

 

         Figure 16 (continued) 
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1 h after packing 

Donor       Pmax/mW/FF(28 °C)     Pmax/mW/FF(35 °C)        Pmax/mW/FF(40 °C) 

 DIPEA       7.181/0.235                9.45/0.261               10.7/0.297 

DiPrBA      4.794/0.204                6.03/0.216               6.005/0.23 

 

48 h after packing 

Donor       Pmax/mW/FF(28 °C)     Pmax/mW/FF(35 °C)        Pmax/mW/FF(40 °C) 

DIPEA       7.202/0.258                9.67/0.278               10.75/0.312 

DiPrBA      4.395/0.227                6.271/0.239               6.271/0.248 

 

 

 

Figure 16. (a) Schematic diagram of multi-layer with Cl4BQ/DMSO/Donor/PC/TiO2/PEO configuration. (b) 

Representative IV for the cell (Table ES 6, entry 33, DIPEA donor). (c) Tentative mechanism for electron 

transport to the electrodes via D/D.+ and A-/A exchange reactions.   

In this case, the power output 40 °C remained approximately the same for 48h. 

This configuration is also stable up to one week. The higher power ( DIPEA, Pmax 10.7 

mW ) was reduced to Pmax 5.083mW after one week. 
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Comparison of DMSO and other donors 

 We have also constructed the 6 layers cell using Cl4BQ in one layer and donor in 

middle layers TiO2 in PC (Figure 17). 

Figure 17: Six layer cell with Cl4BQ in layer 2 donor in middle layers and TiO2 in 

edge layers 

 

 

 

 

 

 

 

 

 

1 h after packing 

Donor       Pmax/mW/FF(28 °C)        Pmax/mW/FF(35 °C)        Pmax/mW/FF(40 °C)   

DMSO       3.7/0.149                  5.641/0.172               6.156/0.159 

DABCO     0.766/0.154               1.297/0.186               1.434/0.224 

DIPEA       3.012/0.298               3.656/0.277               3.983/0.29 

 

48 h after packing 

Donor       Pmax/mW/FF(28 °C)        Pmax/mW/FF(35 °C)        Pmax/mW/FF(40 °C)   

DMSO       4.668/0.201                  6.805/0.229               6.899/0.218 

DABCO     0.685/0.215               0.808/0.143               0.967/0.208 

DIPEA       1.166/0.245               1.375/0.248               1.412/0.243 
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Figure 17. (a) Schematic diagram of multi-layer with Cl4BQ/DMSO/PC/BQ/TiO2/PEO configuration and 

(b) Representative IV for the cell (Table ES 6, entry 36, DMSO donor). (c) Tentative mechanism for 

electron transport to the electrodes via D/D.+ and A-/A exchange reactions.   

 In this configuration, the donor DMSO gave better results compared to other 

donors. The power output was ( DMSO, Pmax 6.156 mW ) at 40 oC at 1h after packing but 

the power output was increased to Pmax 6.899 mW at 40 oC after 48h. 

 Clearly, the DMSO as donor in PC gave higher power output compared to other 

donors  

 

 

 

 

 

 

 



 

176  Results and discussion 

Some configurations with higher Pmax values are summarized below.  

Cell Configuration (C C) 

            C C 10 (Figure 11)          C C11 (Figure 12)                 C C 12 (Figure 13)               

 

 

 

 

48 h after packing 

Donor       Pmax/mW/FF(40 °C)    Donor   Pmax/mW/FF(40 °C)      Donor    Pmax/mW/FF(40 °C) 

DMSO       2.241/0.182              DMSO  7.312/0.214                       DMSO    4.89/0.255 

 

 

       C C 13 (Figure 14)                  C C 9 (Figure 10)                 C C14 (Figure 15) 

 

 

 

 

48 h after packing 

Donor       Pmax/mW/FF(40 °C)    Donor   Pmax/mW/FF(40 °C)      Donor    Pmax/mW/FF(40 °C) 

DMSO       6.463/0.229              DMSO  7.669/0.441                      DMSO, DIPEA    16.63/0.265 

 

Methods are available for storing solar heat in simple chemicals like aq. NaOH and 

CaCl2 for regenerating heat (40 oC to 60 oC) when required.45 Therefore, the ambient heat 

harvesting device reported here has the potential for developing devices that could 

produce electricity 24x7, day and night, rainy or cloudy atmospheric conditions. These 

low/ambient heat harvesting electricity producing cells can be readily stacked, thus 
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suitable for putting up units for large-scale applications. However, long term performance 

of these cell devices remains to be established. Since, these cells utilize readily accessible 

inexpensible materials, there is plenty of scope for further research and development to 

improve the performance of the devices.  



4.3 Conclusions 

 

 The DMSO was used as solvent in the construction of electrochemical cells along 

with other donors and p-chloranil to produce Pmax of 4.568mW to 8.603mW in different 

cell configurations at 48h and 40 oC. The DMSO as donor using PC solvent gave higher 

power output at 48h, (Pmax 7.669mW to 10.75mW) for the cells constructed at various 

configurations at 48h and 40 oC. 

 The devices utilize inexpensive materials already manufactured in large scale and 

hence it will be suitable in bulk-scale power generation units. Further systematic 

investigations on the development of these electrochemical cells have potential to come up 

with devices for practical applications for the generation of electricity for household, grid 

and automobile applications. 

 



4.4 Experimental Section 

 

4.4.1 General Information 

 P-Chloranil, N, N-diisopropylethylamine (DIPEA), 1,4-diazabicyclo[2.2.2]octane 

(DABCO) and TiO2 were purchased from Avra chemicals (India). p-benzoquinone (BQ), 

triphenylamine (TPA), N,N’-tetramethyl-1,4-phenylenediamine (TMPDA), propylene 

carbonate (PC), ethylene carbonate (EC) and polyethylene oxide (PEO) were purchased 

from Sigma Aldrich. Netural alumina (Al2O3) and dimethylsulfoxide (DMSO) was 

purchased from SRL chemicals, India. Zinc oxide (ZnO) was purchased from E-Merck, 

India. The metal oxides were heated at 150 C in a vacuum oven for 2 h before use. PC 

and EC were always kept under molecular sieves. N, N-diisopropylbenzamide was 

prepared from the literature procedure. Graphite sheet (0.4mm thickness, 5cm x 5cm, 

Resistivity, ρ = 2x10-4Ω.m) was purchased from Falcon Graphite Industries, Hyderabad, 

India. Aluminium Foil (0.2mm thickness, 5cm x 5cm, Resistivity, ρ = 2x10-5Ω.m) and 

Stainless steel (0.4mm thickness, 5cm x 5cm, Resistivity, ρ = 5x10-4Ω.m) were purchased 

from Aluminium Enterprises and Rasik Metals, Hyderabad, India. EPR spectra was 

recorded on a Bruker-ER073 instrument equipped with an EMX micro X source for X 

band measurement using Xenon 1.1b.60 software provided by the manufacturer. Electrical 

measurements were carried out by ZAHNER instrument using CIMPS software. The 

current-voltage curve was drawn using Origin software.  
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4.4.2 Procedure for IV measurement for electrochemical cell 

 The voltage and current of the fabricated cell was initially measured using an 

multimeter. The IV characteristics were measured by ZAHNER instrument using CIMPS 

software. The IV characteristics of the cell were done under dark condition without 

illumination of light. The cell was recorded at scan rate of 1mV/S to get maximum power 

(Pmax) and fill factor (FF). The cell potentiostat should be open circuit voltage (Voc) 

before the measurement. 

4.4.3 Preparation of Electrochemical Cells 

Configuration 1 (Figure 2, Table ES1) 

Cl4BQ (0.75 g)/PEO (0.05 g) in DCM slurry was prepared coated layer on Al and 

Graphite foils. and dried in air at room temperature overnight. Donor (0.1 g)/DMSO (0.5 

ml)/PEO (0.05 g) was heat coat before packing on dried coated Al and Graphite foils. The 

cell was prepared by sandwiching the coated Al/Gr layers. The rim of the cell prepared in 

this way was sealed all around using TiO2/PEO paste, then with commercial adhesive 

Bondfix (India) and covered with cellophane tape. 

Configuration 2 (Figure 3, Table ES1) 

Cl4BQ (0.25 g)/TiO2(0.5 g)/PEO (0.05 g) in DCM slurry was prepared coated layer 

on Al and Graphite foils. and dried in air at room temperature overnight. Donor (0.2 

g)/DMSO (0.5 ml)/PEO (0.05 g) was heat coat before packing on dried coated Al and 

Graphite foils. The cell was prepared by sandwiching the coated Al/Gr layers. The rim of 

the cell prepared in this way was sealed all around using TiO2/PEO paste, then with 

commercial adhesive Bondfix (India) and covered with cellophane tape 
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Configuration 3 (Figure 4, Table ES1) 

The PEO (0.05 g) was dissolved in dichloromethane and mixed with TiO2 (0.75 g) 

powder. DCM was removed to obtain a paste for coating on Al and Graphite foils. Cl4BQ 

(0.15 g) and Donor (0.1 g) stirred in DCM for three hours DCM was removed to this 

DMSO (0.5 ml)/PEO (0.05 g) was added heated at 50 o C for 30 minutes in oven coat 

before packing on dried coated Al and Graphite foils. The cell was prepared by 

sandwiching the coated Al/Gr layers. The rim of the cell prepared in this way was sealed 

all around using TiO2/PEO paste, then with commercial adhesive Bondfix (India) and 

covered with cellophane tape 

Configuration 4 (Figure 5, Table ES2) 

The PEO (0.05 g) was dissolved in dichloromethane and mixed with TiO2 (0.5 g) 

powder. DCM was removed to obtain a paste for coating on Al and Graphite foils. Cl4BQ 

(0.25 g)/PEO (0.05 g) stirred for one hour in DCM was coated on TiO2/PEO/Al, Cl4BQ 

(0.25 g)/Donor (0.05 g)/PEO (0.05 g) stirred for one hour in DCM was coated on 

TiO2/PEO/Gr. After each coat keep at 50 o C for 10 minutes in oven, and dried in air at 

room temperature overnight. Cl4BQ (0.05 g) /DMSO (0.5 ml)/PEO (0.05 g) was heated at 

50 o C for 10 minutes in oven coat before packing on dried coated Al and Graphite foils. 

The cell was prepared by sandwiching the coated Al/Gr layers. The rim of the cell 

prepared in this way was sealed all around using TiO2/PEO paste, then with commercial 

adhesive Bondfix (India) and covered with cellophane tape. 
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Configuration 5 (Figure 6, Table ES2) 

The PEO (0.05 g) was dissolved in dichloromethane and mixed with TiO2 (0.5 g) 

powder. DCM was removed to obtain a paste for coating on Al and Graphite foils. Cl4BQ 

(0.25 g)/PEO (0.05 g) was drop coat on TiO2/PEO/Al, Donor (0.2 g)/PEO (0.05 g) was 

drop coat on TiO2/PEO/Gr. TiO2 (0.5 g)/PEO (0.05 g) was drop coat on coated Graphite, 

After each coat keep at 50 o C for 10 minutes in oven, and dried in air at room temperature 

overnight. DMSO (1ml) was drop coat on before packing on dried coated Al and Graphite 

foils. The cell was prepared by sandwiching the coated Al/Gr layers. The rim of the cell 

prepared in this way was sealed all around using TiO2/PEO paste, then with commercial 

adhesive Bondfix (India) and covered with cellophane tape. 

Configuration 6 (Figure 7, Table ES3) 

The PEO (0.05 g) was dissolved in dichloromethane and mixed with TiO2 (0.5 g) 

powder. was drop coat on Al and Graphite foils. Cl4BQ (0.25 g)/PEO (0.05 g) in DCM 

slurry was prepared drop coat on coated Al and Graphite. After each coat keep at 50 o C 

for 10 minutes in oven, and dried in air at room temperature overnight.Cl4BQ (0.025 

g)/Donor (0.1 g)/DMSO (0.5 ml)/PEO (0.05 g) was heated at 50 o C for 10 minutes in oven 

coat before packing on dried coated Al and Graphite foils. The cell was prepared by 

sandwiching the coated Al/Gr layers. The rim of the cell prepared in this way was sealed 

all around using TiO2/PEO paste, then with commercial adhesive Bondfix (India) and 

covered with cellophane tape. 
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Configuration 7 (Figure 8, Table ES3) 

The PEO (0.05 g) was dissolved in dichloromethane and mixed with TiO2 (0.75 g) 

powder. DCM was removed to obtain a paste for coating on Al and Graphite foils. After 1 

h, Cl4BQ (0.12 g) in DCM slurry was prepared coat on coated Al and Graphite and dried 

in air at room temperature overnight. Cl4BQ (0.12 g)/Donor 2 (0.1 g) stirred for three 

hours in DCM  

at 40 o C DCM was removed to this DMSO (0.7 ml)/PEO (0.05 g) was added 

heated at 50 o C for 30 minutes in oven coat before packing on dried coated Al and Cl4BQ 

(0.12 g)/Donor 1 (0.1 g) stirred for three hours in DCM at 40 o C DCM was removed to 

this DMSO (0.7 ml)/PEO (0.05 g) was added heated at 50 o C for 30 minutes in oven coat 

before packing on dried coated Graphite foils. The cell was prepared by sandwiching the 

coated Al/Gr layers. The rim of the cell prepared in this way was sealed all around using 

TiO2/PEO paste, then with commercial adhesive Bondfix (India) and covered with 

cellophane tape. 

Configuration 8 (Figure 9, Table ES3) 

The PEO (0.05 g) was dissolved in dichloromethane and mixed with TiO2 (0.75 g) 

powder. DCM was removed to obtain a paste for coating on Al and Graphite foils. After 1 

h, Cl4BQ (0.12 g) in DCM slurry was prepared coat on coated Al and Graphite and dried 

in air at room temperature overnight. Cl4BQ (0.12 g)/Donor (0.1 g) stirred for three hours 

in DCM at 40 o C DCM was removed to this DMSO (0.7 ml)/PEO (0.05 g) was added 

heated at 50 o C for 30 minutes in oven coat before packing on dried coated Al and 

Graphite foils. The cell was prepared by sandwiching the coated Al/Gr layers. The rim of 

the cell prepared in this way was sealed all around using TiO2/PEO paste, then with 

commercial adhesive Bondfix (India) and covered with cellophane tape. 
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Configuration 9 (Figure 10, Table ES4) 

The PEO (0.05 g) was dissolved in dichloromethane and mixed with TiO2 (0.5 g) 

powder. DCM was removed to obtain a paste for coating on Al and Graphite foils. After 1 

h, Cl4BQ (0.1 g)/PEO (0.05 g) in DCM was coated on TiO2/PEO/Al, and TiO2/PEO/Gr 

dried  

DMSO (0.078 g)/ Cl4BQ (0.025 g)/PC (0.5 g) / PEO (0.05 g)/TiO2(0.25 g) slurry 

was prepared and casted above the coated layer on Al and Graphite and dried in air at 

room temperature overnight. The cell was prepared by sandwiching the coated Al/Gr 

layers. The rim of the cell prepared in this way was sealed all around using TiO2/PEO 

paste, then with commercial adhesive Bondfix (India) and covered with cellophane tape. 

Configuration 10 (Figure 11, Table ES4) 

The PEO (0.05 g) was dissolved in dichloromethane and mixed with TiO2 (0.5 g) powder. 

DCM was removed to obtain a paste for coating on Al and Graphite foils. After 1 h, BQ 

(0.22 g)/PEO (0.05 g) in DCM was coated on TiO2/PEO/Al, and DMSO(0.156 g)/Cl4BQ 

(0.5 g)/PEO (0.05 g) in DCM was coated on TiO2/PEO/Gr dried. BQ (0.11 g)/PC (0.75 g) 

/PEO (0.05 g) was heated to dissolve the compound and mixed with TiO2 (0.5 g) powder 

coated on coated Al and Graphite foils. dried in air at room temperature overnight. The 

cell was prepared by sandwiching the coated Al/Gr layers. The rim of the cell prepared in 

this way was sealed all around using TiO2/PEO paste, then with commercial adhesive 

Bondfix (India) and covered with cellophane tape. 
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Configuration 11 (Figure 12, Table ES4) 

The PEO (0.05 g) was dissolved in dichloromethane and mixed with TiO2 (0.5 g) 

powder. DCM was removed to obtain a paste for coating on Al and Graphite foils. After 1 

h, Cl4BQ (0.1 g)/BQ(0.1 g)/PEO (0.05 g) in DCM was coated on TiO2/PEO/Al, and 

TiO2/PEO/Gr dried. DMSO (0.078 g)/ Cl4BQ (0.025 g)/PC (0.5 g) /BQ(0.1 g)/ PEO (0.05 

g)/TiO2(0.25 g) slurry was prepared and casted above the coated layer on Al and Graphite 

and dried in air at room temperature overnight. The cell was prepared by sandwiching the 

coated Al/Gr layers. The rim of the cell prepared in this way was sealed all around using 

TiO2/PEO paste, then with commercial adhesive Bondfix (India) and covered with 

cellophane tape. 

Configuration 12 (Figure 13, Table ES5) 

The PEO (0.1 g) was dissolved in dichloromethane and mixed with TiO2 (1.0 g) powder. 

DCM was removed to obtain a paste for coating on Al and Graphite foils. After 1 h, 

Cl4BQ (0.1 g)/BQ(0.1 g)/PEO (0.05 g) in DCM was coated on TiO2/PEO/Al, and 

TiO2/PEO/Gr dried. DMSO (0.078 g)/ Cl4BQ (0.025 g)/PC (0.5 g) /BQ(0.1 g)/ PEO (0.05 

g)/TiO2(0.25 g) slurry was prepared and casted above the coated layer on Al and Graphite 

and dried in air at room temperature overnight. The cell was prepared by sandwiching the 

coated Al/Gr layers. The rim of the cell prepared in this way was sealed all around using 

TiO2/PEO paste, then with commercial adhesive Bondfix (India) and covered with 

cellophane tape. 

 

 

 

 



188  Experimental Section 

Configuration 13 (Figure 14, Table ES5) 

The PEO (0.05 g) was dissolved in dichloromethane and mixed with TiO2 (0.75 g) 

powder. DCM was removed to obtain a paste for coating on Al and the PEO (0.025 g) was 

dissolved in dichloromethane and mixed with TiO2 (0.75 g) powder. DCM was removed 

to obtain a paste for coating on Graphite foils. After 1 h, Cl4BQ (0.25 g)/PEO (0.025 g) in 

DCM was coated on TiO2/PEO/Al, and TiO2/PEO/Gr dried. DMSO (0.1 ml)/ Cl4BQ (0.05 

g)/PC (0.5 g) /PEO (0.05 g) was heated at 50 o C for 1 hour in oven coat before packing on 

dried coated Al and Graphite foils. dried in air at room temperature overnight. The cell 

was prepared by sandwiching the coated Al/Gr layers. The rim of the cell prepared in this 

way was sealed all around using TiO2/PEO paste, then with commercial adhesive Bondfix 

(India) and covered with cellophane tape. 

Configuration 14 (Figure 15, Table ES5) 

The PEO (0.05 g) was dissolved in dichloromethane and mixed with TiO2 (0.75 g) 

powder. DCM was removed to obtain a paste for coating on Al and Graphite foils. After 1 

h, Cl4BQ (0.25 g)/PEO (0.025 g) in DCM was coated on TiO2/PEO/Al, and TiO2/PEO/Gr 

dried. DMSO (0.1 ml)/ Cl4BQ (0.1 g)/Donor(0.1 g)/PC (0.5 g) /PEO (0.05 g) was heated at 

50 o C for 1 hour in oven coat before packing on dried coated Al and Graphite foils. dried 

in air at room temperature overnight. The cell was prepared by sandwiching the coated 

Al/Gr layers. The rim of the cell prepared in this way was sealed all around using 

TiO2/PEO paste, then with commercial adhesive Bondfix (India) and covered with 

cellophane tape. 
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Configuration 15 (Figure 16, Table ES6) 

The PEO (0.05 g) was dissolved in dichloromethane and mixed with TiO2 (0.5 g) powder. 

DCM was removed to obtain a paste for coating on Al and Graphite foils. After 1 h, 

Cl4BQ (0.25 g)/PEO (0.05 g) in DCM was coated on TiO2/PEO/Al, and TiO2/PEO/Gr 

dried. DMSO(0.188 g)/Donor (1 mmol) /PC (0.5 g) / TiO2 (0.25 g) was coated on coated 

Al and Graphite foils. dried in air at room temperature overnight. The cell was prepared by 

sandwiching the coated Al/Gr layers. The rim of the cell prepared in this way was sealed 

all around using TiO2/PEO paste, then with commercial adhesive Bondfix (India) and 

covered with cellophane tape. 

Configuration 16 (Figure 17, Table ES6) 

The PEO (0.05 g) was dissolved in dichloromethane and mixed with TiO2 (0.5 g) 

powder. DCM was removed to obtain a paste for coating on Al and Graphite foils. After 1 

h, BQ(0.44 g)/PEO (0.05 g) in DCM was coated on TiO2/PEO/Al, and Cl4BQ(0.25 

g)/PEO (0.05 g) in DCM was coated on TiO2/PEO/Gr and dried. Donor(2 mmol )/PC (0.5 

g)/ TiO2(0.25 g) slurry was prepared and casted above the coated layer on Al and Graphite 

and dried in air at room temperature overnight. The cell was prepared by sandwiching the 

coated Al/Gr layers. The rim of the cell prepared in this way was sealed all around using 

TiO2/PEO paste, then with commercial adhesive Bondfix (India) and covered with 

cellophane tape. After packing the cell was connected immediately to charge a Ni-Cd 

battery through a Zener diode.It was disconnected while carry out the IV-curve 

measurement. 
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Table ES1 Cl4BQ in edge layer, DMSO used as solvent. 

     Cell Configuration 1 (Figure 2)      Cell Configuration 2 (Figure 3)     Cell Configuration 3 (Figure 4) 

              (Cl4BQ in 2 layers)                        (Cl4BQ in 2 layers)                            (Cl4BQ in 2 layers) 

 

 

   

 

 

 

                         (Entries 1-2)                                         (Entries 3-4)                                                    (Entries 5-8)  

 

Entry 

Cell Configuration 

 

 

Time 

after 

packing 

 

T oCc 

 

Voc 

(V) 

 

Isc 

(mA) 

 

Vmax 

(V) 

 

Imax 

(mA) 

 

Pmax 

(mW) 

 

Fill 

Factor 

1 

 

Gr--------------- 

Layer1: Cl4BQ(0.75g) + PEO(0.05g)  

Layer2: DMSO (0.5ml) + DiPrBA (0.1g) 

Layer3: DMSO (0.5ml) + DiPrBA (0.1g) 

Layer4: Cl4BQ(0.75g) + PEO(0.05g)  

Al---------------- 

 

1 h 

28 oC 

 

35 oC 

1.049 

 

1.062 

6.399 

 

26.96 

0.461 

 

0.478 

3.193 

 

13.25 

1.47 

 

6.333 

0.219 

 

0.221 

 

48 h 

 

35 oC 

 

1.079 

 

7.121 

 

0.442 

 

3.556 

 

1.57 

 

0.204 

 

96 h 

 

35 oC 

 

1.099 

 

1.035 

 

0.497 

 

0.500 

 

0.248 

 

0.219 

2 

 

Gr--------------- 

Layer1: Cl4BQ(0.75g) + PEO(0.05g)  

Layer2: DMSO (0.5ml) + TMPDA (0.1g) 

Layer3: DMSO (0.5ml) + TMPDA (0.1g) 

Layer4: Cl4BQ(0.75g) + PEO(0.05g)  

Al---------------- 

 

1 h 

28 oC 

 

35 oC 

1.067 

 

1.09 

27.94 

 

39.29 

0.479 

 

0.533 

14.68 

 

20.13 

7.033 

 

10.72 

0.236 

 

0.25 

 

48 h 

 

35 oC 

 

1.163 

 

8.093 

 

0.58 

 

4.193 

 

2.43 

 

0.258 

 

96 h 

 

35 oC 

 

1.13 

 

5.554 

 

0.585 

 

2.676 

 

1.566 

 

0.25 

3 

 

Gr--------------- 

Layer1: Cl4BQ(0.25g) + TiO2(0.5g) + PEO(0.05g)  

Layer2: DiPrBA (0.2g)+ DMSO (0.5ml) + PEO(0.05g) 

Layer3: DiPrBA (0.2g)+ DMSO (0.5ml) + PEO(0.05g) 

Layer4: Cl4BQ(0.25g) + TiO2(0.5g) + PEO(0.05g) 

Al---------------- 

 

1 h 

28 oC 

 

35 oC 

1.096 

 

1.101 

16.65 

 

25.18 

0.498 

 

0.53 

9.848 

 

15.05 

4.905 

 

7.971 

0.269 

 

0.287 

 

48 h 

 

35 oC 

 

1.13 

 

15.43 

 

0.488 

 

8.478 

 

4.139 

 

0.237 

 

96 h 

 

35 oC 

 

1.136 

 

9.282 

 

0.53 

 

4.88 

 

2.584 

 

0.245 

4 

 

Gr--------------- 

Layer1: Cl4BQ(0.25g) + TiO2(0.5g) + PEO(0.05g)  

Layer2: TMPDA (0.2g)+ DMSO (0.5ml) + PEO(0.05g) 

Layer3: TMPDA (0.2g)+ DMSO (0.5ml) + PEO(0.05g) 

Layer4: Cl4BQ(0.25g) + TiO2(0.5g) + PEO(0.05g) 

Al---------------- 

 

1 h 

28 oC 

 

35 oC 

0.898 

 

0.876 

10.76 

 

17.05 

0.344 

 

0.378 

6.226 

 

11.62 

2.138 

 

4.385 

0.221 

 

0.294 

 

48 h 

 

35 oC 

 

0.786 

 

10.73 

 

0.385 

 

7.402 

 

2.85 

 

0.338 

 

96 h 

 

35 oC 

 

0.747 

 

5.516 

 

0.329 

 

3.527 

 

1.159 

 

0.282 

5 

 

Gr--------------- 

Layer1:TiO2(0.75g) + PEO(0.05g)  

Layer2: Cl4BQ(0.15g) + N,N-Diethyl benzamide (0.1g)+ 

DMSO (0.5ml) + PEO(0.05g)  

Layer3: Cl4BQ(0.15g) + N,N-Diethyl benzamide (0.1g)+ 

 

1 h 

28 oC 

 

35 oC 

 

40 oC 

0.993 

 

1.018 

 

1.082 

25.32 

 

26.34 

 

28.82 

0.389 

 

0.417 

 

0.44 

13.17 

 

12.99 

 

14.29 

5.118 

 

5.411 

 

6.292 

0.204 

 

0.202 

 

0.202 
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DMSO (0.5ml) + PEO(0.05g) 

Layer4: TiO2(0.75g) + PEO(0.05g)  

 

Al---------------- 

 

48 h 

 

40 oC 

 

1.084 

 

12.57 

 

0.401 

 

5.722 

 

2.296 

 

0.168 

 

96 h 

 

40 oC 

 

1.049 

 

5.059 

 

0.372 

 

2.361 

 

0.878 

 

0.166 

6 

 

Gr--------------- 

Layer1:TiO2(0.75g) + PEO(0.05g)  

Layer2: Cl4BQ(0.15g) + N,N-DiMethyl benzamide (0.1g)+ 

DMSO (0.5ml) + PEO(0.05g)  

Layer3: Cl4BQ(0.15g) + N,N-DiMethyl benzamide (0.1g)+ 

DMSO (0.5ml) + PEO(0.05g) 

Layer4: TiO2(0.75g) + PEO(0.05g)  

 

Al---------------- 

 

1 h 

28 oC 

 

35 oC 

 

40 oC 

0.997 

 

1.057 

 

1.018 

9.569 

 

15.18 

 

15.69 

0.362 

 

0.335 

 

0.36 

4.685 

 

7.539 

 

7.801 

1.696 

 

2.522 

 

2.804 

0.178 

 

0.157 

 

0.176 

 

48 h 

 

40 oC 

 

1.101 

 

11.8 

 

0.398 

 

5.096 

 

2.028 

 

0.156 

 

96 h 

 

40 oC 

 

1.096 

 

4.378 

 

0.406 

 

2.122 

 

0.862 

 

0.18 

7 

 

Gr--------------- 

Layer1:TiO2(0.75g) + PEO(0.05g)  

Layer2: Cl4BQ(0.25g)+ DiPrBA (0.2g)+ DMSO (1ml) + 

PEO(0.05g)  

Layer3: Cl4BQ(0.25g)+ DiPrBA (0.2g)+ DMSO (1ml) + 

PEO(0.05g)  

Layer4: TiO2(0.75g) + PEO(0.05g)  

 

Al---------------- 

 

1 h 

28 oC 

 

35 oC 

 

40 oC 

1.005 

 

1.066 

 

0.984 

23.78 

 

27.46 

 

31.21 

0.395 

 

0.453 

 

0.44 

11.19 

 

13.77 

 

15.17 

4.42 

 

6.24 

 

6.666 

0.185 

 

0.213 

 

0.217 

 

48 h 

 

40 oC 

 

1.112 

 

19.58 

 

0.457 

 

9.995 

 

4.568 

 

0.21 

 

96 h 

 

40 oC 

 

1.058 

 

14.47 

 

0.483 

 

8.605 

 

4.154 

 

0.271 

8 

 

Gr--------------- 

Layer1:TiO2(0.75g) + PEO(0.05g)  

Layer2: Cl4BQ(0.3g)+ N,N-Dimethyl benzamide (0.2g)+ 

DMSO (1ml) + PEO(0.05g)  

Layer3: Cl4BQ(0.3g)+ N,N-Dimethyl benzamide (0.2g)+ 

DMSO (1ml) + PEO(0.05g)  

Layer4: TiO2(0.75g) + PEO(0.05g)  

 

Al---------------- 

 

1 h 

28 oC 

 

35 oC 

 

40 oC 

0.984 

 

0.964 

 

1.063 

17.09 

 

21.83 

 

25.71 

0.334 

 

0.343 

 

0.342 

8.27 

 

10.94 

 

12.76 

2.762 

 

3.75 

 

4.363 

0.164 

 

0.178 

 

0.16 

 

48 h 

 

40 oC 

 

1.09 

 

21.47 

 

0.309 

 

9.551 

 

2.954 

 

0.126 

 

96 h 

 

40 oC 

 

1.09 

 

13.4 

 

0.396 

 

5.919 

 

2.341 

 

0.16 
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Table ES2 TiO2 in edge layer,Cl4BQ in middle layers, DMSO used as solvent. 

 

                         Cell Configuration 4 (Figure 5)               Cell Configuration 5  (Figure 6) 

                                 (Cl4BQ in 4 layers)                                 (Cl4BQ in 1 layer) 

 

 

 

 

 

 

 

                                            (Entries 11-12)                                                (Entries 13-14) 

 

Entry 

Cell Configuration 

 

 

Time 

after 

packing 

 

T oCc 

 

Voc 

(V) 

 

Isc 

(mA) 

 

Vmax 

(V) 

 

Imax 

(mA) 

 

Pmax 

(mW) 

 

Fill 

Factor 

11 

 

Gr-------------- 

Layer1: TiO2(0.5g) + PEO (0.05g) 

Layer2:  Cl4BQ(0.25g) + PEO (0.05g) 

Layer3:  Cl4BQ(0.05g) +DMSO(0.5ml) + PEO (0.05g) 

Layer4: Cl4BQ(0.05g) +DMSO(0.5ml) + PEO (0.05g) 

Layer5:   TMPDA(0.05g) + Cl4BQ(0.25g) + PEO (0.05g) 

Layer6:  TiO2(0.5g) + PEO (0.05g) 

Al------------ 

 

1 h 

28 oC 

 

35 oC 

1.105 

 

1.126 

9.631 

 

21.03 

0.464 

 

0.525 

5.252 

 

13.8 

2.437 

 

7.236 

0.229 

 

0.306 

 

48 h 

 

35 oC 

 

1.126 

 

13.76 

 

0.502 

 

8.235 

 

4.13 

 

0.267 

 

96 h 

 

35 oC 

 

1.08 

 

3.978 

 

0.416 

 

1.93 

 

0.802 

 

0.187 

12 

 

Gr--------------- 

Layer1:TiO2(0.5g) + PEO(0.05g)  

Layer2: Cl4BQ(0.25g) + N,N-Diisopropylbenzamide 

(0.05g)+ PEO(0.05g)  

Layer3: Cl4BQ (0.05g) + DMSO (0.5ml) + PEO(0.05g) 

Layer4: Cl4BQ (0.05g) + DMSO (0.5ml) + PEO(0.05g) 

Layer5: DiPrBA(0.05g) + Cl4BQ(0.25g) + PEO(0.05g) 

Layer6: TiO2(0.5g) + PEO(0.05g)  

Al---------------- 

 

1 h 

28 oC 

 

35 oC 

1.06 

 

1.08 

18.96 

 

27.29 

0.429 

 

0.496 

9.263 

 

13.91 

3.976 

 

6.9 

0.198 

 

0.234 

 

48 h 

 

35 oC 

 

1.129 

 

14.24 

 

0.477 

 

7.37 

 

3.514 

 

0.219 

 

96 h 

 

35 oC 

 

1.132 

 

8.139 

 

0.494 

 

4.298 

 

2.121 

 

0.23 

13 

 

Gr--------------- 

Layer1:TiO2(0.5g) + PEO(0.05g)  

Layer2: DIPEA (0.2ml)+ PEO(0.05g)  

Layer3: TiO2(0.5g) + PEO(0.05g) 

Layer4: DMSO (1ml) 

Layer5: Cl4BQ(0.25g) + PEO(0.05g) 

Layer6: TiO2(0.5g) + PEO(0.05g)  

Al---------------- 

 

1 h 

28 oC 

 

35 oC 

0.975 

 

0.994 

10.13 

 

12.39 

0.253 

 

0.312 

5.476 

 

8.033 

1.384 

 

2.502 

0.14 

 

0.203 

 

48 h 

 

35 oC 

 

1.072 

 

6.412 

 

0.398 

 

3.015 

 

1.199 

 

0.174 

 

96 h 

 

35 oC 

 

1.074 

 

5.682 

 

0.396 

 

2.818 

 

1.115 

 

0.183 

14 

 

Gr--------------- 

Layer1:TiO2(0.5g) + PEO(0.05g)  

Layer2: TMPDA (0.25g)+ PEO(0.05g)  

Layer3: TiO2(0.5g) + PEO(0.05g) 

Layer4: DMSO (1ml) 

Layer5: Cl4BQ(0.25g) + PEO(0.05g) 

Layer6: TiO2(0.5g) + PEO(0.05g)  

Al---------------- 

 

1 h 

28 oC 

 

35 oC 

0.886 

 

0.916 

5.633 

 

8.909 

0.436 

 

0.508 

2.841 

 

4.464 

1.239 

 

2.267 

0.248 

 

0.278 

 

48 h 

 

35 oC 

 

0.942 

 

7.401 

 

0.372 

 

3.614 

 

1.343 

 

0.193 

 

96 h 

 

35 oC 

 

0.892 

 

2.373 

 

0.316 

 

1.062 

 

0.335 

 

0.158 



193 

 

Table ES3 TiO2 in edge layer,Cl4BQ in middle layers, DMSO used as solvent. 

    Cell Configuration 6 (Figure 7)   Cell Configuration 7 (Figure 8)       Cell Configuration 8  (Figure 9) 

             (Cl4BQ in 4 layers)                        (Cl4BQ in 4 layer)                          (Cl4BQ in 4 layer) 

 

 

 

 

 

 

 

                 (Entries 15-16)                                      (Entries 17-21)                                             (Entries 22-24) 

 

Entry 

Cell Configuration 

 

 

Time 

after 

packing 

 

T oCc 

 

Voc 

(V) 

 

Isc 

(mA) 

 

Vmax 

(V) 

 

Imax 

(mA) 

 

Pmax 

(mW) 

 

Fill 

Factor 

15 

 

Gr--------------- 

Layer1:TiO2(0.5g) + PEO(0.05g)  

Layer2: Cl4BQ(0.25g) + PEO(0.05g)  

Layer3: Cl4BQ (0.025g) + DiPrBA (0.1g)  + DMSO (0.5ml) 

+ PEO(0.05g) 

Layer4: Cl4BQ (0.025g) + DiPrBA (0.1g)  +DMSO (0.5ml) 

+ PEO(0.05g) 

Layer5: Cl4BQ(0.25g) + PEO(0.05g) 

Layer6: TiO2(0.5g) + PEO(0.05g)  

Al---------------- 

 

1 h 

28 oC 

 

35 oC 

1.082 

 

1.106 

20.31 

 

26.55 

0.46 

 

0.503 

10.05 

 

13.47 

4.618 

 

6.77 

0.21 

 

0.231 

 

48 h 

 

35 oC 

 

1.15 

 

17.86 

 

0.454 

 

9.053 

 

4.112 

 

0.2 

 

96 h 

 

35 oC 

 

1.147 

 

10.5 

 

0.46 

 

5.26 

 

2.418 

 

0.201 

16 

 

Gr--------------- 

Layer1:TiO2(0.5g) + PEO(0.05g)  

Layer2: Cl4BQ(0.25g) + PEO(0.05g)  

Layer3: Cl4BQ (0.025g) + TMPDA (0.1g)  + DMSO 

(0.5ml) + PEO(0.05g) 

Layer4: Cl4BQ (0.025g) + TMPDA (0.1g)  +DMSO (0.5ml) 

+ PEO(0.05g) 

Layer5: Cl4BQ(0.25g) + PEO(0.05g) 

Layer6: TiO2(0.5g) + PEO(0.05g)  

Al---------------- 

 

1 h 

28 oC 

 

35 oC 

1.033 

 

1.049 

9.101 

 

14.33 

0.461 

 

0.526 

5.298 

 

8.588 

2.443 

 

4.515 

0.26 

 

0.301 

 

48 h 

 

35 oC 

 

1.049 

 

6.957 

 

0.443 

 

3.389 

 

1.501 

 

0.206 

 

96 h 

 

35 oC 

 

0.971 

 

2.651 

 

0.402 

 

1.161 

 

0.466 

 

0.181 

17 

 

Gr--------------- 

Layer1:TiO2(0.75g) + PEO(0.05g)  

Layer2: Cl4BQ(0.12g)  

Layer3: Cl4BQ(0.12g) + DIPEA (0.1ml) + DMSO (0.7ml)+  

PEO(0.05g)  

Layer4: Cl4BQ(0.12g) + DiPrBA (0.1g) + DMSO (0.7ml)+  

PEO(0.05g)  

Layer5: Cl4BQ(0.12g) 

Layer6: TiO2(0.75g) + PEO(0.05g)  

Al---------------- 

 

1 h 

28 oC 

 

35 oC 

 

40 oC 

1.065 

 

0.984 

 

1.036 

29.18 

 

30.33 

 

29.39 

0.442 

 

0.482 

 

0.515 

15.29 

 

15.68 

 

15.4 

6.758 

 

7.554 

 

7.933 

0.218 

 

0.253 

 

0.261 

 

48 h 

 

40 oC 

 

1.125 

 

12.04 

 

0.496 

 

6.215 

 

3.084 

 

0.228 

 

96 h 

 

40 oC 

 

1.125 

 

12.59 

 

0.497 

 

6.994 

 

3.478 

 

0.246 

18 

 

Gr--------------- 

Layer1:TiO2(0.75g) + PEO(0.05g)  

Layer2: Cl4BQ(0.12g)  

Layer3: Cl4BQ(0.12g) + DABCO (0.055g) + DMSO 

(0.7ml)+  PEO(0.05g)  

Layer4: Cl4BQ(0.12g) + DiPrBA (0.1g) + DMSO (0.7ml)+  

PEO(0.05g)  

Layer5: Cl4BQ(0.12g) 

Layer6: TiO2(0.75g) + PEO(0.05g)  

Al---------------- 

 

1 h 

28 oC 

 

35 oC 

 

40 oC 

1.018 

 

1.062 

 

1.011 

38.0 

 

31.03 

 

39.36 

0.43 

 

0.506 

 

0.473 

18.67 

 

16.9 

 

20.52 

8.026 

 

8.544 

 

9.699 

0.208 

 

0.259 

 

0.244 

 

48 h 

 

40 oC 

 

1.115 

 

13.14 

 

0.522 

 

7.02 

 

3.664 

 

0.25 

 

96 h 

 

40 oC 

 

1.043 

 

11.76 

 

0.516 

 

7.114 

 

3.671 

 

0.299 
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Gr--------------- 

Layer1:TiO2(0.75g) + PEO(0.05g)  

Layer2: Cl4BQ(0.12g)  

Layer3: Cl4BQ(0.12g) + PhNEt2 (0.1ml) + DMSO (0.7ml)+  

PEO(0.05g)  

Layer4: Cl4BQ(0.12g) + DiPrBA (0.1g) + DMSO (0.7ml)+  

PEO(0.05g)  

Layer5: Cl4BQ(0.12g) 

Layer6: TiO2(0.75g) + PEO(0.05g)  

Al---------------- 

 

1 h 

28 oC 

 

35 oC 

 

40 oC 

1.038 

 

1.004 

 

1.005 

21.22 

 

27.8 

 

28.73 

0.492 

 

0.443 

 

0.484 

10.9 

 

14.45 

 

14.76 

5.357 

 

6.403 

 

7.144 

0.243 

 

0.229 

 

0.248 

 

48 h 

 

40 oC 

 

1.11 

 

20.74 

 

0.559 

 

11.28 

 

6.304 

 

0.274 

 

96 h 

 

40 oC 

 

1.094 

 

10.99 

 

0.55 

 

6.3 

 

3.465 

 

0.288 

20 

 

Gr--------------- 

Layer1:TiO2(0.75g) + PEO(0.05g)  

Layer2: Cl4BQ(0.12g)  

Layer3: Cl4BQ(0.12g) + TPA (0.12g) + DMSO (0.7ml)+  

PEO(0.05g)  

Layer4: Cl4BQ(0.12g) + DiPrBA (0.1g) + DMSO (0.7ml)+  

PEO(0.05g)  

Layer5: Cl4BQ(0.12g) 

Layer6: TiO2(0.75g) + PEO(0.05g)  

Al---------------- 

 

1 h 

28 oC 

 

35 oC 

 

40 oC 

0.98 

 

0.985 

 

1.001 

5.708 

 

7.004 

 

7.444 

0.5 

 

0.53 

 

0.565 

2.914 

 

3.839 

 

4.487 

1.457 

 

2.036 

 

2.535 

0.261 

 

0.295 

 

0.34 

 

48 h 

 

40 oC 

 

1.069 

 

7.54 

 

0.497 

 

4.715 

 

2.342 

 

0.291 

 

96 h 

 

40 oC 

 

1.103 

 

5.686 

 

0.527 

 

3.264 

 

1.719 

 

0.27 

21 

 

Gr--------------- 

Layer1:TiO2(0.75g) + PEO(0.05g)  

Layer2: Cl4BQ(0.12g)  

Layer3: Cl4BQ(0.12g) + TMPDA (0.08g) + DMSO 

(0.7ml)+  PEO(0.05g)  

Layer4: Cl4BQ(0.12g) + DiPrBA (0.1g) + DMSO (0.7ml)+  

PEO(0.05g)  

Layer5: Cl4BQ(0.12g) 

Layer6: TiO2(0.75g) + PEO(0.05g)  

Al---------------- 

 

1 h 

28 oC 

 

35 oC 

 

40 oC 

1.027 

 

1.036 

 

1.046 

14.39 

 

18.12 

 

18.86 

0.575 

 

0.734 

 

0.759 

7.261 

 

7.845 

 

8.39 

4.172 

 

5.758 

 

6.37 

0.282 

 

0.307 

 

0.323 

 

48 h 

 

40 oC 

 

1.059 

 

20.35 

 

0.603 

 

14.28 

 

8.603 

 

0.399 

 

96 h 

 

40 oC 

 

0.982 

 

12.1 

 

0.467 

 

7.98 

 

3.727 

 

0.314 

22 

 

Gr--------------- 

Layer1:TiO2(0.75g) + PEO(0.05g)  

Layer2: Cl4BQ(0.12g)  

Layer3: Cl4BQ(0.12g) + N,N-Diethyl benzamide (0.1g) + 

DMSO (0.7ml)+  PEO(0.05g)  

Layer4: Cl4BQ(0.12g) + N,N-Diethyl benzamide (0.1g) + 

DMSO (0.7ml)+  PEO(0.05g)  

Layer5: Cl4BQ(0.12g) 

Layer6: TiO2(0.75g) + PEO(0.05g)  

Al---------------- 

 

1 h 

28 oC 

 

35 oC 

 

40 oC 

0.929 

 

0.966 

 

0.989 

15.76 

 

17.79 

 

18.4 

0.375 

 

0.436 

 

0.458 

8.13 

 

9.225 

 

10.04 

3.045 

 

4.018 

 

4.6 

0.208 

 

0.234 

 

0.253 

 

48 h 

 

40 oC 

 

1.142 

 

8.688 

 

0.533 

 

4.934 

 

2.631 

 

0.265 

 

96 h 

 

40 oC 

 

1.111 

 

4.559 

 

0.508 

 

2.646 

 

1.345 

 

0.266 

23 

 

Gr--------------- 

Layer1:TiO2(0.75g) + PEO(0.05g)  

Layer2: Cl4BQ(0.12g)  

Layer3: Cl4BQ(0.12g) + N,N-Diisopropyl benzamide (0.1g) 

+ DMSO (0.7ml)+  PEO(0.05g)  

Layer4: Cl4BQ(0.12g) + N,N-Diisopropyl benzamide (0.1g) 

+ DMSO (0.7ml)+  PEO(0.05g)  

Layer5: Cl4BQ(0.12g) 

Layer6: TiO2(0.75g) + PEO(0.05g)  

Al---------------- 

 

1 h 

28 oC 

 

35 oC 

 

40 oC 

0.953 

 

0.972 

 

0.992 

16.39 

 

17.26 

 

16.63 

0.433 

 

0.474 

 

0.494 

8.711 

 

10.04 

 

10.15 

3.768 

 

4.754 

 

5.009 

0.241 

 

0.283 

 

0.304 

 

48 h 

 

40 oC 

 

1.141 

 

9.966 

 

0.557 

 

5.915 

 

3.292 

 

0.29 

 

96 h 

 

40 oC 

 

1.124 

 

8.952 

 

0.545 

 

5.688 

 

3.098 

 

0.308 

24 

 

Gr--------------- 

Layer1:TiO2(0.75g) + PEO(0.05g)  

Layer2: Cl4BQ(0.12g)  

Layer3: Cl4BQ(0.12g) + N,N-Dimethyl benzamide (0.1g) + 

DMSO (0.7ml)+  PEO(0.05g)  

Layer4: Cl4BQ(0.12g) + N,N-Dimethyl benzamide (0.1g) + 

DMSO (0.7ml)+  PEO(0.05g)  

Layer5: Cl4BQ(0.12g) 

Layer6: TiO2(0.75g) + PEO(0.05g)  

Al---------------- 

 

1 h 

28 oC 

 

35 oC 

 

40 oC 

0.926 

 

0.936 

 

0.954 

9.216 

 

12.35 

 

12.56 

0.354 

 

0.39 

 

0.42 

4.642 

 

6.486 

 

6.89 

1.641 

 

2.529 

 

2.896 

0.192 

 

0.219 

 

0.242 

 

48 h 

 

40 oC 

 

1.106 

 

8.01 

 

0.426 

 

4.024 

 

1.712 

 

0.199 

 

96 h 

 

40 oC 

 

1.082 

 

5.931 

 

0.442 

 

3.263 

 

1.442 

 

0.225 
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Table ES4 TiO2 in edge layer,Cl4BQ in middle layers, DMSO used as donor in PC 

solvent. 

 

 

Cell Configuration 9 (Figure 10)   Cell Configuration 10 (Figure 11)   Cell Configuration 11 (Figure 12) 

             (Cl4BQ in 4 layers)                    (Cl4BQ and BQ in 4 layer)                  (Cl4BQ and BQ in 4 layer) 

 

 

 

 

 

 

 

                       (Entries 25)                                               (Entries 26)                                                   (Entries 27) 

 

Entry 

Cell Configuration 

 

 

Time 

after 

packing 

 

T oCc 

 

Voc 

(V) 

 

Isc 

(mA) 

 

Vmax 

(V) 

 

Imax 

(mA) 

 

Pmax 

(mW) 

 

Fill 

Factor 

25 

 

Gr--------------- 

Layer1:TiO2(0.5g) + PEO(0.05g)  

Layer2: Cl4BQ(0.1g) + PEO(0.05g) 

Layer3: Cl4BQ(0.025g)+DMSO(0.078g) + PC (0.5g) +  

PEO(0.05g)+ TiO2(0.25g) 

Layer4: Cl4BQ(0.025g)+DMSO(0.078g) + PC (0.5g) +  

PEO(0.05g)+ TiO2(0.25g) 

Layer5: Cl4BQ(0.1g) + PEO (0.05g) 

Layer6: TiO2(0.5g) + PEO(0.05g) 

Al---------------- 

 

1 h 

28 oC 

 

35 oC 

 

40 oC 

0.961 

 

0.953 

 

0.964 

23.15 

 

22.8 

 

20.77 

0.503 

 
0.533 

 

0.57 

12.19 

 

12.83 

 

12.84 

6.135 

 

6.833 

 

7.318 

0.276 

 

0.315 

 

0.366 

 

48 h 

28 oC 

 

35 oC 

 

40 oC 

1.019 

 

1.01 

 

0.989 

15.96 

 

18.65 

 

17.59 

0.508 

 

0.567 

 

0.602 

10.86 

 

12.63 

 

12.73 

5.511 

 

7.159 

 

7.669 

0.339 

 

0.38 

 

0.441 

 

96 h 

 

40 oC 

 

1.03 

 

11.2 

 

0.503 

 

8.466 

 

4.256 

 

0.369 

26 

 

Gr--------------- 

Layer1:TiO2(0.5g) + PEO(0.05g)  

Layer2: Cl4BQ(0.5g) + DMSO (0.156g)+ PEO(0.05g)  

Layer3: BQ(0.11g) + PC (0.5ml)+  PEO(0.05g)  

Layer4: BQ(0.11g) + PC (0.5ml)+  PEO(0.05g)  

Layer5: BQ(0.22g) +  PEO(0.05g)  

Layer6: TiO2(0.5g) + PEO(0.05g)  

Al---------------- 

 

1 h 

28 oC 

 

35 oC 

 

40 oC 

 

1.166 

 

1.128 

 

1.14 

 

13.91 

 

14.69 

 

15.31 

 

0.461 

 

0.485 

 

0.526 

 

5.346 

 

6.268 

 

6.638 

 

2.462 

 

3.04 

 

3.488 

 

0.159 

 

0.183 

 

0.2 

 

 

48 h 

28 oC 

 

35 oC 

 

40 oC 

1.175 

 

1.17 

 

1.173 

8.864 

 

11.04 

 

10.5 

0.41 

 

0.462 

 

0.489 

3.634 

 

4.834 

 

4.585 

1.491 

 

2.231 

 

2.241 

0.143 

 

0.173 

 

0.182 

 

96 h 

 

40oC 

 

1.059 

 

14.66 

 

0.448 

 

6.752 

 

3.027 

 

0.195 

27 

 

 

Gr--------------- 

Layer1:TiO2(0.5g) + PEO(0.05g)  

Layer2: Cl4BQ(0.1g) + BQ(0.1g) + PEO(0.05g) 

Layer3: Cl4BQ(0.025g)+DMSO(0.078g) + PC (0.5g) + 

BQ(0.1g) +   PEO(0.05g)+ TiO2(0.25g) 

Layer4: Cl4BQ(0.025g)+DMSO(0.078g) + PC (0.5g) +  

BQ(0.1g) + PEO(0.05g)+ TiO2(0.25g) 

Layer5: Cl4BQ(0.1g) + BQ(0.1g) + PEO (0.05g) 

Layer6: TiO2(0.5g) + PEO(0.05g) 

Al---------------- 

 

1 h 

28 oC 

 

35 oC 

 

40 oC 

1.07 

 

1.071 

 

1.074 

20.17 

 

25.27 

 

24.96 

0.44 

 
0.374 

 

0.445 

8.794 

 

11.45 

 

11.48 

3.867 

 

4.28 

 

5.109 

0.179 

 

0.158 

 

0.191 

 

48 h 

28 oC 

 

35 oC 

 

40 oC 

1.085 

 

1.094 

 

1.095 

22.42 

 

27.53 

 

31.23 

0.492 

 

0.525 

 

0.466 

11.06 

 

13.76 

 

15.69 

5.439 

 

7.223 

 

7.312 

0.224 

 

0.24 

 

0.214 

 

96 h 

 

40 oC 

 

1.102 

 

16.87 

 

0.496 

 

8.887 

 

4.403 

 

0.237 
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Table ES5 TiO2 in edge layer,Cl4BQ in middle layers, DMSO used as donor in PC 

solvent. 

Cell Configuration 12 (Figure 13)   Cell Configuration 13 (Figure 14)  Cell Configuration 14 (Figure 15) 

        (Cl4BQ and BQ in 4 layer)                    (Cl4BQ in 4 layer)                       (Cl4BQ in 4 layer) 

 

 

 

 

 

 

 

                       (Entries 28)                                                 (Entries 29)                                        (Entries 30-32) 

 

Entry 

Cell Configuration 

 

 

Time 

after 

packing 

 

T oCc 

 

Voc 

(V) 

 

Isc 

(mA) 

 

Vmax 

(V) 

 

Imax 

(mA) 

 

Pmax 

(mW) 

 

Fill 

Factor 

28 

 

Gr--------------- 

Layer1:TiO2(1.0g) + PEO(0.1g)  

Layer2: Cl4BQ(0.1g) +BQ(0.1g) +PEO(0.05g) 

Layer3: Cl4BQ(0.025g)+DMSO(0.078g) + PC (0.5g) + 

BQ(0.1g) +PEO(0.05g)+ TiO2(0.25g) 

Layer4: Cl4BQ(0.025g)+DMSO(0.078g) + PC (0.5g) + 

BQ(0.1g) + PEO(0.05g)+ TiO2(0.25g) 

Layer5: Cl4BQ(0.1g) + BQ(0.1g) +PEO (0.05g) 

Layer6: TiO2(1.0g) + PEO(0.1g) 

Al---------------- 

 

1 h 

28 oC 

 

35 oC 

 

40 oC 

1.182 

 

1.184 

 

1.185 

9.697 

 

11.62 

 

13.45 

0.46 

 
0.5 

 

0.521 

4.427 

 

5.346 

 

6.31 

2.035 

 

2.674 

 

3.284 

0.178 

 

0.194 

 

0.206 

 

48 h 

28 oC 

 

35 oC 

 

40 oC 

1.187 

 

1.179 

 

1.165 

12.61 

 

15.86 

 

16.48 

0.47 

 

0.512 

 

0.507 

6.622 

 

8.855 

 

9.64 

3.114 

 

4.53 

 

4.89 

0.208 

 

0.242 

 

0.255 

 

96 h 

 

40 oC 

 

1.181 

 

12.45 

 

0.499 

 

8.405 

 

4.194 

 

0.285 

29 

 

Gr--------------- 

Layer1:TiO2(0.75g) + PEO(0.025g)  

Layer2: Cl4BQ(0.25g) + PEO(0.025g) 

Layer3: Cl4BQ(0.05g) + DMSO (0.1ml) + PC (0.5ml) + 

PEO(0.05g) 

Layer4: Cl4BQ(0.05g) + DMSO (0.1ml) + PC (0.5ml) + 

PEO(0.05g) 

Layer5: Cl4BQ(0.25g) + PEO(0.025g) 

Layer6: TiO2(0.75g) + PEO(0.05g)  

Al---------------- 

 

1 h 

28 oC 

 

35 oC 

 

40 oC 

 

1.042  

 

1.037 

 

1.088 

20.63 

 

24.29 

 

29.67 

0.411 

 

0.437 

 

0.458 

10.32 

 

12.0 

 

15.33 

4.244 

 

5.245 

 

7.015 

0.197 

 

0.208 

 

0.217 

 

48 h 

28 oC 

 

35 oC 

 

40 oC 

1.129 

 

1.113 

 

1.116 

16.27 

 

19.26 

 

25.31 

0.492 

 

0.493 

 

0.517 

7.86 

 

9.487 

 

12.5 

3.869 

 

4.679 

 

6.463 

0.211 

 

0.218 

 

0.229 

 

96 h 

 

28 oC 

 

1.128 

 

18.22 

 

0.509 

 

9.525 

 

4.846 

 

0.236 

30 

 

Gr--------------- 

Layer1:TiO2(0.75g) + PEO(0.025g)  

Layer2: Cl4BQ(0.25g) + PEO(0.025g) 

Layer3: Cl4BQ(0.1g) + DMSO (0.1ml) + PC (0.5ml) + 

DIPEA(0.1ml) + PEO(0.05g) 

Layer4: Cl4BQ(0.1g) + DMSO (0.1ml) + PC (0.5ml) + 

DIPEA(0.1ml) + PEO(0.05g) 

Layer5: Cl4BQ(0.25g) + PEO(0.025g) 

Layer6: TiO2(0.75g) + PEO(0.05g)  

Al---------------- 

 

1 h 

28 oC 

 

35 oC 

 

40 oC 

 

1.155  

 

1.113 

 

1.156 

 

37.66 

 

52.85 

 

54.24 

 

0.463 

 

0.529 

 

0.567 

 

19.45 

 

27.45 

 

29.33 

 

8.998 

 

14.53 

 

16.63 

 

0.207 

 

0.247 

 

0.265 

 

 

48 h 

28 oC 

 

35 oC 

 

40 oC 

1.17 

 

1.146 

 

1.153 

28.88 

 

31.71 

 

38.83 

0.497 

 

0.527 

 

0.575 

16.04 

 

17.91 

 

22.58 

7.97 

 

9.428 

 

12.99 

0.236 

 

0.259 

 

0.29 

 

96 h 

 

28 oC 

 

1.162 

 

26.95 

 

0.525 

 

17.19 

 

9.018 

 

0.288 

31 

 

Gr--------------- 

Layer1:TiO2(0.75g) + PEO(0.05g)  

Layer2: Cl4BQ(0.25g) + PEO(0.025g) 

Layer3: Cl4BQ(0.1g) + DMSO (0.1ml) + PC (0.5ml) + 

 

1 h 

28 oC 

 

35 oC 

 

1.075  

 

1.064 

 

28.42 

 

36.3 

 

0.402 

 

0.421 

 

13.72 

 

16.94 

 

5.509 

 

7.131 

 

0.18 

 

0.185 
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Table ES6 TiO2 in edge layer,Cl4BQ in edge layers, DMSO used as donor in PC solvent. 

DiPrBA (0.1g) + PEO(0.05g) 

Layer4: Cl4BQ(0.1g) + DMSO (0.1ml)+PC(0.5ml)+ 

DiPrBA (0.1g) + PEO(0.05g) 

Layer5: Cl4BQ(0.25g) + PEO(0.025g) 

Layer6: TiO2(0.75g) + PEO(0.05g)  

Al---------------- 

40 oC 

 

1.104 

 

38.57 

 

0.455 

 

18.35 

 

8.341 

 

0.196 

 

 

48 h 

28 oC 

 

35 oC 

 

40 oC 

1.14 

 

1.127 

 

1.146 

22.17 

 

24.93 

 

33.82 

0.455 

 

0.498 

 

0.561 

10.86 

 

12.56 

 

17.26 

4.935 

 

6.254 

 

9.673 

0.195 

 

0.223 

 

0.25 

 

96 h 

 

28 oC 

 

1.144 

 

22.57 

 

0.507 

 

12.23 

 

6.195 

 

0.24 

32 

 

Gr--------------- 

Layer1:TiO2(0.75g) + PEO(0.05g)  

Layer2: Cl4BQ(0.25g) + PEO(0.025g) 

Layer3: Cl4BQ(0.1g) + DMSO (0.1ml) + PC (0.5ml) + 

TMPDA(0.1g) + PEO(0.05g) 

Layer4: Cl4BQ(0.1g) + DMSO (0.1ml) + PC (0.5ml) + 

TMPDA(0.1g) + PEO(0.05g) 

Layer5: Cl4BQ(0.25g) + PEO(0.025g) 

Layer6: TiO2(0.75g) + PEO(0.05g)  

Al---------------- 

 

1 h 

28 oC 

 

35 oC 

 

40 oC 

 

1.129  

 

1.122 

 

1.135 

 

33.16 

 

33.79 

 

32.76 

 

0.563 

 

0.645 

 

0.675 

 

20.11 

 

19.13 

 

18.98 

 

11.31 

 

12.35 

 

12.81 

 

0.302 

 

0.326 

 

0.345 

 

 

48 h 

28 oC 

 

35 oC 

 

40 oC 

1.07 

 

1.05 

 

1.045 

10.88 

 

12.15 

 

14.23 

0.529 

 

0.504 

 

0.528 

5.425 

 

6.407 

 

7.739 

2.869 

 

3.228 

 

4.082 

0.247 

 

0.253 

 

0.275 

 

96 h 

 

28 oC 

 

1.019 

 

8.869 

 

0.431 

 

4.847 

 

2.089 

 

0.231 

                      Cell Configuration 15 (Figure 16)                     Cell Configuration 16 (Figure 17) 

                                 (Cl4BQ in 2 layers)                                (Cl4BQ in 1 layer & BQ in 1 layer) 

 

 

 

 

 

 

 

                                             (Entries 33-34)                                                          (Entries 35-37)   

 

Entry 

Cell Configuration 
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after 

packing 

 

T oCc 
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Pmax 

(mW) 

 

Fill 
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33 

 

Gr--------------- 

Layer1:TiO2(0.5g) + PEO(0.05g)  

Layer2: Cl4BQ(0.25g) + PEO(0.05g)  

Layer3: DIPEA(0.13g) + DMSO (0.188g)+ PC (0.5g)+  

TiO2(0.25g)  

Layer4: DIPEA(0.13g) + DMSO (0.188g)+ PC (0.5g)+  

TiO2(0.25g)  

Layer5: Cl4BQ(0.25g) +  PEO(0.05g)  

Layer6: TiO2(0.5g) + PEO(0.05g)  

Al---------------- 

 

1 h 

28 oC 

 

35 oC 

 

40 oC 

 

1.101 

 

1.109 

 

1.115 

 

27.69 

 

32.69 

 

32.3 

 

0.466 

 

0.517 

 

0.55 

 

15.4 

 

18.28 

 

19.46 

 

7.181 

 

9.45 

 

10.7 

 

0.235 

 

0.261 

 

0.297 

 

 

48 h 

28 oC 

 

35 oC 

 

40 oC 

1.165 

 

1.145 

 

1.142 

23.98 

 

30.33 

 

30.2 

0.502 

 

0.536 

 

0.651 

14.35 

 

18.03 

 

19.32 

7.202 

 

9.67 

 

10.75 

0.258 

 

0.278 

 

0.312 

 

96 h 

 

40 oC 

 

1.181 

 

25.85 

 

0.49 

 

13.65 

 

6.69 

 

0.219 

34 

 

Gr--------------- 

Layer1:TiO2(0.5g) + PEO(0.05g)  

Layer2: Cl4BQ(0.25g) + PEO(0.05g)  

Layer3: DiPrBA(0.205g) + DMSO (0.188g)+ PC (0.5g)+  

 

1 h 

28 oC 

 

35 oC 

 

1.113 

 

1.116 

 

21.16 

 

25.06 

 

0.491 

 

0.495 

 

9.769 

 

12.19 

 

4.794 

 

6.03 

 

0.204 

 

0.216 
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TiO2(0.25g)  

Layer4:  DiPrBA (0.205g) + DMSO (0.188g)+ PC (0.5g)+   

TiO2(0.25g)  

Layer5: Cl4BQ(0.25g) +  PEO(0.05g)  

Layer6: TiO2(0.5g) + PEO(0.05g)  

Al---------------- 

40 oC 

 

1.115 

 

23.4 

 

0.502 

 

11.96 

 

6.005 

 

0.23 

 

 

48 h 

28 oC 

 

35 oC 

 

40 oC 

1.167 

 

1.156 

 

1.147 

16.61 

 

22.65 

 

22.06 

0.506 

 

0.535 

 

0.539 

8.695 

 

11.73 

 

11.63 

4.395 

 

6.271 

 

6.271 

0.227 

 

0.239 

 

0.248 

 

96 h 

 

40 oC 

 

1.183 

 

8.575 

 

0.507 

 

4.322 

 

2.192 

 

0.216 

35 

 

 

Gr--------------- 

Layer1:TiO2(0.5g) + PEO(0.05g)  

Layer2: Cl4BQ(0.25g) + PEO (0.05g) 

Layer3: DIPEA(0.26g) + PC (0.5g) + TiO2(0.25g) 

Layer4: DIPEA(0.26g) + PC (0.5g) + TiO2(0.25g) 

Layer5: BQ (0.44g )+ PEO(0.05g) 

Layer6: TiO2(0.5g) + PEO(0.05g) 

Al---------------- 

 

1 h 

28 oC 

 

35 oC 

 

40 oC 

1.077 

 

1.087 

 

1.08 

9.375 

 

12.14 

 

12.72 

0.552 

 

0.534 

 

0.529 

5.454 

 

6.849 

 

7.529 

3.012 

 

3.656 

 

3.983 

0.298 

 

0.277 

 

0.29 

 

48 h 

28 oC 

 

35 oC 

 

40 oC 

1.116 

 

1.101 

 

1.108 

4.265 

 

5.034 

 

5.247 

0.520 

 

0.527 

 

0.516 

2.241 

 

2.611 

 

2.740 

1.166 

 

1.375 

 

1.412 

0.245 

 

0.248 

 

0.243 

 

96 h 

 

40 oC 

 

1.09 

 

4.206 

 

0.513 

 

2.135 

 

1.095 

 

0.239 

36 

 

Gr--------------- 

Layer1:TiO2(0.5g) + PEO(0.05g)  

Layer2: Cl4BQ(0.25g) + PEO (0.05g) 

Layer3: DMSO (0.188g) + PC (0.5g) + TiO2(0.25g) 

Layer4: DMSO(0.188g) + PC (0.5g) + TiO2(0.25g) 

Layer5: BQ (0.44g )+ PEO(0.05g) 

Layer6: TiO2(0.5g) + PEO(0.05g) 

Al---------------- 

 

1 h 

28 oC 

 

35 oC 

 

40 oC 

1.016 

 

0.926 

 

1.033 

24.38 

 

35.34 

 

37.48 

0.396 

 

0.376 

 

0.38 

9.338 

 

15.0 

 

16.19 

3.7 

 

5.641 

 

6.156 

0.149 

 

0.172 

 

0.159 

 

48 h 

28 oC 

 

35 oC 

 

40 oC 

1.075 

 

1.071 

 

1.079 

21.64 

 

27.76 

 

29.27 

0.428 

 

0.460 

 

0.451 

10.92 

 

14.78 

 

15.30 

4.668 

 

6.805 

 

6.899 

0.201 

 

0.229 

 

0.218 

 

96 h 

 

40 oC 

 

1.074 

 

16.62 

 

0.503 

 

9.403 

 

4.725 

 

0.265 

37 

 

Gr--------------- 

Layer1:TiO2(0.5g) + PEO(0.05g)  

Layer2: Cl4BQ(0.25g) + PEO (0.05g) 

Layer3: DABCO(0.224g) + PC (0.5g) + TiO2(0.25g) 

Layer4: DABCO(0.224g) + PC (0.5g) + TiO2(0.25g) 

Layer5: BQ (0.44g )+ PEO(0.05g) 

Layer6: TiO2(0.5g) + PEO(0.05g) 

Al---------------- 

 

1 h 

28 oC 

 

35 oC 

 

40 oC 

0.975 

 

0.98 

 

0.979 

5.115 

 

7.103 

 

6.553 

0.472 

 

0.456 

 

0.467 

1.624 

 

2.844 

 

3.073 

0.766 

 

1.297 

 

1.434 

0.154 

 

0.186 

 

0.224 

 

48 h 

28 oC 

 

35 oC 

 

40 oC 

0.852 

 

0.832 

 

0.855 

3.742 

 

5.035 

 

5.431 

0.414 

 

0.350 

 

0.388 

1.658 

 

2.314 

 

2.492 

0.685 

 

0.808 

 

0.967 

0.215 

 

0.143 

 

0.208 

 

96 h 

 

40 oC 

 

0.833 

 

5.127 

 

0.375 

 

2.176 

 

0.815 

 

0.191 
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Spectrum No. 1 (Chapter 2), 1H NMR Spectrum (400 MHz, CDCl3)
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Spectrum No. 2 (Chapter 2), 13C NMR Spectrum (100 MHz, CDCl3)



Spectrum No. 3 (Chapter 2), 1H NMR Spectrum (400 MHz, CDCl3)
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Spectrum No. 4 (Chapter 2), 13C NMR Spectrum (100 MHz, CDCl3)



Spectrum No. 5 (Chapter 2), 1H NMR Spectrum (400 MHz, CDCl3)
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Spectrum No. 6  (Chapter 2), 13C NMR Spectrum (100 MHz, CDCl3)



Spectrum No. 7 (Chapter 2), 1H NMR Spectrum (400 MHz, CDCl3)
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Spectrum No. 8 (Chapter 2), 13C NMR Spectrum (100 MHz, CDCl3)



Spectrum No. 9 (Chapter 2), 1H NMR Spectrum (400 MHz DMSO d6)
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Spectrum No. 10 (Chapter 2), 13C NMR Spectrum (100 MHz, DMSO d6)



Spectrum No. 11 (Chapter 2), 1H NMR Spectrum (400 MHz, DMSO d6)

Representative Spectra Appendix  I

206

Spectrum No. 12 (Chapter 2), 13C NMR Spectrum (100 MHz, DMSO d6)



Spectrum No. 13 (Chapter 2), 1H NMR Spectrum (400 MHz, DMSO d6)

Representative Spectra Appendix  I

207

Spectrum No. 14 (Chapter 2), 13C NMR Spectrum (100 MHz, DMSO d6)



Spectrum No. 15 (Chapter 2), 1H NMR Spectrum (400 MHz, CDCl3)
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Spectrum No. 16 (Chapter 2), 13C NMR Spectrum (100 MHz, CDCl3)
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Spectrum No. 17 (Chapter 2), 11H NMR Spectrum (400 MHz, CDCl3)

Spectrum No. 18 (Chapter 2), 1H NMR Spectrum (100 MHz, CDCl3)
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Spectrum No. 19 (Chapter 2), 1H NMR Spectrum (400 MHz, CDCl3)
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Spectrum No. 20 (Chapter 2), 13C NMR Spectrum (100 MHz, CDCl3)
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Spectrum No. 21 (Chapter 2), 1H NMR Spectrum (400 MHz, CDCl3)
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Spectrum No. 22 (Chapter 2), 13C NMR Spectrum (100 MHz, CDCl3)
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Spectrum No. 23 (Chapter 2), 1HNMR Spectrum (400 MHz, CDCl3)

ppm
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Spectrum No. 24 (Chapter 2), 13C NMR Spectrum (100 MHz, CDCl3)
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Spectrum No. 25 (Chapter 2), 1H NMR Spectrum (400 MHz, CDCl3)
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Spectrum No. 26 (Chapter 2), 13C NMR Spectrum (100 MHz, CDCl3)
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Spectrum No. 27 (Chapter 2), 11H NMR Spectrum (400 MHz, CDCl3)

Spectrum No. 28 (Chapter 2), 11C NMR Spectrum (100 MHz, CDCl3)
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Spectrum No. 29 (Chapter 2), 1H NMR Spectrum (400 MHz, DMSO d6)
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Spectrum No. 30 (Chapter 2), 13C NMR Spectrum (100 MHz, DMSO d6 )
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Spectrum No. 31 (Chapter 2), 11H NMR Spectrum (400MHz, DMSO d6)

Spectrum No. 32 (Chapter 2), 11C NMR Spectrum (100 MHz, DMSO d6)
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Spectrum No. 33 (Chapter 2), 1H NMR Spectrum (400 MHz, CDCl3)
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Spectrum No. 34 (Chapter 2), 13C NMR Spectrum (100 MHz, CDCl3)
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Spectrum No. 35 (Chapter 2), 1H NMR Spectrum (400 MHz, DMSO d6)
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Spectrum No. 36 (Chapter 2), 13C NMR Spectrum (100 MHz, DMSO d6)
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Spectrum No. 37 (Chapter 2), 1H NMR Spectrum (400 MHz, CDCl3)
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Spectrum No. 38 (Chapter 2), 13C NMR Spectrum (100 MHz, CDCl3)



Spectrum No. 39 (Chapter 2), 1H NMR Spectrum (400 MHz, CDCl3)

Representative Spectra Appendix  I

220

Spectrum No. 40 (Chapter 2), 13C NMR Spectrum (100 MHz, CDCl3)
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Appendix II 

(X-ray Crystallographic Data) 

 

 

 

 

 

 

 

 

 



 
 

Table 4.  Atomic coordinates ( x 104) and equivalent isotropic displacement parameters (Å2x 

103) 

for compound 35c.  U(eq) is defined as one third of the trace of the orthogonalized Uij tensor. 

___________________________________________________________________________

_____ 

 x y z U(eq) 

___________________________________________________________________________

_____ 

Cl(2) -3318(1) 3950(1) -30(1) 56(1) 

Cl(1) -827(1) 1537(1) 485(1) 61(1) 

Cl(4) 1328(1) 8269(1) 2477(1) 62(1) 

Cl(3) -2293(1) 7329(1) 1016(1) 67(1) 

O(1) 3432(2) 5720(2) 2733(1) 49(1) 

O(2) 2373(2) 2725(2) 1828(1) 55(1) 

N(1) 4452(2) 7533(2) 6943(1) 41(1) 

C(5) 5488(3) 7400(2) 5360(2) 35(1) 

C(1) 3578(3) 6171(2) 3767(2) 37(1) 

C(6) 5188(3) 6968(2) 4294(2) 36(1) 

C(17) -1358(3) 4493(3) 801(2) 39(1) 

C(4) 4134(3) 7065(2) 5862(2) 37(1) 

C(15) 1349(3) 3821(3) 1675(2) 39(1) 

C(10) 7138(3) 8115(3) 5877(2) 45(1) 

C(16) -251(3) 3415(2) 1014(2) 39(1) 

C(2) 2329(3) 5845(3) 4255(2) 45(1) 

C(14) 1798(3) 5326(3) 2129(2) 40(1) 

C(18) -903(3) 5991(3) 1258(2) 42(1) 

C(7) 6508(3) 7309(3) 3791(2) 45(1) 

C(19) 690(3) 6410(3) 1923(2) 42(1) 

C(3) 2608(3) 6311(3) 5302(2) 44(1) 

C(9) 8395(3) 8395(3) 5373(2) 54(1) 

C(12) 4369(3) 9196(3) 7201(2) 53(1) 

C(8) 8076(3) 8000(3) 4324(2) 54(1) 

C(11) 3289(3) 6713(3) 7425(2) 60(1) 

C(13) 5056(4) 9840(3) 8311(2) 69(1) 

___________________________________________________________________________

_____ 
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Table 7.  Atomic coordinates ( x 104) and equivalent isotropic displacement parameters (Å2x 

103) 

for compound 46.  U(eq) is defined as one third of the trace of the orthogonalized Uij tensor. 

___________________________________________________________________________

_____ 

 x y z U(eq) 

___________________________________________________________________________

_____ 

C(1) 6110(6) 5489(2) 3886(2) 24(1) 

C(2) 6116(6) 6011(2) 5111(2) 23(1) 

C(3) 5258(6) 5568(2) 6205(2) 22(1) 

C(4) 5984(7) 7582(2) 6078(3) 30(1) 

C(5) 6869(7) 7091(2) 7376(3) 29(1) 

C(6) 5706(11) 5601(2) 8620(3) 46(1) 

N(1) 5443(6) 6076(2) 7359(2) 28(1) 

O(1) 7265(7) 5893(2) 2968(2) 45(1) 

O(2) 7231(5) 6990(1) 5074(2) 31(1) 

___________________________________________________________________________

_____ 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

Table 9.  Atomic coordinates ( x 104) and equivalent isotropic displacement parameters (Å2x 

103) 

for compound 72aa.  U(eq) is defined as one third of the trace of the orthogonalized Uij 

tensor. 

___________________________________________________________________________

_____ 

 x y z U(eq) 

___________________________________________________________________________

_____ 

Cl(1) 1951(1) 9135(1) 170(1) 56(1) 

Cl(2) 1508(1) 6664(1) 745(1) 59(1) 

Cl(3) 9523(2) 9201(1) 2484(1) 69(1) 

O(1) 4865(3) 6096(2) 2555(2) 34(1) 

O(2) 6050(5) 9833(2) 825(2) 57(1) 

N(4) 8587(4) 6770(3) 3059(2) 46(1) 

C(5) 5857(5) 8946(3) 1211(2) 42(1) 

C(6) 5499(4) 6687(3) 1725(2) 35(1) 

C(7) 3900(5) 8379(3) 895(2) 39(1) 

C(8) 7313(4) 7356(3) 2300(2) 36(1) 

C(9) 6035(5) 6246(3) 4872(3) 43(1) 

C(10) 3706(5) 7355(3) 1153(2) 37(1) 

C(11) 5962(4) 5272(3) 4313(2) 35(1) 

C(12) 7431(5) 8410(3) 2003(3) 42(1) 

C(13) 5762(5) 4334(3) 4866(2) 43(1) 

C(14) 5952(5) 6263(3) 5983(3) 48(1) 

C(15) 5642(6) 4358(3) 5972(3) 50(1) 

C(16) 6222(4) 5272(3) 3120(2) 37(1) 

C(17) 3617(7) 4013(4) 2015(3) 63(1) 

C(18) 5765(5) 5319(4) 6529(3) 52(1) 

C(19) 5613(6) 4196(3) 2535(2) 49(1) 

C(20) 3027(11) 3054(4) 1470(4) 90(2) 

C(21) 6955(9) 3380(4) 2500(4) 71(1) 

C(22) 8389(5) 5589(3) 3084(3) 48(1) 

C(23) 10711(6) 6246(6) 4738(4) 84(2) 

C(24) 10074(6) 5237(5) 4079(4) 69(1) 

C(25) 6305(13) 2411(4) 1933(5) 93(2) 

C(26) 4342(13) 2261(5) 1427(4) 89(2) 

C(27) 10358(6) 7140(5) 3893(4) 72(1) 
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O(3) 6135(4) 6045(2) 960(2) 44(1) 

___________________________________________________________________________

_____ 

Table 10.  Atomic coordinates ( x 104) and equivalent isotropic displacement parameters 

(Å2x 103) 

for compound 72ab.  U(eq) is defined as one third of the trace of the orthogonalized Uij 

tensor. 

___________________________________________________________________________

_____ 

 x y z U(eq) 

___________________________________________________________________________

_____ 

C(1) 5900(3) 3558(3) 3297(1) 29(1) 

C(2) 4183(3) 3742(3) 3078(1) 31(1) 

C(3) 2861(3) 4636(3) 3512(2) 30(1) 

C(4) 3502(3) 5209(3) 4202(1) 27(1) 

C(5) 5212(3) 4935(2) 4485(1) 25(1) 

C(6) 6693(3) 4281(2) 3982(1) 24(1) 

C(7) 8361(4) 3524(3) 5067(2) 37(1) 

C(8) 7746(3) 4986(3) 5352(1) 29(1) 

C(9) 7820(4) 5093(4) 6194(2) 42(1) 

C(10) 5921(5) 4636(4) 6443(2) 49(1) 

C(11) 4673(4) 5299(4) 5858(2) 40(1) 

N(1) 5789(3) 5174(2) 5174(1) 29(1) 

O(1) 7602(2) 3152(2) 4359(1) 31(1) 

O(2) 7843(2) 5423(2) 3788(1) 31(1) 

O(3) 1306(3) 4809(3) 3276(1) 46(1) 

Cl(1) 7423(1) 2533(1) 2801(1) 44(1) 

Cl(2) 3333(1) 2942(1) 2291(1) 50(1) 

Cl(3) 1959(1) 6294(1) 4675(1) 43(1) 

___________________________________________________________________________

_____ 
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