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Abstract

This thesis entitled “Development of Synthetic Methods and Electrochemical cells
Based on Organic Electron Transfer Reactions” comprises of four chapters. The first
chapter describes the General Introduction and References on electron transfer reactions in
organic chemistry. The second, the third and fourth chapter is subdivided into four sections
namely Introduction, Results and Discussion, Conclusions and Experimental Section
along with References. The work described in this thesis is exploratory in nature.

The second chapter describes studies on the reaction of oxygen adsorbed carbon
materials and p-doped polythiophene with NaBH4 and amine donors. The reaction of
molecular oxygen adsorbed carbon black (CB) with triphenylphosphine (PhsP) in presence of
benzoic acid gives the triphenylphosphine oxide (PhsP=0) in 52% yield. Whereas molecular
oxygen adsorbed activated carbon (AC) gave 54% yield of PhsP=0 but in the case of graphite

no PhsP=0 formation was observed (Scheme 1).

Scheme 1
o] . .
Carbon Black 1. 200 °C / vacuum o gnBadsorbed) PPh3 3/ Benzoic acid Ph,P=0
(CB) 2.dry air, 25°C, 1 h v THF, 25°C, 24 h 4
1 2 52% yield

Oxidation of alkyl boranes using molecular oxygen adsorbed carbon black (CB) in
presence of NaOH gave the corresponding alcohols or aldehydes in 53-86% vyield. Similar
reaction with molecular oxygen adsorbed activated carbon (AC) gave the corresponding
alcohols or aldehydes in 68-99% yield (Scheme 2). The molecular oxygen adsorbed carbon
materials are expected to react with NaOH to give the HOO Na* species for the oxidation of

organoboranes.
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Scheme 2

\
RsB or B-R
6 /s ROH
> 9a-9e
57-86% yield
CM
Oxygen adsorbed) + 3 N NaOH
(009 ) 5 THF \y { o
2 0,
267G 4n /8 \ R RQLR
S

10a-10b
53-59% yield

The reaction of oxygen adsorbed carbon materials with NaBH4 in THF leads to slow
evolution of hydrogen gas indicating the formation of the AC*-O-O-BH3 which could react
with PhsP or amine to give the PhsP:BHz or amine:BH3 complex. Under optimized
conditions, the oxygen adsorbed carbon black gave the PhsP:BHs complex in 35-73% vyield. In
the case of oxygen adsorbed activated carbon, the PhsP:BH3z complex was obtained in 21-77%
yield. Similarly, the reaction of oxygen adsorbed carbon black with NaBH4 in the presence of
pyridine gave pyridine:BHs complex in 52% yield (Scheme 3). Also, the reaction of oxygen
adsorbed activated carbon with benzylamine gave benzaldehyde in 30% vyield via the

formation of amine radical cations.

Scheme 3
PPh; 3 Ph3P:BH;
35-73% yield
CB NaBH, 11 13 °
(Oxygen adsorbed) THF, 25°C, 24 h pyridine 12
2 — > pyridine:BHj3
52% yield

14
A simple method was developed for estimating the doping levels in polythiophene
radical cation salt 16 using NaBH.. For example, the reaction of polythiophene salt 16 with

NaBHs and PPhsz in THF gave the PhsP:BHs complex in up to 1.70 mmol (34-72% vyield).
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Accordingly, it can be concluded that a minimum of approximately 1.7 mmol of radical cation
sites are present in 1 g of PT(Y, nCl-. Whereas the reaction of NaBH. and polythiophene salt
16 in presence of pyridine afforded the pyridine:BHs complex in 35-79% yield (Scheme 4).

Scheme 4

PhsP

— %+ PhyPBH,

up to 1.70 mmol

34-72% yield
U FeClz, CHCl3 I\ NaBH, 13
S 25°C,24 h scr n THF, 25°C, 24 h

15 16 pyridine pyridine:BH3

S
35-79% yield

14

In the third chapter, we have described the studies on electron transfer reaction of
amine donors with acceptors like quinones, halomethane and viologen derivatives. The
reaction of secondary amine like piperidine with quinones gave the corresponding
diamagnetic aminoquinone via the formation radical cation and radical anion intermediates

(Scheme 5). The intermediacy of radical ion pair was confirmed by epr spectroscopy.

Scheme 5
o o - o G o}
Cl Cl cl cl Cl Cl N Cl
O . Y — N - .
N7 o cl N\ cl Mo cl cl N
o} o (0] O
Charge transfer complex Yield =75 %
17 18 19 20 21
0 o . Q o
N
O + _— C,\/’ - . P
N N N N
H H
H o 0 (0] o)
Charge transfer complex Yield = 65 %
17 22 23 24 25
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Similarly, the reaction of tertiary amines and p-chloranil gave the corresponding
charge transfer complexes via initially formed radical cation-anion pair as revealed by epr
spectroscopic studies (Scheme 6).

Scheme 6

] (o]

cl Ol pgosoc [ C cl c cl
RoN + =———= RN RaN: =7
cl cl cl cl c cl
o) 0 ©
26 18 27 28
EPR signal observed Charge Transfer Complex

M A A A O O

A simple, convenient method was developed to synthesize polymer containing amine
as a pendant group through transesterification of PMMA (polymethyl methacrylate) 29 using
4-hydroxy-2,2,6,6-tetramethylpiperidine 30. The polymeric amine 31 is readily converted to

the corresponding TEMPO derivative 32 by oxidation with m-CPBA (Scheme 7).

L {j {j
0._0 N
_mCPBA
+
THF, 60°C THF,25°C
n OH
30

31 32

Scheme 7

n

The sterically hindered polymeric 2,2,6,6-tetramethylpiperidine reacts with p-chloranil
to give the radical ion intermediates followed by charge transfer complex. The radical ion
intermediates gave triplet in epr spectroscopy corresponding to the presence of amine radical

cation (Scheme 8).
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Scheme 8

OR o OR 0 ) OR o

cl Cl Ppc,25°C ¢ “ . “ “

* - N cl ol N
N cl cl | N cl cl
H 0 H Y H o]
33 18 34 35
EPR signal observed CT complex

i

n

Similar electron transfer reaction using sterically hindered N, N-diisopropylethylamine
and the polymeric derivative of 2,2,6,6-tetramethylpiperidine with dichloromethane CH2Cl>,
dibromomethane CH2Br> and chloroform CHCIs gave the radical ion intermediates as
revealed by epr spectroscopy (Scheme 9).

Scheme 9

)\NJ\ + CHyX,

[

X =ClorBr
38

36 37
H
N H H
+ N
I + CHoX, Chcl, | — _
ﬂ\ojﬁ\o
n
a1

o)
% X = Clor Br o

39 40

Electron transfer reaction of the benzyl viologen 43 acceptor with various readily
accessible amine donors were also studied. The paramagnetic intermediates formed in the

reaction were confirmed through epr spectroscopy (Scheme 10).
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Scheme 10
B;+ — N +BF Ph . B;+ - - _/Ph
VAR N/ - o PN
42 43 44

EPR signal observed
In the fourth chapter, research efforts toward the construction of an electrochemical
cell based on the reversible electron transfer reaction of tertiary amines with p-chloranil are
described. The electrochemical cell was readily constructed using tertiary amine as an
electron donor and quinone as an electron acceptor by coating propylene carbonate PC,
titanium dioxide TiO2 and poly(ethylene oxide) PEO paste on aluminium foil and graphite

sheet current collector (Scheme 11).

Scheme 11
Donors
Load N
erﬂje Ph.,-Ph @ /LN,L /LN,L
1 Ph INS K O)\Ph
D+ A AN
Energy Acceptors

[D.A]

s
D+A
\:I CII{:}:CI ﬁ:)j
cl cl
0 o]

The results are presented and discussed considering the intermediates and mechanisms

involved in these transformations.

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

given in the chapters.



Chapter 1

General Introduction on Electron Transfer Reactions



1.1 Introduction

Electron transfer reactions involving the transfer of an electron from donor to an
acceptor are very important in chemistry and biology.! These reactions can occur both
thermally and photochemically.? The electrochemical reaction take place by single
electron transfer (SET) processes. The SET process also occurs in many biological
transformations involving photosynthesis,® cytochromes,* ferredoxin,® rubredoxin® etc.
The electron transfer reactions are also very important in the functions of semiconductors,’
conducting polymers® and photovoltaics.® A brief review on the organic electron transfer
reactions would facilitate the discussion.

1.1.1 Redox reactions through electron transfer

Ceric ammonium nitrate, (NHa4)2[Ce(NO3)s] (CAN) is a unique one electron
oxidant.’® Oxidation of benzyl alcohol 1 with CAN 2 gives radical cation which in

presence of water affords benzaldehyde 3 in 87% yield (Scheme 1).1!

Scheme 1
CH,OH GHO
CAN 2
—_— + 2 Ce(lll)
+ 2Ce(lV) o
] 3
87% yield
Ce*t
ﬁce}* ’ -H+
" - .
CH,OH CHOH CHOH CHOH CHOH CHOH

. Ce**
H* © T’ -~ N -~ -,
ce®

CHOH CHOH CHOH




2 General Introduction

Oxidation of primary and secondary benzylic alcohols 4 with catalytic amount of
CAN and stoichiometric amount of NaBrOs gives the corresponding aldehydes or ketones

5 in good yields (Scheme 2).12

Scheme 2
R2 0, R2
CAN (10 mol%)
/©/LOH NaBrO; (1 equiv) /@O
R1 CH3CN-H20 R1
0,

4 80°C,3h 5
R'=H, Me, NO, 75-92% yield
R? = H, Me, Ph

_e'l ‘ _H+
R2. - R2. - 2
CHOH COH RSCon
—_— >
-H* -e” :
R R! R!

Reaction of 1,4-dimethoxy-2,3,5,6-tetramethyl benzene 6 with CAN in presence of
isotopically enriched water gives isotopically labelled duroquinone 7 through a SET

process (Scheme 3).%3

Scheme 3
~N
O / * *
O. OH Q
2Ce*
—_—
. +2Ce¥+ 2HY | ———

2 H0 -2MeOH
2N HO /0 0,
7

Reaction of naphthalene derivatives with ceric ammonium sulphate (CAS) 9 gives
the corresponding naphthoquinones 10 and 11 in moderate to good yields (up to 95
yield).}* The transformation involves radical cations and rearrangements were observed

when the 1, 4-positions was substituted with D or Ph group.t*
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Scheme 4
R = Ph O O R
R =H R
—
CLr - e
R' R'
R 0 @)
10a 10b
OO CAS 9 24% yield 28% yield
CH4CN, H,S0,
R 50 °C, 4 h o o R
8 R =Ph R
R'=Ph
S +
R
o 0O R
11a 11b
68% vyield 20% vyield
Mechanism:

R OH R__OH
H
* Ce(IV * HZO Ce(IV) “/ 1.2-shift
OH_ OH o 0 o
R R R
“OO H Ce(lV) Ce(IV) R
E— e - _—
“H* -H*
R R’ R’ R’ R
H 2Ce V)
—_—
12$h|ft -2H+ R'
HO R’

Recently, several organic transformations were reported using ceric ammonium
nitrate (CAN) which go through single electron transfer reactions. Some of the reactions

are outlined in Chart 1.
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Chart 1

o CH . 0
(0] ) M3
8 ) s 3™ orcoon _omeemin [T s
~tBu NaHCO3, H,0 :

N =
ol N THF, -20 °C "
12 13 14 15
l 75% yield, 94% ee
SN 0.  CHy
Ph\jN/K \jN "0
. Ph
N~ t-Bu 7N ﬁ)\t-Bu .
o~ cetv) ceqny P -SiMe;
MesSi™ ™7 ™ MesSi” >N
R R
0 0. CHs o
N
. o~ SiMe; , I~ CAN (2 equiv)_ — Ref. 16
Ph H lo) NaHCO3, Hzo
THF, 20 °
16 13 17 ,20°C 18

85% yield, 91% ee

OAc
SiMe; Cat 14 (20 mol%)
o CAN (2.2 equiv) 0 \:)
_~_-OAc H,O )KO ------ Ref. 17
-20°C, 24 h
19 20

80% yield, 15:1 dr, 91% ee

OTMS

o
CAN
Me Si/OW + - = H = Me
3 Me MecN % T Ref.18
23 O
21 22 77% yield
-e” T-e'
-SiMe3+
o o OTMS Q
() QJ B — A 2
Me3Si/\1\/\/

. HJJ\/\/\TMe
+ -SiMe3+ \_~Z
H

OTMS
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Chart 1 (continued.)

s
N AcOH
“PTOC . %Me
__ tBusnH >~ T Ref.19

60% yield
24 25 0 Sy
1_H+ proc= N
N
NH H
N [\ N
L. ) HSR
OCHs . OCH,
Oj ArsN SbClg 27 OH
_—
H3CO _c” CHiCN HsCO ~ Ref.20

, 65% yield
26 Ar= —7 Br 28
l-e_ T

o OCH3
OCH; OH
fo) [3,3] sigmatropic
rearrangement
H;CO N
H,CO _c” 3

1.1.2 Electrochemical reactions through electron transfer

Kolbe reaction is an anodic oxidation of carboxylate leading to the formation of
hydrocarbon dimers via the intermediacy of alkyl radicals (Scheme 5).2
Scheme 5

By o o = 47
2 - T ~ . —_ > R R —* R-R
R0 26 2RAG Zco

29 30
A number of natural products were synthesized via anodic oxidation of organic

compounds (chart 2).



Chart 2

COOH
KolbelOl

Pt electrode

MeOH, NaOMe, 50 °C

2

HO HO

31

OH

H,C

CH,

HO

33
a-Onocerin

TBS\O RVC anode

Carbon cathode
LiClOy,, 2,6-lutidine

TBSO o 20% MeOH/CH,CI,
2.1 F/mol

TsOH

34

0
I"/
H* ' —
—_— —_—
HO™ /S

88% yield
35

RVC anode
Carbon cathode
LiClOy, 2,6-lutidine

20% MeOH/CH,Cl,
2.4 F/mol
HCI

TBDPSO"

OTBS

General Introduction

OH
O
0]
e
0}
HO
29% yield
32
------ Ref.22
l
------ Ref.23
(-) alliacol A
36
TBDPSO" Y N~ [ ... Ref.24

60% yield
38

The electrochemical oxidation is also an important tool for C-H functionalization

and nucleophilic functionalization of arenes (Chart 3).
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Chart 3

I\I/Is
N
«J 40
N
anodic oxidation
—_—

jon
MeO

piperidine, 50 °C | mMeO

Ms

—>Me0/©/\ NL:E

81% yield
39 41
M Y Ref 25
N
OMe ﬁ _/7 OMe OMe
anodic oxidation
o T atonmin o, L |, T
l}l piperidine, 50 °C ’Tj '\\l\\x ’Tj N/\B
Me Me N Me \QN
Ms 70% yield
42 43
O.__OEt NO, anodic oxidation Oy OEt NO,
ridine
O - HoN O
O piperidine, 50 °C
MeO MeO 89% vield
44 45
------ Ref.26
|- T
o+
O.__OEt NO, | N = Oy -OFEt NO,
— |
N N
_— +
® S o
MeO MeO
OMe
OMe oH oM anodic oxidation OH
e
/@/ . Ji:[ BDD anode O OMe
Me
Me Me OMe Et;NMeO3;SOMe O
50 °C, HFIP/MeOH Me OMe
6% yield
46 47 48
_e'
e Ref.27
. _ OMe
OMe
OMe ) OMe
- - =
e

Me
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General Introduction

CN
NC H
NO, NO
Et,NCN, DMF 2 NO,
E—
anodic oxidation Ref.28
CF3 CF, CF,
35% vield
49 50
@ anodic oxidation @\Kj @\ (I?
=C- - —-C-CH. = ~—-——--- Ref.29
CH4CN, H,0 C-CHs H C-CHj
90% yield
51 52

Also, the anodic oxidation was widely used in the oxidation of allylic systems

(Chart 4).
Chart 4
[ | [ OAc| I OAc] OAc
anodic oxidation ©+ AcOH O/ anodic oxidation Q/ ©/
» e —_— _
e . : -e” + H
53 ) ’ ) ) ) HJA ’ >4
55% yield
[ | [ OMe| I OMe| OMe
anodic oxidation ©+ MeOH O/ anodic oxidation ©/
» —_— = —_— _
e . : -e” _/p H
53 ) : ) ’ " H ’ 55
55% yield
Me Me Me Me Me
anodic oxidation @-“OAC ~OAc wOAc \OAc
- .
Me AcOH g * g S e Ref.30
Me : /_
Me” T 0Ac  Me | OAc ZMe Me
Me Me
56 57 58 59 60
3.1% yield 9.0% yield 7.6% yield 16.8% yield
anodic oxidation
-e
AcOH
AcOH
Me Me Me
anodic oxidation * *
Me _—
-e”
Me
Me” + Me Me
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Chart 4 (Continued.)

O

anodic oxidation , (0]
N-OH ———————> O,
p— --- Ref.31
o 62
61
@E:EN‘OH 44% yield

0]

electrolysis .
L} 25Fmol (+/§ [\, o SMes [

N — = T e Ref.32
Lo.Me  BuneR, 72°C -rt. Lo.Me
2 CH,Cl, COzMe cone 30 min . 2z
72 °C 82% yield
63 64 65 66

Similarly, cathodic reduction of organic compounds was also widely used in

organic synthesis, especially for reductive coupling of carbonyl compounds (Chart 5).

Chart5
] 0 HO,, _Me
cathodic reduction R R
A, Fr |
X
67 68
R = Me, Et, i-Pr 35-66% vyield
------ Ref.33
Q cathodic reduction © Qi>
4 OH
69 -0 70
64% yield
0 y Ve Me_ OH
e
cathodic 0 N\Me
Me reduction /Q/‘LMe 72 Me ... Ref.34
B ——— _— e = _
Me Me Me Me
71 73
80% vyield

1.1.3 Photochemical electron transfer reactions

Photochemical reactions are performed by absorption of visible or ultraviolet light.
For example, a metal complex, such as Ru(bpy)sCl, absorbs light at 452 nm with a high

molar extinction coefficient (g = 14,600 M cm™) and it is widely used as a photo catalyst
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in organic synthesis. Some important photochemical electron transfer reactions are shown

in Chart 6.
Chart 6
Me  Ru(phen);Cl, (1.0 mol%) Me
N\ CF3S0,CI (2.0 equiv) A\
CF,4
(0] K2HPO4, MeCN (@]
26 W CFL, rt, 48 h 84% vyield
74 75
------ Ref.35
Ru(ll)\|/ CF5;50,ClI
: H*
Ru(ll“y" CF,
Me
' e &
u(l) Ru(ln o
BocHN BocHN
CO,Et Ru(bpy);Cl; (1.0 mol%) CO,Et
N + Br—< N
N COzEt 4-MEOCGH.4NPh2 N COZEt
H (2.0 equiv)
DMF, blue LEDs 85% yield
r, 12 h 7 == Ref.36
Ru(ll) * BocHN _ _
Ru(lll
) @8 BocHN [©]
H*
COzEt y CO,Et
COzEt H CO,Et
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Chart 6 (continued.)

I »---t-Bu - TFOH

11

(@] fl
R' H (0.5 mol %) Q R
+ 81
H B )\cooa H COOEt
R r Ru(bpy)sCl, (20 mol %) R
79 80 2,6-lutidine (2.0 equiv) 82
R = n-Hex, Bn, Cy DMF, 15 W CFL 63-93% vyield
rt, 7-24 h 88-99% ee
RuiD~ . e e Ref.37
(b Cat 81 1
Ru(ll)
Me Me Me
O« N O N ON
>--tBu R I »--t-Bu j: --t-Bu
—_—
me” N COOEt Me” N Me”
Ru(ll
8/ EtO0OC udl) Ru(it EtOOCYR
R
R B o R i R
N u(bpy)sCly (1.0 mol %) Me
:/E)/\ Et3N (2.0 equiv) MeO,C
MeO,C DMF, blue LEDs, rt, 12 h MeO,C
+ 84
EtN 77%yield  e-e-e- Ref.38
Et;N
Ru(l)
Ru(ll)*
-
L Ru(ily EtN
MeO MeO (0] AN+Et2
5 0,Me CO,Me
R! R
j@@ Ir(bpy),(dtbbpy)PFg (1.0 mol%)
N
R Noar R2CH,NO,, 15 W CFL R Ar
rt, 10-18 h RZ N02
85 86
R,R'=H,MeO, Cl;R2=H,Me  90.08% vield  "~°°°° Ref.39

Ar = Ph, 2-MeOCgH,, 4-MeOCgH,, 4-BrCqH,

\_’ R1
+eo -
N
Rj@@ ~Ar

R

90-96% vyield

]

1

1A
R Z " Ar
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Chart 6 (continued.)

MeO

MeO >\ Ru(bpz)3(BArF), (0.5 mol%)
. -
Me visible light
| air, CH2C|2
87 88 Th

X
MeO
\©I Me
—_—
"

1.1.4 SET reactions in organic chemistry

In the 1970s, there were several reports on the formation of the radical
cation/radical anion pair intermediates in several popular organic reactions. A brief review
of the literature would facilitate the discussion.
1.1.4.1 SET reactions in aromatic nucleophilic substitution reaction

The unimolecular aromatic nucleophilic substitution (Srn1) reaction involves SET
process. The halide (X) substituent in aromatic compound 90 is replaced by a nucleophile
through free radical intermediates leading to the substitution product 91 (Scheme 6).

Scheme 6
X Nu
SET
90 91

For example, the reaction of iodobenzene 92 with KNH> in liquid ammonia gives

the substitution product 96 through a SET mediated SnAr reaction (Scheme 7).4
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Scheme 7

= |
|
© -— + Electron donor
92
93

s -

1.1.4.2 SET reactions in acyloin condensation

»
G

Other major reactions which involve single electron transfer are acyloin
condensation and Birch reduction. For example, the reaction of carboxylic ester 97 with
sodium proceeds through single electron transfer from Na to an ester and gives a radical
anion 98. The dimerized compound 98 gives 1,2-diketone 99 which again undergoes

further SET process to afford the acyloin product 102 (Scheme 8).42

Scheme 8

ona R ,/0633 /R\ OCH HyCO OCHs 0
2 R)kOCH =~ T + [ . -~ R R ——— & <

3 SET  \ZO NSO Y0) 07, oNaocH, N R

97 Na 98 Na 99

+ - -+ + - -+
HO o HO  OH H,0 NaO O Na NaO _0O Na

- — - — - ’ :

R" R R© R -2NaOH R” ) R
102 101 100

1.1.4.3 SET reactions in Birch reduction
The Birch reduction of substituted benzenes to the corresponding unconjugated
cyclohexadienes using Na metal in liquid ammonia involves single electron transfer

sequence of reactions (Scheme 9).43
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Scheme 9
OMe ’ OMe 9y OMe OMe
- —|H —_— H —_—
tbutanol 1h
H H

103 104

COOH COOH COOH COOH [ COOH COOH
Na, NHj(lig.) R-OH e
t-butanol, 1 h > >

105 H H L H H 106

— . U

80% yield

Na, NHa(lig.)
—— ROH_
EtOH, -78 °C o
Et,0, 1h ROH

107

1.1.4.4 SET reactions in Grignard reagent formation

Organomagnesium reagents (RMgX) are very important in organic synthesis. The
reaction of an organic halide with magnesium results in Grignard reagent through a SET
process (Scheme 10).4

Scheme 10

SET . +
RX+Mg — > RX + Mg

R-X — R +X
R+Mg —— = R-Mg
R-Mg++ X — R-MgX

Aldehyde or ketone reacts with organomagnesium halide (Grignard reagent) to

form secondary or tertiary alcohol. Polar and SET mechanisms are possible in Grignard

reactions (Scheme 11).454
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Scheme 11
R1 o~ Polar OMgX 6jR1 SET R1
(0] 3 Y (0]
R2E§ T R{/+\R2 CR| T :<%
2 R + R XMg—R "2
R-MgX MgX
109 111 110 109
H3;0
OH
R4 R,

112
The benzophenone 113 reacts with t-butyl magnesium chloride 114 to give the
benzophenone ketyl radical anion 115 and alkyl radical 116 which combine to afford

tertiary alcohol 117 or to give a pinacol 118 and hydrocarbon 119 (Scheme 12).

Scheme 12
o _
I v — [ 2] . Ph
Ph” “Ph ~ CIMg SET |ph~ph| + MgCl + | ~~(| — OH
Ph
113 114 115 116 117
B 44% vyield
o}
),\ Solvent
Ph Ph

Ph Ph
HO§—QOH )\
PH  Ph
118 119

20% yield
The reaction of neopentylmagnesium chloride 120 with benzophenone 113 gives
the corresponding alcohol 121 and pinacol 118 (Scheme 13). EPR spectral analysis

confirms that the reaction goes via a SET mechanism.*’

' Ph  Ph
] . Ho + HO——-OH

0
N CIM J< SET,
Ph”>ph * MO THF P ph VAR
20% vyield 20% vyield

113 120 121 118

Scheme 13

o
Ph)'\P

+
hl + MgCl +
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Ashby and coworkers investigated the single electron transfer (SET) pathway in
Grignard reactions, reduction of primary halide by metal hydrides, Aldol condensation,
Meerwein-Pondorff-Varley reduction, Cannizzaro reaction and Claisen condensation

reaction. Evidences were presented for mechanisms involving radical intermediates (Chart

7) 48a
Chart 7
OH
+ /\/\~/\MQC| ﬂ Ph
88% yleld 12% yleld
113 123 124
""" Ref.48b
_ s 5
Ph/i\Ph Ph/i\Ph
- .
[M/\MQCI] . l/\/\ ] I \E%
125 126 127
NN+ LAH, — AN # E§
o
94% yield 0% yield
128 129 130
o+
4¢\//\%/\|.+me4 SET_ [¢f\¢/\%/\4 . lUNH4
------ Ref.49

131 l
/\/\\/CH
8% yield wm -
132 [/\/\{/ ]+ l LiAIH, o

g

91% vyield
133
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Chart 7 (continued.)

113 134
O OLi O

—.

0] "

EE—

90% yleld
135

o — o+

OO — o

134

! =

(0]
TR T

30% yield
137
o) o) ) -+
O O +)<§ — O O /\<§ — no condensation product
138 134
@) OH OH
AI(OR)3
bl _AOR), .
Ri” Ry HaC™ "CHj R1/kR2 HsC” “CH;
139 140 142 143 . Ref.51
\ OR /
.OR
A
‘\O

Sl

141

17
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Chart 7 (continued.)

o} OLi OH o}
Ps SET
. L .
Ph™ “Ph HsC™ “CHj Ph)\Ph HsC” “CHs
13 144 146 143
\ / ------ Ref.52
Ph)'\Ph HsC™ [ "CHs
145
o)
)OL oK Ph)J\H /C\)f /\O>
+ KOH —_—
Ph™ "H Ph/)\OH PR LM Ph)kH
H
------ Ref.53
147 148
° o}
— J__+ POk — Ph/lkOK"Ph/\ OH
Ph”” “OH
150 149

151

2 QCHO +OH

151

o H HO /' 7 en,
o Q( oH
QA/ - Q—k e
H  OH

154 159 158 157

Q-3 = [ad-Fo
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Chart 7 (continued.)

o)
r M o v or rdge /R r A,
-R'-OH - OR'

R
160
0 o e Ref.55
R
OR MOR'
R
161
o+
OLi ' OLi
_ — ONOC—OEt‘
OzNOﬁ OEt + CH, SET lz z )<§CH2
162 163 164j Ref 56
""" er.

H
H,
EtOH + ow@g%-g% - OZN—Q—G—C ﬁ:% + LOEt
oL O 0O o
165

1.1.5 SET Process in Organic Donor and Acceptor System

The formation of charged species can take place in two sequential single electron
transfer (SET) processes or in a concerted two electron transfer process (polar mechanism)
(Scheme 14).
Scheme 14

Polar  + -
D+A — D+A

SET\\ /;ET

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

+. -
D +

mechanism®® and R. A. Marcus two state non adiabatic theory®® are the most important
concepts developed to rationalize electron transfer reactions.
The charge or electron transfer from one molecule (donor) to the other molecule

(acceptor) results in the formation of charge transfer (CT) complex. The electron donors
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should have low ionization potential and the electron acceptors should have high electron
affinities. Charge transfer complexes have a neutral ground state and there is a partial
electron transfer from donor to an acceptor molecule.

Mulliken et al.®® proposed that the diffusive interaction of electron rich donor (D)
with an electron acceptor (A) gives a reversible CT complex [D, A] (Scheme 15).
Scheme 15

diffuse hver

D + A == [D, Al

(5A]

The energy levels of HOMO and LUMO play important role in electron transfer
reactions. The LUMO of the electrophilic reagents (acceptor) such as NO>" and Br" are
lower than the HOMO of aromatic molecules (donor) leading to electrophilic substitution
reactions. For example, benzene reacts with NO;" to form nitrobenzene 167 via the
formation of the radical intermediate 166 (Scheme 16).5!

Scheme 16

NO
. H_ _NO, 2

O e —[Obie — Q@ — Q-
167

166

Taube proposed that both outer-sphere and inner-sphere processes are involved in
inorganic electron transfer reactions. The halides could promote the inner-sphere electron
transfer via bridging effects. Taube et al.%? also reported that in the reaction of chromium
complex 168 with cobalt complex 169, the electron transfer from Cr(ll) to Co(lll) takes
place via a bridged intermediate 170 resulting in the green chromium complex 171 and
cobalt complex 172 (Scheme 17). The electron transfer is accompanied by the transfer of

chloride ligand and this process takes place via inner-sphere electron transfer.
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Scheme 17

2+ 2+ 2+ 2+
[Cr(Hz0)6] * + [CoNH)sCl| T ——=  [Cr(H,0)5C1]” + [Co(NH3)sH,0

168 169 171 172

.cl,
(NH3)sCo "Co(H,0)s

170
In outer-sphere electron transfer, organic compounds can accept or loose an
electron without undergoing structural changes like bond cleavage or bond formation. For
example, nitrobenzene 167 can accept one electron to form nitrobenzene radical anion 173

without undergoing any structural change (Scheme 18).63

Scheme 18
NO, NO,
167 173

Marcus described the mechanism of electron transfer between an electron donor
(D) and an electron acceptor (A) through an outer-sphere precursor complex (D/A) 174.
The precursor complex 174 then reorganizes toward a transition state in which electron
transfer takes place to form a successor complex (D™ /A~) 175 that can dissociate to give
the corresponding ion pairs 176 (Scheme 19).54

Scheme 19

[D/A] D/A’

D +A

diffuse Ker [+. _] diffuse 5. "

174 175 176
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We have decided to investigate the electron transfer reaction of oxygen adsorbed
carbon materials, polythiophene radical cation salts, quinones, halomethanes and viologen
acceptors. We have also constructed electrochemical cells based on quinone acceptors and

amine donors. The results are described in Chapters 2-4.
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Synthetic Methods Based an Electron Transfer
Reactions using Oxygen Adsorbed Carbon Materials

and p-Doped Polythiophene
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2.1 Introduction

2.1.1 Carbon materials

Carbon materials are useful for a wide variety of applications such as electrochemical
electrodes, medical implants, electrochemical capacitors, high-performance materials and fuel
cells.! The heat treatment of carbon material at inert atmosphere decreases the content of
heteroatoms and increasees the carbon contents.>®> The conversion of an organic
macromolecular system (e.g. wood, coal, nutshell etc.) to a macro-atomic carbon atoms
through elimination of methanol, carbon monoxide, water and carbon dioxide by progressive
heating is called carbonization process.*

Recently, the production of pyrolysis gas from woody biomass were investigated in
this laboratory. The charcoal is a byproduct in this carbonization process from the woody
biomass at 450 °C-500 °C. Therefore, we became interested in the development of organic
synthetic methods based on readily accessible activated carbon.

Activated carbon is widely used in electrochemical capacitors (supercapacitors) for
electricity storage with potential for use in electric vehicles. Activated carbon act as
semiconductor with narrow band gap (34 meV) with potential for use in harvesting IR portion
of the solar spectrum.® Our interest is to study the electron transfer reactions in organic
transformations. Therefore, a brief review on the properties and nature of carbon material for

application in organic transformation would facilitate the discussion.
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2.1.2 Various forms of carbon

The main allotropic forms of pure carbon are graphite and diamond. However, there is
immense interest on other new forms of pure carbon such as fullerenes or buckyballs and
carbon nanotubes (CNTs).6 Amorphous forms of carbon mainly consist of coal, charcoal and
carbon black. Charcoal is produced by heating organic materials to a high temperature in the
absence of air.” It has large surface area and it can absorb gases to form new materials.
Carbon black is also the purest form of carbon. It is obtained by incomplete burning of some
natural oil and heavy petroleum products with limited supply of air.2 Carbon black is very soft
powder and it is used for making carbon paper, inks and paints. The strength of the rubber is
increased by the addition of carbon black. Graphite is the most stable allotrope of carbon and
soft in nature.® Graphite conducts electricity due to delocalization of electrons.
2.1.3 Surface characterization and properties of activated carbons

The surface characteristics of carbon materials and chemistry of their surface is
depending on the amount of heteroatom incorporated into the carbon matrix. The heteroatom
like oxygen is responsible for the presence of various acidic functional groups such as
carboxyl, carbonyl, phenol, quinone and lactones and also presence of unsaturated sites in the

matrix of activated carbon (Figure 1).1°
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Figure 1. Surface groups present in the Carbon Material. It indicates the presence of ¢ (*) and
m () electrons at the zigzag sites and the presence of triple bonds at the armchair sites.

Carbon materials contains: (a) bulk atoms that are neutral (b) surface atoms that are
the real adsorption atoms and (c) corner atoms that are very reactive and even react with
metals. It is well known that chemical treatment of carbon materials increases the
concentration of surface oxygen functional groups. It has been reported!! that the oxygen
acquires a partial negative charge upon chemisorptions. The carbon materials have a free-
flowing sp?=n -electrons, which make them potential catalyst for electron transfer reactions
such as oxygen reduction reaction (ORR) to generate super oxide radical.*? This super oxide

radical bound to carbon material acts as an oxidant (Scheme 1).1
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Scheme 1

It is of our interest to design experiments for practical use of the reactive intermediate 4 in
the oxygen adsorbed activated carbon in synthetic transformations (Scheme 2).

Scheme 2

reactant

product
reactant product

We have investigated the molecular oxygen doped carbon materials for use in the
development of new synthetic methods involving reaction with reducing agents and with

electron rich compounds and amines. The results are discussed in the next section.



2.2 Results and Discussion

The properties of carbon materials and their surface depend on the heteroatom
present and the nature of the materials and methods used for the preparation.’* Further, it
was suggested that the heteroatom (like oxygen) free graphene edge sites in carbon
materials are neither hydrogen terminated nor free radicals. Instead, the edge sites are
aryne-like armchair sites 5 and carbene-like zigzag sites 6 with triplet ground state. The

available evidence points to predominantly carbene-like zigzag sites 6 (Figure 2).°

Figure 2. Surface characteristics edge sites in the carbon materials.

The aryne-like sites undergo trimerization to give benzenoid aggregates under
ambient atmospheric conditions and expected to give phenolic groups upon reaction with
moisture.'® However, the magnetic properties and chemisorptions with molecular oxygen
reported for the carbon materials are in accordance with the proposal that graphene edge
sites are carbene-like with triplet ground state 6.1°

It has been reported that chemisorption of molecular oxygen by activated carbon fibre
materials leads to formation of negatively charged oxygen (C-O-O%)
species.®"Accordingly, we envisaged the formation of such species 4 through electron
transfer from the carbon radical site in 7 formed by the reaction of molecular oxygen with

activated carbon 6 (Scheme 3).
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Scheme 3

2.2.1 Reactions of molecular oxygen adsorbed carbon materials with
PhsP

Table 1. Adsorption of molecular oxygen on carbon materials?

0,
6 4
Entry CM 6 (9) Oxygen adsorbed O2, mmol
CM 4 (9)
1 AC (1) 1.034 1.06
CB (1) 1.053 1.65
Gr (1) 1.000 -

2 AC (2) 2.071 2.22
CB (2) 2.078 2.43

3 AC (3) 3.092 2.88
CB (3) 3.119 3.72

4 AC (4) 4.120 3.75
CB (4) 4.152 4.75

5 AC (5) 5.175 5.46
CB (5) 5.190 5.93

Gr (5) 5.006 0.19

6 AC (10) 10.203 6.34
CB (10) 10.236 7.37

Gr (10) 10.013 0.41

7 AC (15) 15.312 9.75

aCarbon materials were heated at 200 °C under high vacuum for 2 h and brought to 25 °C under N2. The dry

oxygen was passed through carbon materials for 1 h at 25 °C.
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Initially, we have performed several experiments to assess the extent of adsorption
of molecular oxygen on carbon materials. The results are summarized in Table 1. The
activated carbon (AC) and carbon black (CB) react with molecular oxygen, whereas in the
case of graphite (Gr), there was no oxygen or little oxygen gets adsorbed (Table 1).

The carbon material was preheated to 200 °C under high vacuum and brought to
room temperature under N. atmosphere. Then, the oxygen was passed to the resulting
carbon material. The difference in the weight of carbon material before and after oxygen
adsorbed indicates that the approximate amount of oxygen molecule gets adsorbed (Table
1).

The carbon skeleton of the oxygen adsorbed intermediate 4 is expected to behave
like electron acceptor and the negatively charged oxygen is expected to undergo reaction
with proton donors. So, such species are expected to react with proton containing
compounds like benzoic acid 8 to give the corresponding hydroperoxide intermediate 9
(Scheme 4).

Scheme 4

To examine this possibility, we have carried out the reaction of the carbon material
with PhsP and benzoic acid. We have observed that, in the case of carbon black (CB)
without using any proton source or an acid, the triphenylphosphine oxide, PhsP=0O was

formed in 17% yield (Table 2, entry 1).
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Table 2: Reaction of molecular oxygen adsorbed carbon material 4 with benzoic acid and

PhsP 2
Benzoic acid,
Carbon Material 220 °C/ vacuum_ CM PPhee 1M1 o php=0
(CM) Oxygen (oxygen adsorbed) THF. 24 h 3
6 4 12
Entry CM Benzoic acid PhsP THF PhsP=0
(9) (mmol) (mmol) (mL) Yield (%)°
1 CB (5) 0 10 150 17
2 CB (5) 10 10 150 47
3 CB (10) 20 10 150 52
4 AC (5) 10 10 20 54
5 Gr (5) 0 10 20 0
6 Gr (5) 10 10 20 trace
7 Gr (5) 20 10 20 6
8¢ AC (5) 10 10 20 52
9¢ CB (5) 10 10 150 45

aThe carbon material was heated at 200 °C under high vacuum for 2 h and brought to 25 °C under N2 and dry oxygen
was passed through carbon material for 1 h at 25 °C. The reactions were performed with oxygen adsorbed
carbon material, benzoic acid and PPhs at 25 °C. PIsolated yield. “The reaction was carried out with re-
oxidized carbon material.

The formation of PhsP=0 was slightly increased with an increase in the amount of
either carbon material or benzoic acid. Therefore, an increase in the amount of carbon
black and benzoic acid gives the PhsP=0 in 52% vyields (Table 2, entry 3). A further

increase in the amount of carbon black leads to moderate increase in the PhzP=0 product.
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Here, the carbon black needs more solvent during the reaction and this limits the use of
carbon black in this reaction. Whereas in the case of graphite, without using benzoic acid
the formation PhsP=0 product was not observed (Table 2, entry 5). Further, we have
observed that the addition of benzoic acid gives PhsP=0 in 6% yield (Table 2, entry 7).
Further increase in the amount of graphite did not enhance the yield of PhsP=0. In the
case of activated carbon, the PhsP=0O was isolated in 54% vyield (Table 2, entry 4). We
have also observed that the carbon material isolated after the reaction with PPhs can be
reused after vacuum treatment at 200 °C and re-adsorption of molecular oxygen.®
Reaction using such re-oxidized activated carbon and carbon black with PhsP in THF gave
the Ph3P=0 product in 52% and 45% yield (Table 2, entry 8 and 9). The results clearly
indicate that the molecular oxygen chemisorbed on carbon black and activated carbon but

it is only physisorbed on graphite.

2.2.2 Reactions of molecular oxygen adsorbed carbon materials with

alkylboranes

Next, we have studied the utilization of the oxygen adsorbed carbon intermediate 4
in organic transformations. The reactive peroxide present in the oxygen adsorbed carbon
material 4 can be used for the oxidation of alkylboranes. The organoboranes are readily
accessible via hydroboration of alkenes and alkynes using easy to handle NaBH4/l.
reagent system.'®22 The molecular oxygen itself could oxidize trialkyl borane to the
corresponding hydroperoxide or alcohols.?® However, the preferred reagent for the
oxidation of organoboranes is the HOO™ Na* species produced in situ in the reaction of
NaOH with H>O2. We have envisaged that the oxygen adsorbed intermediate like 4 would
react with NaOH to give the species like 13 which could give the HOO™ Na* species 14 for

oxidation of organoboranes via the formation of the corresponding borate complex
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(Scheme 5).2° However, there is also a possibility that the peroxy species 13 itself could
also oxidize organoboranes in a similar way (Scheme 5).

Scheme 5

NaOH
— >

further oxidation

R.__OR and hydrolysis
B ——— RoH + HO-g-OH

15 R OH

18

In order to examine this, we have performed a series of experiments on the

oxidation of organoboranes prepared using the NaBH./l, reagent system (Scheme 6).

Scheme 6
\
RsB or B-R
16 /19 ROH
— 21a-21e
57-86% yield
oM 3N NaOH ———
+ a
oxygen adsorbed 259G 4h \ R o
’ B
4 THF /20 \_Rr R
e
22a-22b

53-59% vyield
We have observed that trialkylboranes 16a and 16b prepared by using
hydroboration of 1-decene and norbornene with the NaBHa-I2 in THF react with a mixture
of oxygen adsorbed carbon black 4 and 3N NaOH to give the corresponding alcohol 21a

and 21b in 85% and 57% yield (Table 3, entry 1 and 2).



Chapter 2 Sythetic methods based on electron transfer ... 41

Table 3. Reaction of molecular oxygen adsorbed carbon materials 4 with agq. NaOH and

alkylboranes?

organoboranes
CM 3N NaOH (16, 19 and 20) o Alcohols 21
+ >
oxygen;dsorbed 3N S;OAC THF, 25°C, 4 h carbo(r)1ryl compounds 22
Entry CM Alkylboranes Products Yield
(9) (16, 19, 20) (21, 22) (%)¢
1b CB (5) < n-C3H17/\%B n-C8H17/\/OH 85
16a 3 21a
= T ST
3 OH
16b 21b
3¢ CB (5) < BH OH 71
2
19a 21c
4  CB(5) (P8 P 86
Ph 2 Ph
19b 21d
5¢f  CB(5) < mBH mOH 80
19¢ ? 21e
o
699  CB(5) (/Z/Bt? v L, 53
Ph 22a
20a
79f9  CB (5) ( B% PO et 59
/= 2 Oo -+
PH -C4H
20nb o Ph%n'cﬂ"g

22b
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gch  CB(5 (ph~yBH P> 82
®) g .
19b 21d
gci (pr e Py <5%
12'; 21q"

aThe carbon black was heated at 200 °C under high vacuum for 2 h and brought to 25 °C under N, and the
dry oxygen was passed through carbon materials for 1 h at 25 °C. Oxidations of organoboranes were carried
out with oxygen adsorbed carbon black and aq. 3N NaOH or 3N NaOAc. PThe reactions were carried out
with trialkylboranes (10 mmol). °The reactions were carried out with dialkylboranes (10 mmol). 9The
reactions were carried out with alkenylboranes (10 mmol). - ©lsolated yield. Ratio of isomers based on *3C
NMR spectrum of the product mixture. 9The reaction was carried out using ag. NaOAc. "Reaction was
carried out with molecular oxygen re-adsorbed carbon black. 'Reaction was performed without molecular
oxygen adsorbed carbon black.

The reaction of dialkylboranes 19a-c prepared by using NaBHs-I> in THF, react
with the mixture of carbon black and 3N NaOH to give the corresponding alcohols 21c,
21d and 21e in 71%, 86% and 80% yield, respectively (Table 3, entries 3-5). Further, the
alkenylborane 20a, prepared by hydroboration using thexylborane, which in turn prepared
in situ by the reaction of tetramethyl ethylene and the borane gas generated by the reaction
of 12 with n-BusNBH4, upon reaction with oxygen adsorbed carbon black 4 and 3N
NaOAc gave the phenylacetaldehyde 22a in 53% vyield (Table 3, entry 6). Whereas, the
reaction using the alkenylborane 20b gives the corresponding regioisomeric mixture 22b

in 59% yield (Table 3, entry 7).

The carbon black used for this oxidation could be recovered by filtration, dried at
200 °C and re-adsorbed with molecular oxygen. The recovered and re-adsorbed carbon
black and 3N NaOH oxidize the dialkylborane 19b to give the alcohol 21d in 82% yield
(Table 3, entry 8). Also, when the oxidation was performed using dialkylborane 19b
without using molecular oxygen adsorbed carbon black only trace (<5%) amount of
alcohol 21d was obtained (Table 3, entry 9) indicating the role of carbon black in these

transformations.
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2.2.3 Reaction of sodium borohydride with molecular oxygen adsorbed
carbon material and lewis bases

Diborane is one of most important reagent in organic synthesis. Diborane itself is
difficult to handle and relatively inert towards olefins. So, it is normally utilized in the
form of its complexes such as BH3: THF, BH3:SMe> and BH3:NR3. Many reagent systems
have been developed for the generation of diborane gas.?* Previously, simple methods for
generation of diborane gas from I2/NaBHa, 12/n-BusNBHs and PhCH2Cl/n-BusNBH4
reagent systems were reported from this laboratory.??

We have observed that the reaction of oxygen adsorbed carbon material 4 with
NaBH4 in THF or diglyme lead to slow hydrogen gas evolution. Accordingly, we have
envisaged the formation of the AC*-O-O-BHscomplex 23 as shown in Scheme 7.

Scheme 7

PPhs, THF

H3B:Pph3

Ph
slow decomposition

/=/

Ph
l24 h

No hydroboration

23a

CM*-borate polymer
23b
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To examine this, we have carried out the hydroboration reaction of stilbene with
the intermediate 23 in THF at 25 °C for 24 h. There was no hydroboration observed.
Presumably, the reaction of the olefin with the borane complex 23 may be slow and the
intermediate 23 may not be stable for longer time to react with olefin or further
decomposed to AC* borate polymer (Scheme 7). However, when the reaction of the
borane complex 23 was carried out with PhsP, the PhsP:BH3 complex was obtained in 35%
yield (Table 4, entry 1).

Table 4. Reaction of NaBH4 with PhsP with increasing amount of carbon material (CM).?

Carbon black NaBH, 25/ PPhs 11
= Ph;P: BH
(oxygen adsorbed) THF, 25°C, 24 h ’ ’
4 26
Entry CM THF PhsP:BHs 26

©) (mL) Yield (%)b
1 CB (1) 30 %
2 CB (2) 70 >
. CB (5) 150 69
5 CB (10) 300 73
. CB (5) 150 65

aThe reactions were carried out by using NaBH,4 (5 mmol) and PPh; (5 mmol) at 25°C. Plsolated yield. “The
reaction was performed with molecular oxygen re-adsorbed carbon black.

We have carried out several reactions using different solvents in order to improve
the yields and THF turned out to be the best solvent for this transformation. The
PhsP:BH3 was obtained in up to 73% yield, when the reaction was carried out with more
amount of oxygen adsorbed carbon black (Table 4). It was found that similar reactions

using oxygen adsorbed activated carbon gave 21-77% vyield.
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Whereas, oxygen adsorbed graphite gave the PhsP:BHs complex only in 9-23%
yield, in accordance with reports that molecular oxygen is mainly physisorbed on the
surface of graphite.!1'1

We have also observed that the recovered carbon black remained after reaction
with NaBH4 and PhsP further reacts with benzoic acid and PhsP to give the PhaP=0 in
22% yield. This transformation can be rationalized as shown in Scheme 8.

Scheme 8

PhCOOH

PPh,

PhsP=0

-+
PhCOONa

27

2.2.4 Reaction of molecular oxygen adsorbed carbon black with NaBH4

and amines

We have then turned our attention towards the reaction of pyridine with the AC*-
O-0O-BHz intermediate 23 (Scheme 9).

Scheme 9

Pyridine
THF
Pyridine:BH;
4 23 28

We have found that the reaction of pyridine with NaBHy3 in the presence of oxygen
adsorbed carbon materials in THF gives the pyridine:BH3 complex 28 in 42% vyield using
activated carbon (2 g) and in 52% yield using carbon black (2 g) (Table 5, entry 1 and 2).

We have also performed these experiments using increased amount of carbon
material (5 g) in order to improve the yields of pyridine:BHs 28 complex. However, there

was no further improvement, but there was a slight decrease in the yield of pyridine: BH3
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complex 28 (Table 4, entries 3 and 4). Further, the yields of pyridine:BHsz complex
produced here are relatively low compared to the yields of PhsP:BHs.

Table 5. Reaction of molecular oxygen adsorbed carbon materials with NaBH4 and

pyridine?
(oxygc(e:r:vladsorbed) NaBH,/pyridine » Pyridine: BH3
4 THF, 24 h 28
Entry CM (0) THF Pyrdine:BHs complex 28
(mL) Yield (%)P
1 AC (2) 15 o
2 CB (2) 70 -
3 AC (5) o5 10
4 CB (5) 150 18

aThe reactions were performed by using NaBH, (5 mmol) and pyridine (5 mmol) at 25 °C. Plsolated yield.

We have also performed the reaction of molecular oxygen adsorbed carbon black
with other amines, which are expected to form complexes with borane. The results are
summarized in Table 6. The reaction of morpholine 29 with NaBH4 and oxygen adsorbed
carbon black in THF gave the morpholine:BHs 33 in 43% vyield (Table 6, entry 1).
Similarly, different amine:borane complexes 34-36 were prepared using the amines 30-32
and oxygen adsorbed carbon black (Table 6). The low yields of amine:BHz complexes
compared to the PhsP:BHs, resulting may be a slow decomposition of the peroxy borane
species 23 or the amine borane products may further react with the peroxy species present

in the carbon byproduct 24 leading to a reduction in yields.
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Table 6. Reaction of molecular oxygen adsorbed carbon black with NaBH4 and
amines.?

Carbon black NaBH,/amine 29-32 amine: BH;
(oxygen adsorbed) THF,25°C,24h  33-36
4
Entry CB Amine Amine:BHs Yield(%o)
(9) 29-32 33-36
1 CB (5) O/_\NH O/_\NH:BH3 43
__/ _/
29 33

2 CB (5) CNH <:>NH:BH3 58

30 34
Ph Ph
3 CB () O _\NH:BH3 42
Ph—/ Ph—/
31 35
4 CB (5) 51
NH NH:BH;
32 36

aThe reactions were carried out by using NaBH, (5 mmol) and amine (5 mmol) at 25 °C.’Isolated yield.

We have also examined the proposed AC*-O-O-BHs intermediate 23 for
hydroboration reaction of a-methyl styrene 37 in THF but there was no hydroboration

(Scheme 10).
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Scheme 10

No
hydroboration

The pyridine:BH3 complex 28 is useful for hydroboration of olefin at elevated
temperatures.”® Recently it was reported that pyridine:BHs complex 28 hydroborates
olefins at room temperature under activation by 1,.2* We have found that the pyridine:BH3
complex 28 is useful for hydroboration of a-methyl styrene 37. After oxidation using
oxygen adsorbed AC/NaOH, the corresponding alcohol 38 was obtained in 86% vyield
(Scheme 11).

Scheme 11

BH,
N
O I, (50 Mol%)
1
MWL DCM, 25°C, 2 h

28 OH
CH,
H;C (2) oxygen adsorbed AC / NaOH / THF H,C
86% yield
37 38

2.2.5 Reaction of oxygen adsorbed activated carbon with benzylamine
derivatives

We have observed that benzylamine give benzaldehyde 45 in 30% vyield upon
reaction with molecular oxygen adsorbed activated carbon. In the case of dibenzylamine
39b, benzaldehyde was obtained in 25% vyield after work up. However, the NMR spectra
obtained for the crude product mixture before work up and chromatography revealed the
presence of both the imine and benzaldehyde products (Scheme 12). Presumably, the

reaction may give amine radical cation followed by the formation of imine, which after
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reaction with water yields benzaldehyde. We have also observed that the epr spectrum
recorded after addition of amines to oxygen adsorbed activated carbon indicated the
presence of paramagnetic species.

Scheme 12

39aR =H, 39b R = CH,Ph

N.
PhCHO =—— 7 R
45 H20  pn
R = H, 30% yield
R = Ph, 25% yield

44

Similarly, it has been observed in this laboratory that the oxygen adsorbed carbon
material 4 react with the electron donors like N-phenyl tetrahydroisoquinoline 46 and
nucleophilic reagents like nitromethane, pyrrole and TMSCN gave the corresponding
coupled product 49 in 67-89% yield through the intermediacy of the corresponding radical
cation and iminium ion intermediates (Scheme 13).%

Scheme 13

67-89% vyield
Also, it was found that the 2-naphthol 50 undergoes oxidative coupling reactions in
the presence of oxygen adsorbed carbon material 4 to give the bi-2-naphthol 52 (BINOL)

in 95% yield via the corresponding radical intermediates (Scheme 14).25
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Scheme 14

52
95% vyield

2.2.6 Evidence for presence of paramagnetic species through epr

spectroscopy
EPR spectra were recorded for the activated carbon samples at various stages

and the spectra are presented below.

2.2.6.1 EPR spectrum of commercial carbon material

Intensity
&
a

3350 3400 3450 3500 3550 3600
Magnetic field

2.2.6.2. EPR spectrum of vacuum dried carbon material

Intensity
&
o

3350 3400 3450 3500 3550 3600

Magnetic field

2.2.6.3. EPR spectrum of oxygen doped carbon material

Intensity

1450

Magnetic field
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2.2.6.4. EPR spectrum of residual activated carbon (Scheme 4)

CeHsCOO R

PhgP - i

CcM =

oxygen doped * CeHsCOOH 250G 24 h' £ oon

4 ’ T \,‘:
Ph3P=O THF Cum 100 50 3500 3550 3600

Magnetic Field (G)

Inmtensity

e

CM + NaBHy ——— > Na ——
oxygen doped 250C, 24 h OCA*\_/O we 1
4 THF HO- B Magneticfield

“OAC*
23b X =3479.2 G, g = 2.00304

2.2.6.6. EPR spectrum of paramagnetic species 24 (Scheme 7)

PhsP i A
CM -+ NaBH, - : e
oxygen doped \' 250C, 24 h - '
4 PhyP:BH, THF
Magneticficll

X =3480.0 G, g =2.00209
2.2.6.7. EPR spectrum of paramagnetic species 27 (Scheme 8)

PhCOOH

3350 3400 3450 3500 3550 360D 3650

Magnetic field

X =23470.0 G, g=2.00309

2.2.6.8. EPR spectrum of paramagnetic species 24 (Scheme 9)

s

RsN
CM ", NaBH, & >

oxygen doped ") 25°C.24h
4 RyN:BH; THF

Magneticficld

X =3477.4 G, g=2.00315
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The epr signals observed are in accordance with the paramagnetic species

present in residual activated carbon samples.

2.2.7 Synthesis of p-doped polythiophene (PT) and estimation of radical

cation site present in p-doped polythiophene.

Electroactive conducting polymers have proven applications in several
technologies such as solar cells, display devices, gas sensors and actuators.?’ It is
relatively easy to process these polymers to make the devices and their chemically tunable
property makes them useful in electronic devices.?® These polymers are redox-active and
their conductivity can be changed by doping the polymer. The physical properties of these
conductive polymers depend on the type of the dopant used.

Polythiophene (PT) and its derivatives are good conducting polymers. Optical
properties of polythiophenes can be varied by pre-functionalization of monomer.2%:%
Polythiophene derivatives are easy to process and they form a thin film with good optical
properties.®>32  The higher stability and longer life of polythiophene derivatives are
suitable for various applications.®

Previously, we have discussed the preparation of Lewis base borane complexes
using carbon material and borohydride reagent system. Hence, we have undertaken the
studies to estimate the doping level in polythiophene radical cation salts using NaBHa.
Also, we have envisaged a simple method for generation of Lewis base-borane complexes.
The advantage of this method is that we can recover the polythiophene by simple filtration
and re-oxidize the polythiophene using FeCls to prepare the polymer radical cation salts
for reuse in the preparation of Lewis base borane complexes.

We have prepared the polythiophene radical cation salts 54 from thiophene 53

through a slightly modified literature procedure.** The dark-brown precipitate of
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polythiophene obtained in the reaction was further washed with methanol to remove the
residual oxidant. During this procedure the color of the polymer changes from dark-brown

to brown. The PT powder was dried in a vacuum at 50 °C for 12 h (Scheme 15).

Scheme 15
ch j\
@ FeClg . 7\
s CHClj SaiIn \[,
25°C, 24 h
53 54

3400 3450 3500 3560
Magnetic field / G

The synthesized polythiophene radical cation salts were confirmed by FT-IR
spectroscopy. The presence of paramagnetic sites was confirmed by epr spectroscopy. The

polymer exhibits single epr signal with g value of 2.0026 (Scheme 15).%

2.2.8 Preparation of lewis base borane complexes using the

polythiophene radical cation salts/NaBH4 reagent system.

Earlier reports*®#° indicate that there are three different structures possible in
polythiophene. The structure 55 is a neutral polymer and the removal of an electron from
structure 55 leads to form radical cation polymer 56. This radical cation polymer 56 also
called as polaron and it is stabilised by resonance. Removal of an electron from structure
56 gives a bipolaron 57 (Scheme 16). The polaron and bipolaron are formed directly
through an oxidation of the thiophene monomer. Previous report** shows that the radical
cation present in the polythiophene could delocalize into the rings. The repeating unit of
cation radical in polythiophene could approximately six monomer units. The planarity of
polythiophene gets twisted and delocalisation of the radical cation present in the polymer

gets reduced beyond six thiophene rings.
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Scheme 16

S [\ S [\ S
no+G VYA AW
Cl
56

Neutral Polymer

Bipolaron Radical Cation or Polaron

The polythiophene radical cation salts 54 react with NaBH4 with slow evolution of
hydrogen gas. Accordingly, the reaction of polythiophene radical cation, PT(Yy nCI-
NaBH4 and PPhz may be visualized by initial formation of a polymer-NaBH4 complex that
decomposes to H, and borane followed by the formation of PhsP:BHs complex. Hence,
we have performed the reaction of NaBH4 and PhsP with 1 g of polymeric radical cation
salts in THF at 25 °C.

Scheme 17

+ Ph3P:BH3

26
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A tentative mechanism for the formation of PhsP:BHz complexes can be
considered involving the reduction of polythiophene cation radical salts by NaBH4 through
single electron transfer (SET) process to give neutral polymer and PhsP:BHs. The possible

mechanism is outlined in Scheme 17.

2.2.9 Estimation of the number of radical cation sites present in
polythiophene

We have observed that the reaction of 1 g of PT¢*)y, nCI- 54 with NaBH4 (1 mmol)
and PPhz 11 (1 mmol) gives the PhsP:BHs 26 in 0.72 mmol (Table 7, entry 1). When the
reaction was carried out using higher amounts of NaBHa4/PhsP with 1 g of PT¢*)y, nCI- 54,
higher yields of PhsP:BH3 26 was obtained (Table 7, entries 2-5).

There was no significant change observed, when the reaction was performed using
more than 5 mmol each of NaBH4 and PhsP. Accordingly, it can be concluded that a
minimum of approximately 1.7 mmol of radical cation sites are present in 1 g of PT(*),
nCl- 47. However, the actual number of radical cation salts present is expected to be
slightly more than this as the yields are of isolated yields and hence about 5% loss during
isolation could be expected. The recovered*? PT¢*), nCI- 54 (1 g), after oxidation with
FeCls (Scheme 15), reacts with NaBH4 (1 mmol)/PPhs (1 mmol) to give the PhsP:BHz in
0.71 mmol (Table 7, entry 6) without significant change from the freshly prepared sample,

illustrating the recyclability of the polymer used.
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Table 7. Reaction of polythiophene radical cation salts 54 with NaBH4 and PPh3?

M PPh; 11
NaBH, + + ——  >» Ph.P:BH
astls S THF ST

25 54C|_ " 25°C, 24 h 26
Entry  Polythiophene NaBH4 PPhs 11 H3B:PPhs 26
radical cation (mmol) (mmol) Yield (mmol)®
salts (1 g)
1 54 1 1 0.72
2 54 2 2 1.22
3 54 3 3 1.50
4 54 4 4 1.64
5 54 5 5 1.70
6° 54 1 1 0.71

aThe reactions were performed with polythiophene radical cation salts 54 (1 g), NaBH4 and PPhs in THF at
25 °C. Plsolated H3B:PPhs complex in mmol. °Reaction was performed with re-oxidized polymer radical
cation salts.

We have also analyzed the polymer radical cation salts PT(")y nCl- 54 by UV-
Visible spectroscopy before and after the reaction with NaBHs and PPhsz. Broad
absorptions with longer wavelength (red shift) was observed for the polymer before
reaction with NaBH4 and PPhs. The wavelength of absorption gets decreased or move to
shorter wavelength after reaction with NaBH4 and PPhs (Figure 3). The color of the
polymer PT(*)y, nCI- 54 also gets changed from dark brown to brown.

The shift in the UV-Visible absorptions spectrum to lower wavelength (blue shift)

after the reaction with NaBH4 and PPhs for polymer sample 54 indicate that the effective
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conjugation present in the polymer or the polymer cation radical sites present in the

polymer gets lowered.

PT before reaction

PT after reaction

Absorbance

2(I)0 l 3(I)0 ' 4(I)0 I 5(IJO I 6(I)0 l 7(|)0 ' 8(I)0

Wavelength (nm)
Figure 3. UV-Visible spectrum of polymer 54 powder sample before (black line) and
after (red line) reaction with NaBH4 and PPhs.

The epr studies also indicate that there was a decrease in the radical cation spin
density present in the polymer salts (Figure 4). However, the epr studies indicates that the
some of the radical cation remains after the reaction with NaBH4 and PPhs. The epr
signals became weak, but not totally absent (Figure 4). Earlier, it was reported that the
neutral thiophene polymers react with molecular oxygen to give paramagnetic species.*?
Therefore, formation of small amounts of paramagnetic species by the reaction of polymer

with Oz during the work up procedure cannot be ruled out in these cases.
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4 —— PT before reaction
—— PT after reaction

Intensity / A.U.

-8 . ; . ; . . . . . .
3350 3400 3450 3500 3550 3600
Magnetic field / G

Figure 4. EPR of PT 54 before (black line) and after (red line) reaction with NaBH4 and
PPha.

The PhsP:BHsz complex is very stable and hence it is not useful for synthetic
applications. However, the amines like pyridine form relatively more reactive borane
complexes and hence are useful for hydroboration of olefins at elevated temperatures or at
room temperature under activation by 1..2* Therefore, we have decided to investigate the
reaction of NaBH3 with the polymer radical cation salts in the presence of pyridine.

We have found that the reaction of polythiophene radical cation salts 54 (1 g) with
NaBH; and pyridine in THF gives the pyridine:BHz 28 complex. The results are
summarized in Table 8. The reaction using PT radical cation 54 (1 g) using 1 mmol each
of NaBH./pyridine gave the pyridine:BH3z 28 complex in 35% yield based on the presence
of 1.7 mmol of radical cation sites in 1 g of PT radical cation 54 (Table 8, entry 1).
Similarly, the reaction of PT radical cation 54 with 2 and 3 mmol each of NaBH4 and
pyridine gives the pyridine:BH3 28 complex in 63% and 79% respectively (Table 8, entry

2 and 3).
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Table 8. Reaction of polythiophene radical cation salts 54 with NaBH4 and Pyridine?

) O
~ \

~

Scr'n THF BH,

Entry  Polythiophene  NaBHs  Pyridine  Pyridine:BH3 28  Pyridine:BHs 28

8 IC(T gc)ation (mmol)  (mmol) Yield (mmol)® Yield® (%)
1 54 1 1 0.59 35
2 54 2 2 1.08 63
3 54 3 3 1.35 79

&The reactions were performed with polythiophene radical cation salts 54 (1 g), NaBH. and pyridine in THF
at 25 °C. Plsolated pyridine:BHs complex in mmol. ¢Yields based on mmol of radical cation sites in 1 g
polymer and approximately 1.7 mmol of radical cation sites are present in PT 54.

In these transformations, the borane “BH3z” moiety seems to be extracted by the
PhsP or pyridine Lewis bases while the radical cation borohydride complex decomposes
(Scheme 17). It was of interest to us to examine whether the borohydride complex could
hydroborate olefins. Accordingly, we have carried out an experiment using a-methyl
styrene with polymer radical cation salts and NaBHs in THF but there was no
hydroboration. Presumably, the olefin is not nucleophilic enough to react with polymer
radical cation — borohydride complex. However, we have observed that the pyridine:BH3
complex 28 prepared in this way readily hydroborates a-methyl styrene under iodine
activation. After NaOH/H20> oxidation the corresponding alcohol was obtained in 84%
yield.

It was also observed in this laboratory that the reaction of polymers such as poly-

N-methylpyrrole (NMPPY ("), nCIY) 54a and poly(N-methylaniline) (PNMA®")y, nCI) 54b
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radical cation salts with NaBH4 (1 mmol) and PPhs (1 mmol) gave the PhsP:BH3 26 in
0.62 mmol and 0.68 mmol (Scheme 18). The results indicate that a minimum of
approximately 1.35 mmol of radical cation sites are present in 1 g NMPPY ")y, nCI 54a
and also a minimum of 1.60 mmol of radical cation sites are present in 1 g of PNMAt),

nCl-54b (Scheme 18).%

Scheme 18
(+)
/N " PPhy PhsP:BH
NaBH, + - o NaTbAs
N ] nci THF 26
CHj; 25°C, 24 h

up to 1.35 mmol
54a

NMPPY radical cation salts

CHy CH3 H3 _PPhy
NaBH, + O PPh3:BH;
THF 26
25°C, 24 h

up to 1.60 mmol
PNMA radical cation salts

Next, we have studied the reaction of amine nucleophiles with various electron
acceptors like quinones, vilologens and halo compounds. The results are described in the

chapter 3.
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2.3 Conclusions

Convenient methods have been developed for practical use of molecular oxygen
adsorbed carbon materials 4. The molecular oxygen adsorbed carbon black reacts with
benzoic acid and PhsP to give PhsP=0 in 52% yield. Also, oxidation of organoboranes were
performed using readily available oxygen adsorbed carbon materials 4. These organic
transformations were also performed by exploiting the negative charge present in the oxgen
end.

reactant

product

The electron defficiency present in the carbon skeleton of the carbon materials 4 was
utilized for the preparation of Lewis base:borane complexes using NaBH4 and PhsP or
pyridine. The PhsP:BHs and amine:BHsz complexes are prepared in moderate to good yields
upon reaction of oxygen adsorbed carbon material with NaBH4/PhsP and NaBHas/amine
reagent systems. We have observed bezylamine gives benzaldehyde via radical cation

intermediates upon reaction with molecular oxygen adsorbed carbon materials.

reactant product
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A simple method for estimating doping levels in polymer was developed.
Accordingly, it can be concluded that a minimum of approximately 1.7 mmol of radical cation
sites are present in 1 g of the PT(Yy, nCl-salt.

NaBH,, PhsP
_ eBRa TsT _ phyP:BHS
THF, 24 h, 25°C  up to 1.70 mmol
34-72% yield

[y feoscron |y |
S

25°C,24h stcI n

NaBHy,, pyridine pyridine:BH3
—
THF. 24 h, 25°C  35-79% yield

Convenient methods for the preparation of PhsP:BHsz and pyridine borane and other

amine borane complexes were developed.



2.4 Experimental Section

2.4.1 General Informations

IR (KBr) and IR (neat) spectra were recorded on JASCO FT-IR spectrophotometer
model-5300. The NMR spectra *H (400 MHz) and **C (100 MHz) were recorded on Bruker-
Avance-400 spectrometers chloroform-d as solvent. Chemical shifts are expressed in o
downfield with respect to the signal of internal standard tetramethylsilane (6 = 0 ppm).
Coupling constants J are in Hz. Thin layer chromatography tests were carried out on pre-
coated glass plates using silica gel-GF2s4 containing 13% calcium sulfate as binder. The spots
were visualized by UV light or exposure to iodine. Gravity column chromatography was used
for the separation of compounds using silica gel (100-200 mesh) as stationary phase. 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
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 K.CO3 and concentrated on Heidolph-EL-rotary evaporator.
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FeCls and benzoic acid supplied by E-Merck (India) was used as received. Thiophene,
Activated Carbon, Carbon Black, Graphite, norborene, tetramethylethylene, benzylzmine and
dibenzylamine were purchased from Aldrich and used as received. NaBH4, PPhs and NaOH

were supplied by E-Merck (India) was used as received.

Dichloromethane was distilled using calcium hydride under nitrogen. The THF solvent
supplied by commercial sources, India were kept over sodium-benzophenone ketyl then
freshly distilled before use. Toluene also kept over sodium-benzophenone ketyl, distilled and

stored over sodium wire.

2.4.2 General Procedure for reaction of molecular oxygen doped activated charcoal with
PhsP in presence of benzoic acid

In a 50 mL RB flask, carbon black (10 g) was heated at 200 °C under high vacuum for
2 h. The carbon black was brought to room temperature under nitrogen atmosphere and
passed molecular oxygen for 1 h. To this, PhsP (2.62 g 10 mmol) and benzoic acid (1.221 g,
10 mmol) in THF were added. The reaction mixture was further stirred for 24 h. The
reaction mixture was filtrated and the organic layer was separated. The solvent was
evaporated under reduced pressure and the crude product PhsP=0 was purified by silica gel

column chromatography using hexane and ethyl acetate as eluent.
Triphenylphosphine oxide PhsP=0 (12)

Yield X 0.501 g (54%); White solid

IR (KBr) (cmt) 3073, 3046, 1599, 1489, 1435, 1308, 1188, 1117, 1002.
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IH NMR : (400 MHz, CDCls, 5 ppm) 7.67-7.62 (m, 1H), 7.52-7.48 (m, 1H), 7.43-
7.40 (m, 1H).

BCNMR (100 MHz, CDCls, & ppm) 133.0, 132.1, 132.0, 131.9, 128.5, 128.4.

SIPNMR (162 MHz, CDCl3 6 ppm) 29.3

2.4.3 General procedure for reaction of molecular oxygen adsorbed carbon materials
with alkylboranes (16a-16b and 19a-19c)

In a 50 mL RB flask, activated carbon (5 g) and 3N NaOH (10 mL) in THF 15 mL
were stirred for about 4 h. To this reaction mixture, the alkylboranes was added dropwise for
20 min at 0 °C and further stirred for 4 h. The reaction mixture was filtered and the organic
layer was separated. The aqueous layer was extracted with ether (2 x 10 mL). The solvent was
evaporated and the crude products were purified on silica gel column chromatography using

hexane: ethyl acetate (95:5) as eluent.

2.4.4 Preparation of trialkylborane (16a-16b)

NaBH; (0.151 g, 4 mmol) was taken in a two-necked RB flask and dry THF (10 mL)
was added. The RB flask placed at -30 °C and iodine (0.51 g, 2 mmol) in THF (10 mL) was
added slowly during 10 min. After the evolution of hydrogen gas ceased, the reaction mixture
was further stirred for 1 h at -30 °C. A solution of olefin (10 mmol) was added under nitrogen
atmosphere. The reaction mixture was brought to 25 °C and further stirred for 4 h at the same
temperature to give trialkylborane. The solution was added dropwise to activated carbon (5 g)
and 3N NaOH (10 mL) mixture in THF 15 mL for 20 min at 0 °C and stirred for 4 h. The

reaction mixture was filtered and the organic layer was separated and the aqueous layer was
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extracted with ether (2 x 10 mL). The solvent was evaporated and the crude products were
purified on silica gel column chromatography using hexane: ethyl acetate (95:5) as eluent.

Decan-1-ol (21a)

OH
n-CgHyy” >~

Yield : 0.672 g (85%) colorless liquid. 21a
IR (neat) : (cm™) 3332, 2925, 2855, 1462, 1377, 1122, 1055, 723.
'HNMR : (400 MHz, CDCls, 6 ppm) 3.65 (t, J = 6.0 Hz, 2H), 1.59-1.56 (m, 2H),

1.40-1.28 (m, 14H), 0.91-0.87 (m, 3H);

B3C NMR : (100 MHz, CDCls, 6 ppm) 63.1, 32.8, 31.9, 29.6, 29.4, 29.3, 25.7, 24.9, 22.6,
14.1.

exo-Bicyclo [2.2.1] heptan-2-ol (21b)

Yield : 0.319 g (57%); White solid. L%OH

IR (KBr) X (cm™) 3430 (br), 3024, 2935, 2869, 1597, 1495, 1450, 1066, 1042, 755,
741, 702.

IH NMR : (400 MHz, CDCls, & ppm) 3.68-3.66 (m, 1H), 2.18-2.08 (m, 2H), 1.59-

1.51 (m, 2H), 1.42-1.35 (m, 2H), 1.29-1.22 (m, 1H), 1.05-1.03 (m, 1H),
0.98-0.96 (m, 2H)
BCNMR (100 MHz, CDCls, 8 ppm) 74.6, 44.1, 42.1, 35.4, 34.4, 28.1, 24 4.
2.4.5 Preparation of dialkylborane (19a-19c)
The NaBH4 (0.190 g, 5 mmol) was taken in a two-necked RB flask and dry THF (10
mL) was added. The RB flask placed at -30 °C and iodine (0.635 g, 2.5 mmol) in THF (10
mL) was added slowly during 10 min. After the evolution of hydrogen gas ceased, the

reaction mixture was further stirred for 1 h at -30 °C. A solution of olefin (10 mmol) was
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added under nitrogen atmosphere. The reaction mixture was brought to 25 °C and further
stirred for 4 h at the same temperature to give dialkylborane. The solution was added
dropwise to activated carbon (5 g) and 3N NaOH (10 mL) mixture in THF 15 mL for 20 min
at 0 °C and stirred for 4 h. The reaction mixture was filtered and the organic layer was
separated and the aqueous layer was extracted with ether (2 x 10 mL). The solvent was
evaporated and the crude products were purified on silica gel column chromatography using

hexane: ethyl acetate (95:5) as eluent.

2, 6, 6-Trimethyl-bicyclo [3.1.1] heptan-3-ol (21c)

Yield : 1.095 g (71%); colorless liquid. oH
IR (neat) : (cm™) 3327, 2905, 1147, 1055, 808, 692. 1
'HNMR : (400 MHz, CDClgz, 6 ppm) 4.18-3.92 (m, 1H), 2.51-2.47 (m, 1H), 2.37-

2.34 (m, 1H), 1.79-1.17 (m, 8H), 1.12 (d, J = 7.4 Hz, 3H), 1.03 (d, J =
9.8 Hz, 1H) 0.91 (s, 3H).

BCNMR (100 MHz, CDCls, 3ppm) 71.6, 47.8, 47.7, 41.7, 39.0, 38.1, 34.3, 27.6,
23.6, 20.7.

1, 2-Diphenyl-ethanol (21d)

Yield ; 1.705 g (86%); White soild. phwpho“

mp . 62-63°C; (lit2mp 63-64 °C) e

IR (KBr) (cm™) 3329, 3078, 3026, 2922, 1039, 696.

IHNMR  : (400 MHz, CDCls, 3 ppm) 7.38-7.21 (m, 10H), 4.92-4.89 (m, 1H),

3.09-2.98 (m, 2H), 1.95 (s, 1H).
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BC NMR : (100 MHz, CDCls, & ppm) 143.8, 138.1, 129.5, 128.5, 128.4, 127.6,
126.6, 125.9, 75.3, 46.1.

Indan-2-ol (21e)

Yield : 1.072 g (80%): White solid @3"”

IR (KBr) - (cm™) 3281, 3076, 2934, 1554, 1485, 1415, 1379, 1147, 1055, 808,
692.

'H NMR ; (400 MHz, CDCls, 8 ppm) mixture of isomers (a:p 1:9)

3CNMR (100 MHz, CDCls, 5 ppm) 140.8, 126.6, 1265, 73.1, 42.6 (major
isomer)

2.4.6 General procedure for reaction of molecular oxygen adsorbed carbon materials
with alkenylboranes (20a and 20b)

In a 50 mL RB flask, activated carbon (5 g) and 3N NaOAc (10 mL) in THF 15 mL
stirred for about 4 h. To this reaction mixture, alkenylboranes 20a and 20b was added
dropwise for 20 min at 0 °C and further stirred for 4 h. The reaction mixture was filtered and
organic layer was separated. The aqueous layer was extracted with ether (2 x 10 mL). The
solvent was evaporated and the crude products were purified on silica gel column

chromatography using hexane:ethyl acetate (98:2) as eluent.

2.4.7 Preparation of dialkenyl(thexyl)borane (20a and 20b)
n-BusNBH4 (0.190 g, 5 mmol) was taken in a two-necked RB flask and added dry
toluene (5 mL) followed by iodine (0.635 g, 2.5 mmol) in toluene (10 mL). The generated

diborane was carried off through a side tube and bubbled through a solution of tetramethyl



Chapter 2 Synthetic Methods based on Electron Transfer..... 69

ethylene (5 mmol) for 15 min. The reaction mixture was brought to 25 °C and further stirred
for 4 h. In another two-necked RB flask the alkyne (10 mmol) in dry THF (10 mL) was
taken and cooled to 0 °C under nitrogen atmosphere. The thexylborane in toluene prepared as
above was added through a cannula under nitrogen atmosphere. The contents were further
stirred for 4 h at 0 °C. The solution was added dropwise to activated carbon (5 g) and 3N
NaOAc (10 mL) mixture in THF 15 mL for 20 min at 0 °C and stirred for 4 h. The reaction
mixture was filtered and the organic layer was separated and the aqueous layer was extracted
with ether (2 x 10 mL).The solvent was evaporated and the crude products were purified on

silica gel column chromatography using hexane: ethyl acetate (98:2) as eluent.

2-Phenylacetaldehyde (22a)

0
Yield : 0.636 g (53%): colorless liquid. P“f:H
IR (neat)  : (cm™®) 3061, 3029, 1923, 1723, 1602, 1495, 1452, 1131, 950, 750, 701.
IH NMR : (400 MHz, CDCls, & ppm) 9.79 (s, 1H), 7.41-7.10 (m, 5H), 3.70 (s,

2H);
13C NMR : (100 MHz, CDCls, 5 ppm) 199.5, 131.8, 129.6, 129.0, 128.1, 127.4, 50.6.
1-Phenyl-hexan-2-one; 1-phenyl-hexan-1-one (22b)
Yield . 1.038 g (59%): colorless liquid. i G T

22b

IR (neat) : (cm™) 3060, 2960, 2940, 1675, 1600, 1450, 1350, 1220, 950, 760, 700.

'HNMR ; (400 MHz, CDCls, 8 ppm) mixture of isomers (60:40).
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BBC NMR : (100 MHz, CDClIs, 6 ppm) 208.6, 200.6, 137.1, 134.4, 132.8, 128.8,
128.6, 128.5, 128.0, 126.9, 50.1, 41.7, 38.5, 31.5, 25.8, 24.7, 22.5, 22.2,
13.9, 13.8.

2.4.8 General Procedure for reaction of activated carbon and NaBH4 with PPhs

In a 50 mL RB flask, carbon black (5 g), and NaBH4 (0.19 g, 5 mmol) in THF (25 mL)

were taken added under nitrogen atmosphere. To this reaction mixture PPhs (1.31 g, 5 mmol)

was added and the contents were stirred for about 24 h. The reaction mixture was filtered and

the organic layer was separated. The solvent was evaporated under reduced pressure and the

crude product was purified on silica gel column chromatography using hexane as eluent to

isolate pure PhsP:BHz3 as white solid.

PhsP:BH3s complex (26)

Yield : 1.06 g (69%); White solid
IR (KBr) (cm™) 3057, 2372, 2344, 1478, 1435, 1314, 1177, 1106, 1056, 733.
IHNMR - (400 MHz, CDCls, & ppm) 7.63-7.60 (m, 1H), 7.53-7.50 (m, 1H),

7.46-7.43(m, 1H)
BCNMR (100 MHz, CDCls, & ppm) 133.2, 133.1, 131.1, 129.4, 128.8, 128.7
3p : (162 MHz, CDCls, & ppm) 21.5

1B ; (128.3 MHz, CDCl3, 6 ppm) -37.8
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2.4.9 General procedure for reaction of carbon materials and NaBHa4 with pyridine

In a 50 mL RB flask, carbon black (5 g) and NaBH4 (0.19 g, 5 mmol) were taken and
THF (15 mL) was added under nitrogen atmosphere. To this, pyridine (0.4 ml, 5 mmol) was
added and the contents were stirred for 24 h. The contents were filtered and the solvent was
evaporated under reduced pressure to afford the crude product. The crude product was
purified on silica gel column chromatography using hexane: ethylacetate (90:10) as eluent to
isolate pure pyridine:BH3 complex 28 as colorless liquid.

Pyridine:BHz complex (28)

Yield : 0.242 g (52%); Colorless liquid
IR (neat) : (cm™) 2964, 2832, 2750, 2712, 2531, 2460, @Nm
2400, 2062, 1419, 1304, 1145. 2

; z, 3, & ppm) 8.52 (s, 2H), 7.91 (s, 1H), 7.50-7.48 (s, 2H).
IH NMR (400 MHz, CDCls, 3 ppm) 8.52 (s, 2H), 7.91 (s, 1H), 7.50-7.48 (s, 2H)
BCNMR (100 MHz, CDCls, & ppm) 147.3, 134.3, 125.4,

UBNMR (128.3 MHz, CDCls, § ppm) -11.4

2.4.10 General Procedure for reaction of activated carbon and NaBH4 with amine

In a 50 mL RB flask, carbon black (5 g) and NaBH4 (0.19 g, 5 mmol) were taken and
THF (15 mL) was added under nitrogen atmosphere. To this, amine (5 mmol) was added and
the contents were stirred for 24 h. The contents were filtered and the solvent was evaporated
under reduced pressure to afford the crude product. The crude product was purified on silica
gel column chromatography using hexane:ethylacetate as eluent to isolate coressopnding

amine:BHs complex.
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Morpholine:BHs complex (33)

OCNH:BH3
Yield : 0.215 g (43%); White solid 23
IR (KBr) : (cm1) 3194, 2969, 2854, 1419, 1369, 1254, 1139, 1041, 904, 843, 734.
'HNMR : (400 MHz, CDCls, & ppm) 4.36 (s, 1H), 3.97-3.94 (d, J = 12.0 Hz, 2H),

3.62-3.55 (t, J = 4.0 Hz, 2H), 3.11-3.08 (d, J = 12.0 Hz, 2H), 2.85-2.76

(m, 2H).
BCNMR (100 MHz, CDCls, & ppm) 65.7, 51.9.
UBNMR (128.3 MHz, CDCls & ppm) -16.1

Piperidine:BHs complex (34)

Yield X 0.287 g (58%); White solid

IR (KBr)  : (cm) 3221, 2936, 2849, 2349, 2350, 2273, 1463, | (s,

34

1364, 1276, 1161, 1123, 1057.
'HNMR ; (400 MHz, CDCls, 6 ppm) 3.80 (brs, 1H), 3.23 (d, J = 8.0 Hz, 2H),
2.53-2.47 (m, 2H), 1.78- 1.48 (m, 6H).
BCNMR (100 MHz, CDCls, 8ppm) 53.3, 25.3, 22.5.

UBNMR (128.3 MHz, CDCl3 5ppm) -15.0.

Dibenzyl amine:BH3 complex (35)

Ph—

Yield X 0.443 g (42%); Colorless liquid _ NH:BHs

Ph
35

IR (neat) : (cm™) 3189, 2969, 2936, 2860, 2372, 2323,

2263, 1457, 1424, 1380, 1282, 1232, 1161.
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(400 MHz, CDCls, 5 ppm) 7.39-7.31 (m, 4H), 7.21-7.19 (m, 6H), 4.02-
3.99 (M, Hz, 4H).
(100 MHz, CDCls, § ppm) 139.3, 128.9, 128.7, 128.2, 58.4

(128.3 MHz, CDCl3 & ppm) -14.4

Dicyclohexyl amine:BH3 complex (36)

Yield

IR (KBr)

'H NMR

13C NMR

1B NMR

0.497 g (51%); White solid Q /O
N

(cm?) 3200, 3030, 2936, 2372, 2328, 2301, H:BH

36

2273, 1495, 1457, 1413, 1347, 1161.

(400 MHz, CDCls, 5 ppm) 2.84-2.83 (m, 4H), 1.89-1.78 (m, 6H), 1.66-
1.59 (m, 6H), 1.32-1.24 (m, 6H).

(100 MHz, CDCls, & ppm) 60.6, 30.8, 29.6, 25.6, 25.3, 25.2

(128.3 MHz, CDCls Sppm) -19.4

2.4.11 Procedure for the hydroboration/oxidation of a-methyl styrene using

pyridine:BHs complex with Iz activation

The pyridine:BH3 (0.186 g, 2 mmol) was added to 5 ml of dcm. 12 (0.24 g, 1 mmol)

was dissolved in decm and added slowly at 0 °C. After the gas evolution, the solution was

stirred to rt and a-methyl styrene (0.26 ml, 2 mmol) was added. The mixture was stiired at rt

for 2 h. The solution was cooled to 0 °C, the activated carbon (5 g), NaOH (5 ml) and THF (5

ml) were added. The mixture was further stirred at rt for 4h. The mixture was filtered and the

organic layer was separated and the aqueous layer was extracted with ether (2 x 10 mL). The
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solvent was evaporated and the crude product was purified by column chromatography on

silica gel column using hexane/ethyl acetate (90:10) as eluent to isolate the alcohol 38.

2-Phenylpropanol (38)

Yield ; 0.234 g (86%); Colorless liquid QJOH

H;C

IR (neat) : (cm™) 3336, 3032, 2954, 1603, 1492, 1032, 756. 38

: Zl 3y ppm . L m’ 1 . 1 = Z’ ’
IH NMR (400 MHz, CDCls, dppm) 7.36-7.29 (m, 5H), 3.70 (d, J = 8 Hz, 2H)
2.96-2.93 (M, 1H), 1.59 (s, 1H); 1.29 (d, J = 8 Hz, 3H).

13C NMR : (100 MHz, CDCls, ppm) 143.7, 128.6, 127.5, 126.7, 68.7,42.4, 17.6

2.4.12 General procedure for oxidation of benzylamine derivatives with activated carbon

In a 25 mL RB flask, activated carbon (1 g) heated at 200 °C under high vacuum
(0.001 mm of Hg) for 2 h. After the RB flask was brought to room temperature under nitrogen
atmosphere, the contents were saturated with dry air for 1 h. To this benzylamine derivatives
(1 mmol) in THF solvent was added. The reaction mixture was further stirred for 24 h. After
that, the reaction mixture was filtered and the organic layer was evaporated. Then the NMR
was recorded for the crude compound to show the formation of both imine and benzaldehyde.
The crude reaction mixture was washed several times with EtOAc and H>O. The organic layer
extracts with EtOAc, washed with brine and then dried over anhyd.Na>SOs. Evaporate solvent
under vacuum and the crude mixture was chromatographed on silicagel using hexane:ethyl

acetate (90:10) as an eluent to give pure benzaldehyde.
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2.4.13 General procedure for preparation of polythiophene 54

Thiophene (24 mmol) was taken in CHCIsz (130 mL) under N2 atmosphere. Then
anhydrous FeClz (55 mmol) was added slowly in portions from a solid addition flask over a
period of 1 h. The mixture was stirred for 24 h at 25 °C. The dark-brown precipitate of
polythiophene was formed. The polymer was separated by filtration and washed several times
with CHCI3. The polymer was further washed with methanol to remove the residual oxidant.
The color of the polymer was changed from dark-brown to brown. The polythiophene powder

was dried in a vacuum at 50 °C for 12 h.

Yield : 2.3 g, Brown solid -
IR (KBr) : (cm) 3468, 3062, 1490, 1437, 778 695. 54

2.4.14 General procedure for reaction of polythiophene radical cation salts with NaBH4
with PPhs

In a 50 mL RB flask, polymer (1 g) and NaBH4 (0.037 g, 1 mmol) in THF (20 mL) were
added under nitrogen atmosphere. To this reaction mixture PPh3 (0.262 g, 1 mmol) was added
and the contents were stirred for 24 h. The reaction mixture was filtered and the organic layer
was separated. The solvent was evaporated under reduced pressure and the crude product was
purified on silica gel column chromatography using hexane/ethyl acetate (98:2) as eluent to

isolate pure PhaP:BHz3 as a white solid.
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2.4.15 General procedure for reaction of polythiophene radical cation salts and NaBH4
with Pyridine

In a 50 mL RB flask polymer radical cation, NaBH4 and THF (20 mL) were added
under nitrogen atmosphere. To this, pyridine was added and the contents were stirred for 24
h. The contents were filtered and the solvent was evaporated under reduced pressure to afford
the crude product of corresponding pyridine:BHs complex. The crude product was purified on
silica gel column chromatography using hexane/ethyl acetate as eluent to isolate 79% yield of

pure pyridine:BH3 complex 28 as colorless liquid.
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Re-use of re-oxidized polymer: After the reaction, the resulting polymers were filtered
and washed several times with organic solvents (THF followed by acetone) to remove
trace amounts of organic products. Then, the polymer was dried under high vacuum.
The recovered polymer was oxidized with FeCls, following the same procedure
mentioned in the experimental section. The re-oxidized polymer was reused for the
preparation of lewis base borane complexes.
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Studies on the Reaction of Amines with Quinones,

Viologens and halo compounds
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3.1 Introduction

Aliphatic and aromatic, primary, secondary and tertiary amines are known to react

with p-chloranil in dioxane/2-propanol to produce blue to purple color. Generally, aliphatic

amines gives red colour and other amines give different colours as shown in Table 1.

Accordingly, p-chloranil was used to detect the presence of amines.!

Table 1. The colours of chloranil-amine adducts

Amine Colour of adduct produced with chloranil
n-Butylamine Red
Benzylamine Red
Aniline Violet
N-Methylaniline Blue-green
N,N-Dimethylaniline Blue
p-Nitroaniline Orange
Diphenylamine Blue-green

3.1.1 SET reactions in quinone chemistry

The quinone — hydroquinone redox couple has been studied over many years.?

Quinone redox system also plays major roles in biology.® Quinones undergoes 2H*"/2e"
reduction in aqueous solution (or) in protic solvents.* The redox process of hydroquinone-

quinone is a sequence of proton and electron transfer (Figure 1). In the first step,
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deprotonation leads to 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 2. All

intermediates are resonance stabilized.

OH o o} o 0
QL0=02Q=()
OH OH OH o 0
1 Phenoxide Phenoxy Semiquinone
ion radical anion radical

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).

0 0 0
OO~
o o o

Semiquinone
anion radical

Figure 2. Quinone reduction in aprotic medium.
3.1.1.1 Addition and substitution reaction of quinones with amines

Preparation of various addition products of 1,4- benzoquinone 2 with different
substituted anilines 3 was reported (Scheme 1).°

Scheme 1
(0]

Q OH o
NHAr NHAr
@ + ANH, — o . ArNH,
ArHN
o OH o]
3 4 5

o)
2
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Reaction of p-chloranil 6 with aniline to give corresponding amino quinone 10 as a
product.® A mechanism involving the formation of aminoquinone through outer (r)-complex
8 and inner (c)-complex 9 was proposed (Scheme 2).

Scheme 2

i NH i NHz o ?
cl cl 2 cl cl | +
c NH,Ph cl NHPh
+ — e —
cl cl cl cl cl Cl -HCI ¢ cl
(0] O o o)
6 7 8 9 10

Outer (r)-complex Inner (c)-complex
p-Chloranil 6 reacts with n-butyl amine 11 by electron transfer from n-butylamine 11

to p-chloranil 6 followed by substitution reaction to give the product 14 (Scheme 3).’

Scheme 3
0 0 o 0
al cl cl o cl cl. cl NHBu-n
. NHBu-n____
+ n-BuNH, n-BuNH, | —> —
cl cl cl cl cl cl n-BuHN cl
0 0 o} 0
6 1 12 13 14

Pyrolidine 1la was also reported to react with p-chloranil 6 to give mono and
disubstituted aminoquinone 15 and 16 (Scheme 4).®

Scheme 4
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The hydride transfer from dihydroflavins 17 to 2,3-dichloro-5,6-dicynao-p-
benzoquinone (DDQ) 18 was reported.® In this case, the back electron transfer is relatively
slow and the proton transfer occurs within the radical ion pair complex 19 (Scheme 5).

Scheme 5

0 OH
22 21

U ors — PO o
20

The reaction between p-chloranil 6 and diclofenac 23 leads to the charge transfer

complex 24. This CT complex is readily converted to radical ion pairs 25 in methanol solvent

(Scheme 6).°
Scheme 6
0 NE 600@ O Ni6oc 0 NdOOC
Cl Cl cl cl CH;OH [ CI cl
e g N o =~ . AR o
Cl Cl Cl cl Cl cl
o cl o) cl 0 cl
6 23 24 25
Charge Transfer Complex radical ion pair

Tertiary amines are excellent electron donors and they strongly interact with electron
acceptors. For example, DABCO 26 reacts with p-chloranil 6 in benzene solvent to give
DABCO-chloranil 1:1 complex. The reaction of p-chloranil or p-bromanil with DABCO gives

paramagnetic species 28 in benzene or in THF solvent (Scheme 7).1
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Scheme 7
0 (o] o
N cl o N_ Cl c | N Cl cl
[%] N CT [%j diffuse [S]
N Cl o] N~ Cl cl N~ Cl Cl
0 0 o}
26 6 27 28

Charge Transfer Complex
The reaction of 2,2,6,6-tetramethylbenzo[1,2-d;4,5-d "|bis[1,3]dioxole (TMDOQO) 29
with DDQ 18 in polar solvents like acetonitrile or propylene carbonate leads to radical ion

pairs 30. The electron transfer from TMDO to DDQ is fast in polar solvents (Scheme 8).12

Scheme 8
0 " 0
(6] (0] Cl CN Ker (o] (o] Cl CN
I = 500K XX
(0] (6] Cl CN PC O (6] Cl CN
(0] O
29 18 30

L diffuse

o 0} )
><O]©[o>< ] CN
o} O Cl CN
32 31
We have decided to investigate the elctron transfer reaction of quinones with amine

donors. The mechanism and intermediates formed in these electron transfer reactions are

discussed in the next section.



3.2 Results and Discussion

3.2.1 Reaction of secondary amine with quinone acceptors

Piperidine 33 reacts with 1,4- benzoquinone 2 in DCM solvent to give
paramagnetic species by electron transfer from piperidine 33 to 1,4- benzoquinone 2. The
intensity of the epr signal decreases with time. We have also observed similar epr pattern
in PC solvent with stronger signal. The reaction of piperidine with p-chloranil 6, 1,4-
naphthaquinone 34 and 2,3-dichloronaphthaquinone 35 also gave similar results in epr

spectroscopic studies (Figure 3).

E; L i ] E; ] Wﬁwﬂfﬂ MMMMM
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Figure 3. EPR spectra of pipridine 33 with quinones (0.05 mmol) and (0.05 mmol) in
CHClI; solvent at 25 °C.

The reaction finally leads to the formation of diamagnetic 2, 5-di-piperidin-1-yl-

[1,4] benzoquinone product 38 (Scheme 9).
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Scheme 9. Electron transfer reaction of benzoquinone 2 with piperidine 33

00 - Q0] ~p§— %Q

o

Charge transfer complex
33 2 36 37

A possible mechanism for the formation aminoquinone is outlined in Scheme 10.

o ﬁi TR J@ I
oH on O
%%@ o

55% yield

Similar reaction of p-chloranil 6 with piperidine 33 gave the ion radical pairs 45
followed by charge transfer complex 46 with subsequent formation of the diamagnetic

2, 5-dichloro-3,6-di-piperidin-1-yl-[1,4] benzoquinone product 47 (Scheme 11).

Scheme 11
o o o
Cl Cl cl cl Cl Cl
O + [+ __ N
N cl N \c cl H C
¢} o) o
Charge transfer complex
33 6 45 46

A possible mechanism for the formation of aminoquinone 47 is outlined in Scheme

12.



Chapter 3 Studies on the reaction of amines..... 93

Scheme 12
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Similarly, the reaction of piperidine 33 with 1,4-naphthaquinone 34 and 2,3-
dichloronaphthaquinone 35 results in aminoquinone derivatives 54 and 55 through the
formation of paramagnetic intermediates 52 and the charge transfer complex 53 (Scheme
13).

Scheme 13

o o o) o)
X X X
- — .
- —C)(C )= J—- ]
N X N X N O
o o o] o]

Charge transfer complex
54 X = H, 65 % Yield

34X=H
33 35X =Cl 52 53 55X = Cl, 75 % Yield

Recently, it was reported that the reaction of pyrrolidine 11a with p-chloranil 6
gives the corresponding mono substituted aminoquinone 15 through polar or ionic
intermediate 56 (Scheme 14).13
Scheme 14

O
{ \ CH30N cl CID /3 + _
+\H ” Cl
20 °C 2
Cl Cl

O- 57
56



94 Results and Discussion

It was also reported that the formation C-C bond by the reaction of amine with
quinones through polar pathway is several orders of magnitude faster than that expected
for single electron transfer (SET) process. However, the epr data were not discussed by
these authors. Also, there was no discussion on the formation of charge transfer or electron
transfer complexes in the reaction between amines and quinones.

We have observed epr signal in accordance with the formation of paramagnetic
intermediates upon mixing the secondary amine with quinones. Our results clearly indicate
that electron transfer via initial cross exchange process to give the radical ion pair 45 with
subsequent formation of charge transfer complex 46 and the aminoquinone product 47
with time (Scheme 15).

Scheme 15

) o .
cl a o NH
OO0~ :
N
N c N cl cl
o o
58

Charge transfer complex

33 6 (j/ 45 cl
N Fast
H / Exchange Slow
Exchange % cl
¢l cl O

ESR Signal not observed
ESR Signal observed
Hence, the electron transfer reaction, the radical ion intermediates and charge
transfer complexes cannot be ruled out in this transformations (Scheme 15).
3.2.2 Reaction of tertiary amines with quinone acceptors
The reaction of secondary amine and quinones lead to the aminoquinone

derivatives via radical intermediates and charge transfer complexes. We have then turned

our attention towards the reaction of tertiary amines with p-chloranil.
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We have observed that the reaction of N, N-diisopropylethylamine 59 (DIPEA)
with p-chloranil 6 in PC solvent gave paramagnetic species detected by EPR spectroscopy
with g value of 2.0037 (Figure 4). The electron transfer complex was stable up to 24 h but
the intensity of the epr signal decreased with time in PC solvent (Figure 4).

The rapid formation of electron transfer and charge transfer complex was observed
upon mixing of DIPEA 59 with p-choranil 6 in PC solvent. The mixture turns to bright
green immediately. Similarly, the reaction using p-chloranil 6 with tertiary amines like
1,4-diazabicyclo[2.2.2]octane (DABCO) 26, N, N’-tetramethyl-1,4-phenylenediamine
(TMPDA) 60, N,N-diethylaniline (PhNEt2) 61 and triphenylamine (TPA) 62 also gives
paramagnetic intermediates as revealed by epr spectroscopy. The epr spectrum recorded at

different time intervals are shown in Figure 4.
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Figure 4. EPR spectra of p-chloranul 6 (0.05 mmol) and tertiary amine (0.05 mmol) in
PC solvent at 25 °C.

The reaction of DIPEA 59 with p-chloranil 6 gave the amine radical cation and
quinone radical anion pairs 63 followed by charge transfer complex 64 (CT 1). The epr
signal is mainly due to the presence of quinone radical anion 65 which may react with
neutral p-chloranil to give the corresponding CT complex, CT 2. The amine radical cation
would undergo fast exchange of electron with the neutral amine and hence does not
exhibit epr signal (Scheme 16). Similarly, the other amine donors also react with p-

chloranil to give radical ion intermediates followed by charge transfer complexes.
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Scheme 16
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The reaction of N,N-diethylaniline (PhNEt;) 61 with p-chloranil 6 gave
paramagnetic intermediates. Presumably, the initially formed amine radical cations are
slowly coupled to give the tetraethylbenzidine product 68 besides the formation of a small
amount (<5%) of the corresponding hydroguinone (Scheme 17).

Scheme 17
PN i
N cl cl ®> cl cl
(j _ N:-----
cl cl ) cl Cl
o CT1 ©
66 67
0 t
CI:¢[CI lSIow Exchange ‘ Ei(s;ha

PR signal obeerved QN} (N 2H
) K

CT3 68
EPR signal not observed

Similarly, the reaction of DIPEA 59 with p-chloranil 6 in gamma butyrolactone
(GBL) solvent gives paramagnetic intermediates which was also confirmed by epr

spectroscopy (Figure 5).
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Figure 5. EPR spectra of p-chloranul 6 (0.05 mmol) and DIPEA 59 (0.05 mmol) in GBL
solvent at 25 °C.

In all the cases, we have observed a single signal in the epr spectrum. Earlier, it
was reported® that the line broadening was observed in the epr spectra of naphthalene

radical ion by the addition of excess of naphthalene. The rate constants for electron

transfer between naphthalene radical ion and naphthalene are in the range 107-10° liters

mole™ sec.?
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Such single line broadening was also reported'® in the case of 2,3-dichloro-5,6-
dicyano-1,4-benzoquinone (DDQ) radical anion 31 with DDQ 18 with a fast exchange rate
constant of 2.5 x 10° M S and activation energy of 1.6 kcal mol™ at 23 °C. The electron
is transferred from HOMO of donor amine to the LUMO of p-chloranil acceptor. Electron
transfer leads to the formation amine radical cation and quinone radical anion. But, in epr
spectrum, we have observed only one peak for the paramagnetic complex. This indicates
that there is a fast self- exchange of electron between neutral amine with amine radical
cation.

J. K. Kochi et al reported self-exchange and cross exchange reactions between
2,2,6,6-tetramethylbenzo[1,2-d:4,5-d’]bis[1,3]dioxole 29 (TMDO) donor with 2,3-
dichloro-5,6-dicyano-p-benzoquinone 18 (DDQ) acceptor in CH2Cl (Scheme 18).1?
Scheme 18

(1) Cross exchange electron transfer process

Ker " i}
TMDO + DDQ =—— TMDO, DDQ
29 18 69

(2) Self-exchange electron transfer process

o+ KSE -+
TMDO + TMDO <——= TMDO + TMDO

29 32 32 29
—  Kee .
DDQ + DDQ <~—= DDQ + DDQ

18 31 31 18

Hence, the line-broadening of epr signals observed for the intermediates obtained
from DIPEA 59 and p-chloranil 6 can be explained by considering the electron exchange
phenomenon.

It was reported that the reaction of p-chloranil 6 with 14-

diazabicyclo[2.2.2]octane, DABCO 26 gives 1:1 charge transfer complex.!* The formation



102 Results and Discussion

of the charge transfer complex was also confirmed by UV-Visible spectroscopy and the
absorption band at 450 nm of DABCO-chloranil system was assigned to the chloranil
anion radical. Also, the formation of charge transfer complex between electron deficient
DDQ with electron rich m-system like cyclic enol ethers was reported.**® The charge
transfer absorbance band at 589 nm in UV-Visible spectroscopy indicates the formation of

charge transfer complex between DDQ and cyclic enol ethers system.

We have also examined the formation of charge transfer complex in the reaction of
DIPEA 59 with p-chloranil 6 by UV-Visible spectroscopy (Figure 6). The color change

was not observed for this diluted solution.
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Figure 6. a) UV-Vis spectra of a mixture of DIPEA 59 (1 x 10 mol L) and p-chloranil 6
(1 x 10* mol L) in PC at 25 °C. b) Expanded UV-Visible spectrum.

However, the characteristic absorbance band for chloranil anion radical was
observed at 448 nm in 5 minutes and no charge transfer absorption band appears at that
time. The new absorbance band developed slowly with time beyond 500 nm can be
assigned to the absorption of the charge transfer (CT) complex 64, because neither p-

chloranil 6 nor DIPEA 59 absorbed in this region. The UV-Visible spectrum is shown in
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Figure 6. We have also recorded the UV-Visible spectrum of solution of N, N-
diethylaniline 61 (1x10%) and triphenyl amine 62 (1x107%) with p-chloranil 6 (1x10*) at

different time intervals. The results are shown in Figure 7.
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Figure 7. (a) and (c) UV-Vis spectra of a mixture of PhNEt, 61 (1 x 10 mol L) and
TPA 62 (1 x 10 mol L) with p-chloranil 6 (1 x 10 mol L) in PC at 25 °C. (b) and (d)

Expanded UV-Visible spectrum.
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We have also performed the reaction of DIPEA 59 with weak acceptors such as
1,4-benzoquinone (BQ) 2 and naphthoquinone (NQ) 34 also gave weak epr signal

corresponding to paramagnetic intermediates formed in the reaction (Figure 8).
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Figure 8. EPR spectra of 1,4- benzoquinone 2 and naphthoquinone 34 (0.05 mmol) with
DIPEA 59 (0.05 mmol) in PC solvent at 25 °C.

It was reported that use of polar solvents in the bimolecular interaction of DDQ 18

with TMDO 29 increases the diffusive separation of radical ion pairs (Scheme 19). °
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Scheme 19
KeT o+ .
TMDO + DDQ TMDO , DDQ
29 18 69

Hence, we have also reacted the amine DIPEA 59 with p-chloranil 6 (1:1 ratio)
under neat condition. Interestingly, addition of drop of polar solvents like PC or N-methyl
pyrrolidone (NMP) to the paramagnetic complex leads to increase in the strength of epr

signal. The results are shown in Figure 9.
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Figure 9. EPR spectra of p-chloranil 6 (0.05 mmol) and DIPEA 59 (0.05 mmol) in neat
condition at 25 °C (a) at 5min (b) at 1 h (Intensity 10 to -10) (c) After addition of NMP
(d) at 1 h (Intensity 500 to -500).

Presumably, the addition of polar solvents increases the concentration of
paramagnetic intermediates due to the diffusive separation of ion pairs leading to more

intense epr signal.
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The nature of the paramagnetic species observed in the reaction and the reason for
the decrease in epr signal intensity with time is not clearly understood. Presumably, a
diamagnetic 1, 4-addition product could be formed as the reactivity of the tertiary amine
and secondary amine is expected to be similar or the initially formed ion pair
intermediates are slowly converted to the charge transfer complex that may lead to

decrease in epr signal intensity (Scheme 20).
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3.2.3 Reaction of tertiary amine with p-chloranil 6 under neat condition

We have also reacted N, N-diisopropylethylamine 59 (DIPEA) with p-chloranil 6
under the neat condition (without solvent). The paramagnetic species formed were
detected by epr spectroscopy with g value of 2.0031. In this case, an increase in the epr
signal was observed with time. Presumably, the electron transfer reaction of p-chloranil
and DIPEA will be slower under neat condition. Also, the reaction of DIPEA derivatives
like N-benzyl-N-isopropylpropan-2-amine 73, N, N-diisopropyl-2, 2-dimethylpropan-1-

amine 74 and N,N-diethylaniline 61 with p-chloranil 6 gave the paramagnetic
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intermediates under neat condition. The epr signal changes with time are shown in Figure

10.
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Figure 10. EPR spectra of p-chloranil 6 (0.05 mmol) and amine (0.05 mmol) in neat

condition at 25 °C.
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Interestingly, the epr signal strength increased with time, whereas under solvent
condition (Figure 4) the signal strength decreased with time. Presumably, the formation of
radical ion pairs is slow under neat condition. However, the epr signal at 5 minutes in PC
is much stronger (DIPEA 59, Figure 4) indicating the presence of more amounts
paramagnetic species in the polar solvent.

3.2.4 Reaction of 2,2,6,6-tetramethylpiperidine derivatives 76 with p-chloranil

Synthesis of polymeric amine

We have synthesized polymers containing amine as a pendant group through
transesterification of PMMA (polymethylmethacrylate) 75 using 4-hydroxy-2,2,6,6-
tetramethylpiperidine 76a. The polymer 76b is also readily converted to the corresponding
TEMPO derivative 77 (Scheme 21). The prepared radical polymer PTMA 69 was
characterized by epr spectroscopy with g value of 2.0063 (Figure 11). The epr of prepared
PTMA radical is in accordance with the reported epr signal .8

Scheme 21
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Figure 11. EPR spectra of synthesized PTMA radical polymer 77

The present method for the preparation of PTMA radical polymer 77 is simple and
convenient compared to the methods available in the literature.!” Previously, the PTMA
77 was synthesized by the polymerization of 2,2,6,6-tetramethylpiperidine methacrylate
monomer 79 followed by the oxidation of the precursor secondary amine polymer 76b
(Scheme 22).18 An advantage of the present method is that commercially available PMMA
samples with different molecular weight can be utilized in the preparation of different
polymeric derivatives.

Scheme 22
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The PTMA 77 has the nitroxide radical 2,2,6,6- tetramethyl-1-piperidinyloxy

(TEMPOQO) as repeating unit. TEMPO possesses good chemical stability because of
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resonance structures and steric protection of the radical center. TEMPO and PTMA 77
polymer exhibit reversible oxidation-reduction behavior in aprotic solvents. On oxidation
of the nitroxide radical, the p-type doping occurs in a reversible manner and the
oxoammonium cation is formed. The existence of such a redox couple of radical makes
PTMA 77 an attractive cathode-active material for use in lithium batteries.!® As PTMA 77
is an electrical insulator, the addition of a suitable conductive material in the cathode
composition is essential for effective transport of charges.?’ The PTMA 77 is thermally
stable at high temperature. This radical concentration remains unchanged for over one year
under ambient conditions. This polymer displays appropriate solubility in organic

solvents.

We have also observed that the reaction of sterically hindered 2,2,6,6-
tetramethylpiperidine derivatives 76 with p-chloranil 6 in PC solvent gave the

paramagnetic species 80 (Scheme 23).
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Interestingly, the reaction of the polymeric amine derivative 76b with p-chloranil 6

gave moderately stable paramagnetic intermediates. In all these cases, we observed a

triplet signal in the epr spectroscopy corresponding to amine radical cation (Figure 12).
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Figure 12. EPR spectra of p-chloranul 6 (0.05 mmol) and 2,2,6,6-tetramethylpiperidine
derivatives 76a, 76b and 76¢ (0.05 mmol) in PC solvent at 25 °C.

However, even in the reaction of sterically hindered 2,2,6,6-tetramethylpiperidine
with p-chloranil decrease in the strength of epr signal was observed with time.

Presumably, complex formed here is outer-sphere in nature and not affected by the steric

hindrance by the methyl groups.
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The charge-transfer complex 96 of N,N,N',N'-tetramethyl-p-phenylenediamine
(TMPDA) 4 with p-chloranil 12 was reported.?* It was proposed that such complex
interchanges reversibly with radical ion pairs (Scheme 25).22 Also, in solid state the
TMPDA-p-chloranil complex was diamagnetic in nature.”> We have observed that in this
case also the epr signal strength decreases with time in PC solvent (Figure 4).

Scheme 25

~SNT 0 N o

cl cl Ko, cl cl

+ B

Cl Cl solvent cl cl

N 0 N (o]
60 6 87 65

charge transfer complex
diamagnetic in solid state

3.2.5 EPR Studies of aminoquinone

The aminoquinones (38, 47, 54 and 55) were prepared by the reaction of piperidine
with corresponding quinone in CH:Cl> solvent. We have already discussed that the
aminoquinones are formed by electron transfer mechanism and the paramagnetic
intermediates were confirmed by epr spectroscopy.

Scheme 26
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The aminoquinones behave as both donor and acceptor when present in the same
molecule. Interestingly, we observed a weak epr signal for aminoquinones in the solid
state but did not observe epr signal when aminoquinone was dissolved in CH2Cl> solvent
(Scheme 26). Presumably, one of the aminoquinone molecule acts as a donor and another
acts as an acceptor in solid state leading to single, broad and weak epr signals (Figure 13).
Presumably, the epr signal observed may be in contact between donor site with acceptor

site in the solid state which might disappear in solvent and hence no epr signal in solution.
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Figure 13. EPR spectra of aminoquinone in solid state at 25 °C (The aminoquinone solid (5

mg) was taken into epr tube and epr spectrum was recorded).

3.2.6 Attempt towards the electron transfer reaction of amines with halo compound
acceptors

We have already discussed the results of the reaction of amines with quinone
acceptors. The electron transfer readily takes place from donor amine to acceptor quinone
leading to the formation of corresponding radical cation — anion pair as confirmed by epr

spectral analysis.
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Electron donor acceptor complexes and charge transfer interactions of amines with
tetrahalomethanes were reported.?* For example, DABCO 26 and quinuclidine 91 gives 1:|
donor-acceptor (DA) complex with tetrahalomethanes. Also, crystal structures were
reported for the of 1:I complex of DABCO and quinuclidine with CBrs 92. The
photochemical reaction of the DABCO-CBr4 charge transfer complex leads to formation
of radical ion intermediates (Scheme 27).

Scheme 27

[\, hVCT & _ .
[’\é<\7 CBT4 i)g_\N\____Br_eBr E=d [’11\7 Br CBF3

[,\é(J + CBry

92 93 95

X=N DABCO (26)

X=CH Quinuclidine (91)

Similarly, electron donor acceptor complexes and charge transfer complexes of
carbon tetrabromide, CBrs 92 and bromoform, CHBrs 96 with various donors such as
halides, pseudohalide anions, aromatic hydrocarbons and aromatic compounds containing
nitrogen and oxygen centers were reported.? Hence, we have studied the electron transfer
reaction of sterically hindered amines with halometahne.

We have observed a weak epr signal for ion-pairs when the amine and halo
compounds are reacted together. Previously, de Meijere et al. prepared the triisopropyl
radical cation by the oxidation of triisopropylamine with SbFs in CH2Cl> solution at 195K
which gave the hyperfine epr spectrum.?® They also noted that this radical cation has
unusual thermodynamic and kinetic stability.?® Also, these authors concluded that
trialkylamine with at least two isopropyl substituents would lead to nearly planar structure
for the corresponding radical cation, thus making it more stable.

We have briefly studied the electron transfer interaction of amines such as DIPEA

59, 2,2,6,6-tetramethylpiperidin-4-ol 76a and polymeric 2,2,6,6-tetramethylpiperidine
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derivative 76b with halo compounds like CH2Cl> 97, CH2Br2 98 and CHCI3 99 by epr
spectroscopy.

The reaction of DIPEA 59 and dichloromethane CH2Cl, 97, CH2Br; 98 and CHCl3
99 at room temperature gave very weak epr signals in epr spectroscopy (Figure 12). In
these cases, we have scanned the spectra 10 times to get a clear epr signal. The epr

spectrum with different time intervals are shown in Figure 14.
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Figure 14. EPR spectra of DIPEA 59 and CH:Cl, 97, CH2Br2 98 and CHCl3 99 at 25 °C
(Number of scans = 10).

The epr signal observed here due to the presence of amine radical cation and the
signal due to the dichloromethane, dibromomethane and chloroform radical anions were
not observed. Presumably, these radical anions may undergo fast exchange with the
corresponding neutral species and hence do not give epr signal (Scheme 28).

Scheme 28
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100
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In all these cases, weak hyperfine splitting was also observed in epr spectroscopy.
The reaction of N, N-diisopropylethylamine, DIPEA 59 with acceptors such as CH2Cl» 97,
CH2Br, 98 and CHCl3 99 gives a weak hyperfine splitting by the interaction of the radical
cation present on nitrogen with two methylene 8 — protons of ethyl or isopropyl substituent
of the radical cation.

We have also performed reaction with other donor amines N, N-diethyl aniline 61

and triphenyl amine 62 with halo compounds, but we did not observe the presence of
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paramagnetic intermediates. Presumably, these relatively weak amines do not undergo
electron transfer reactions with CH2X> compounds.

Also, we have observed that the sterically hindered amine 2,2,6,6-
tetramethylpiperidin-4-ol 76a reacts with CH2Cl, 97, CH2Br, 98 and CHCIs 99 to give a
triplet signal in epr spectroscopy indicating the formation of corresponding 2,2,6,6-

tetramethylpiperidin-4-ol radical cation (Figure 15).
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Figure 15. EPR spectra of 2,2,6,6-tetramethylpiperidin-4-ol 76a and CH.Cl, 97, CH2Br>
98 and CHCI3 99 at 25 °C (Number of scans = 5).

Hence, the electron transfer reaction of 2,2,6,6-tetramethylpiperidin-4-ol 76a with
halomethane can be rationalized by the formation of ion radical pairs followed by charge
transfer complex 103 (Scheme 29). Interestingly, the epr signal strength increases with
time. As expected, the reaction with sterically hindered amine may be slow with more
amounts of paramagnetic species formed with time (Figure 15). However, formation of
charge transfer complex of the type 103 is equilibrium with paramagnetic radical ion

cannot be ruled out.
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Scheme 29
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We have also carried out similar electron transfer reaction with polymeric
derivative of 4-hydroxy-2,2,6,6-tetramethylpiperidine 76b with CHCl, 97 and CH2Br, 98
and obtained evidence for paramagnetic species with triplet epr signal (Figure 16). In these
cases also, subsequent formation of the corresponding charge transfer complexes of the

type 105 cannot be ruled out.
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Figure 16. EPR spectra of polymeric 4-hydroxy-2,2,6,6-tetramethylpiperidine 76b and

CH2Cl> 97 and CH2Br, 98 at 25 °C (Number of scans = 5).
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The electron transfer reaction may be rationalized as outlined in Scheme 30.

Scheme 30

H
N ¥ H
+ CH)Cl, ==—= Y D Tl
o o CH,Cly *CH,Cl,

76b 97 104 105

—~ VR

ClL,CH, CH,Cl, =—= Cl:CH, CH,Cl

The reaction of 4-hydroxy-2,2,6,6-tetramethylpiperidine 76a and polymeric
derivative of 4-hydroxy-2,2,6,6-tetramethylpiperidine 76b with CH>Cl, 97, CH2Br» 98 and
CHCIs 99 gives triplet in epr spectroscopy but there is no hyperfine splitting due to
absence of # — hydrogen in the corresponding amine radical cation.
3.2.7 Preliminary studies on electron transfer reaction of amines with viologen
acceptors

Viologens are 1,1’-disubstituted-4,4’-bipyridinium salts. Michaelis first reported
the electrochemical behaviour of this class of compounds which possess excellent
photoelectrochromic properties.?’” The viologens are electron acceptors and are widely
used as herbicides and for electron mediation in photosynthesis,?® in electrochromic
display devices,? in organic electrical conductors,® in chemically modified electrodes,
for solar energy storage and photocatalytic reduction of water to hydrogen.®? The
viologens were originally investigated as redox indicators in biological studies. Their

electrochemically reversible behaviour and the marked colour change between the
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oxidation states, make the viologens as favored candidates for electrochemical display
devices as alternative to LEDs and LCDs.?° The viologens exist in three main oxidation
states as shown in Figure 17.

R-N. CON-R 2 N - 3 _ -
W —RN )< NR R-N N-R

2X X -
(bipm 2% (bipme+) (bipm ©)
106 107 108

Figure 17. Three common bipyridinium redox states.

Reductive electron transfer to viologen dications 106 gives stable radical cations
107 (Figure 15) due to electron delocalization throughout the n-framework of the bipyridyl
nucleus. Whereas the bipyridinium dication salts are normally not coloured, the viologen
radical cations are intensely coloured, with high molar absorption coefficients. This is due
to charge transfer between the +1 and 0 valent nitrogens.

The reaction of viologen derivatives with amine gives a rapid color change by the
formation of electron transfer and charge transfer between viologen derivatives and amine,
which is useful for the detection of amines.®® The reaction of viologen molecules with N,
N-dimethylformamide (DMF) generates an organic dopant for molybdenum disulfide
(MoS2) in metal-oxide-semiconductor field-effect-transistor (MOSFET).3* Polyviologen
are well known material useful as an interfacial layer and cathode buffer layer in polymer
solar cell.*®

Previously, we have studied the electron transfer reaction of an acceptor p-
chloranil with donor amines. Hence, preliminary studies were undertaken on reaction of
amine donors with other acceptors such as viologen derivatives. Hence, we have decided
to examine the possibility of electron transfer reaction between viologen acceptor with

readily accessible amines. We have prepared a series of viologen derivatives 111 by the
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reaction between 4,4’-bipyridyl 109 and alkyl halide 110 in DMF solvent following a
closely related reported procedure (Scheme 31).%

Scheme 31

7 \ R-Br 110
NN N\ RN N W-r
= = DMF, 80 °C, 12 h = =/ Br

Br

109 111
110a (R = -CH,Ph) 111a = 91% yield
110b (R = n-butyl) 111b = 96% yield
110c (R = n-pentyl) 111¢ = 92% yield
110d (R = n-hexyl) 111d = 92% yield
110e (R = n-octyl) 111e = 90% yield

We have also synthesized the 1, 4-dipyridyl benzene 115 via preparation of
synthesizing 1, 4- phenylenediboronic acid 113 followed by Suzuki coupling with 4-
bromo pyridine 114 (Scheme 32).%’

Scheme 32

Br4<\3N 114
1. Mg, THF, oH /
BrOBr reflux, 24 h HO\BOB/ PA(PPhs)/Na;COs 77\ =\
2.B(OMe);, -70°C, HG X N\

OH  THF/MeOH/H,0 —

Et,0,4.5h 61% y 80°C, 24 h 52% yield
112 3. 1,12 h, 13 115
1.5 N H,S0,

Similarly, the 1,4-dipyridyl benzene 115 was readily converted to extended

viologen 116 by reaction with 1-bromo butane in DMF solvent (Scheme 33).

Scheme 33
N2 =\ 1-bromo butane Br F\(/ \> < > <\_/:N+ Br
— \_/ DMF, 80 °C, 12 h /—F — \—\
86% yield
115 116

We have investigated the reaction of the viologen salt such as benzyl viologen
111a with various readily accessible electron donor amines to examine the electron

transfer by epr studies. The epr studies of viologen compound with different amines were
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carried out by PC and methanol solvent. In the case of reaction of benzyl viologen 111a
with amines like diphenyl amine 118, N, N-diethyl aniline 61 and triphenyl amine 62 no
epr signal was observed (Table 2, entries 2, 8 and 10). The reason may be the weak donor
nature of amines as the lone pair of electrons on the nitrogen atom are delocalised in the
aromatic ring, which is unavailable for electron transfer to viologen acceptors. Also, it
indicates that viologen is a weak acceptor and it can interact only with strong amines.

Table 2. EPR of benzyl viologen 102a with various amines in methanol solvent?

Entry Acceptor Donor EPR spectra
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8EPR experiment were carried out by mixing amine (0.2 mmol) with benzyl viologen 111a (0.2 mmol) in

methanol. The mixture was taken into epr tube and recorded the spectra at 25 °C.
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Similarly, we have studied the reaction of benzylviologen 111a with different
amines in PC solvent. In this case, we have observed weak epr signal in the reaction of
benzylamine 117, N, N-diisopropylethylamine 59 and triethyamine 120 with benzyl
viologen acceptor (Table 3, entries 1,3,5). The weak epr signal or no signal also indicates
that the paramagnetic intermediates are formed to lesser extent due to heterogeneous
nature of the reaction due to poor solubility of viologen in PC solvent. Alternatively, the
reason for weak epr signal may be also due to disproportionation of the viologen radical

cation to give back the starting viologen (Scheme 34).

Scheme 34
+/— - +/— —/\ + —\__/—
X 2X
107 106 108

Table 3. EPR of benzyl viologen with various amines in PC solvent?
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8EPR experiment were carried out by mixing amine (0.2 mmol) with benzyl viologen 111a (0.2 mmol) in

PC. The mixture was taken into epr tube and recorded the spectra at 25 °C.
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Electrochemistry of viologen were reported extensively.® The high resolution epr
spectra of photochemically generated viologen radical cation derivatives in ethanol-water
system has been also reported.*

Here also, we have observed a epr signal only for viologen radical cation formed in
the reaction of benzyl viologen with amines. The amine radical cation formed after
electron transfer to viologen would undergo fast electron exchange with the neutral amine
and hence may not show epr signal (Scheme 35).

Scheme 35

Ph

NN \ BT Ph Br,/— — .
_/ . N~ PhCH,NH
/—N<\:/>—<:/N + PhCH,NH, Ph/_N\ = 2NH,

Br

111a 117 123

2Br on J l
+/7 T\t 7~
_/ - "
/_NC/>_<\:/\N Br, — — Ph PhCH,NH, :NH,CH3Ph
. -0

T O |

/N — N~ e ]
PR = = PhCH,NH,  NH,CH,Ph
We have investigated the electron transfer reaction of acceptors like quinones,
halomethanes and viologens with amine donors. Also, we proposed tentative mechanisms
for the formation of paramagnetic intermediates in these reactions in accordance with epr
spectroscopic studies. Among the acceptors studied, p-chloranil which has a very high
electron affinity (EA=2.78 eV) gives strong epr signals with donor amines. The

electrochemistry of quinone is also well studied and hence we have selected the p-

chloranil as an acceptor for studies on the construction of organic electrochemical cell
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based on electron transfer reaction with tertiary amines. The results are discussed in the

next chapter.
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3.3 Conclusions

We have investigated the electron transfer reaction of quinones with piperidine. The
corresponding aminoquinone was formed in good yield (55% to 75%) via the corresponding
radical ion intermediates. The formation of paramagnetic intermediates were confirmed by
epr spectroscopy.

i iy i O
Cl cl cl cl Cl Cl N cl
(Nj +Clj¢ic":‘@ CI:¢[CI T H c c mjfs:[N
H (e} o 0 Q

O
Charge transfer complex

We have also studied the reaction of tertiary amines like N, N-disopropylethylamine,
N, N-diethylaniline, triphenylamine, N-benzyl-N-isopropylpropan-2-amine and N, N-
diisopropyl-2, 2-dimethylpropan-1-amine with p-chloranil acceptor. We have observed that
electron transfer from amine donor to quinone acceptor was fast. The formation of ion pair
intermediates and charge transfer complexes were confirmed by epr and UV-Visible
spectroscopic studies. The epr analysis of the intermediates formed in PC solvents indicate
that the initially formed ion pair by electron transfer from donor to acceptor are converted to
charge transfer complexes in equilibrium with small amounts of radical ions. The epr signal
corresponds to the presence of quinone radical anion and the amine radical cation signal does

not apperar as it undergoes fast self-exchange with another amine.
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We have developed a simple method for the preparation of polymers containing amine
as a pendant group through the reaction of PMMA (polymethylmethacrylate) and 4-hydroxy-
2,2,6,6-tetramethylpiperidine. The sterically hindered polymeric 2,2,6,6-tetramethyl-4-
piperidinol product reacts with p-chloranil to give radical ion intermediates followed by
charge transfer complex. The radical ion intermediates gave triplet signal in epr spectroscopy
which corresponds to the presence of amine radical cation. Similar results were also obtained
in the reaction of 4-hydroxy-2,2,6,6-tetramethylpiperidine and 2,2,6,6-tetramethylpiperidin-4-

one with p-chloranil.

n - n
}ﬁn ] J/ﬁ ] J&i O
0 (0] Cl Cl 0 (0] cl cl (0] (@] cl cl
+ _— —_—
Q c c 7(5( cl cl Qm cl
o] ! N
N N (0]
H H ° H
Charge transfer complex

We have briefly studied the reaction between N, N-diisopropyl ethylamine, DIPEA
with CH2Cl2, CH2Br, and CHCIz. The formation of paramagnetic intermediates were

confirmed by epr spectroscopy. The epr signal with very weak hyperfine splitting for the
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nitrogen radical cation was observed. We have also investigated the reaction of 2,2,6,6-
tetramethylpiperidin-4-ol and polymeric 2,2,6,6-tetramethylpiperidine derivatives with
CHClz, CH2Br2 and CHCls. Similar paramagnetic intermediates with triplet epr signal were
observed. The results indicate that the halogenated solvents also behave like acceptor in the
presence of strong amine donors.

/LNJ\ + CHX, =—= {/LN*J\ EH2X2]
N X=Cl, Br K

H H
o *CHX, <=— CHXp | = {j CH,Cl,

(@]
n \b;[\/}\

n

-

We have also studied the reaction of viologen acceptors with different amines. Again,
the formation of paramagnetic intermediates was confirmed by epr spectroscopy. The
releatively weak aromatic amine donors did not undergo electron transfer reaction with

viologen derivatives.
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3.4 Experimental Section

3.4.1 General Informations

IR (KBr) and IR (neat) spectra were recorded on JASCO FT-IR spectrophotometer
model-5300. The NMR spectra *H (400 MHz) and **C (100 MHz) were recorded on Bruker-
Avance-400 spectrometers chloroform-d as solvent. Chemical shifts are expressed in o
downfield with respect to the signal of internal standard tetramethylsilane (6 = 0 ppm).
Coupling constants J are in Hz. EPR spectra was recorded on a Bruker-ERQ073 instrument
equipped with an EMX micro X source for X band measurement using Xenon 1.1b.60
software provided by the manufacturer. Thin layer chromatography tests were carried out on
pre-coated glass plates using silica gel-GF2s4 containing 13% calcium sulfate as binder. The
spots were visualized by UV light or exposure to iodine. Gravity column chromatography was
used for the separation of compounds using silica gel (100-200 mesh) as stationary phase. 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.

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
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 K.CO3 and concentrated on Heidolph-EL-rotary evaporator.
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p-Chloranil, N, N-diisopropylethylamine (DIPEA), 1,4-diazabicyclo[2.2.2]octane
(DABCO), diisopropylamine, benzyl bromide, m-CPBA, dibenzylamine and N-
methylpyrolidine were purchased from Avra chemicals (India). P-benzoquinone (BQ), 1,4-
naphthaquinone, 2,3-dichloronaphthaquinone, triphenylamine (TPA), N,N’-tetramethyl-1,4-
phenylenediamine (TMPDA), PMMA, 4-hydroxy-2,2,6,6-tetramethylpiperidine, 2,2,6,6-
tetramethylpiperidin-4-one, propylene carbonate and 4,4’-bipyridyl were purchased from
Sigma Aldrich. CH2Cl,, CH2Br;, CHCls, tributylamine, trimethylamine and N,N-

diethylaniline were purchased from Merck, India.

3.4.2 General procedure for preparation of aminoquinones

In a 50 mL RB flask, corresponding quinones (5 mmol) was dissolved in DCM (30
mL) solvent and piperidine (10 mmol) was slowly added for 5 min. The reaction mixture was
stirred at room temperature for 12 h. Then the reaction mixture was concentrated under
reduced pressure and 100 mL of ether was added to precipitate out the polar impurities and it
was removed by filtration. The filtrate was diluted with water and the organic layer was
separated. The organic layer was washed with saturated NaCl solution and the solvent was
evaporated under reduced pressure. The residue was chromatographed on a silica gel (100-
200) column to isolate the corresponding aminoquinones.

2,5-di-piperidin-1-yl-[1,4] benzoquinone 38

Yield : 0.754 g (55%); Brown solid G o
N

mp :167-170 °C ¢\®

IR (KBr) : (cm™) 2926, 1621, 1545, 1216, 1189, 756. | 38
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IH NMR (CDCls)  : (400 MHz, CDCls, § ppm) 5.53 (s, 2H), 3.54 (s, 8H), 1.60-1.71 (m,
12H).

13C NMR (CDCls)  : (100 MHz, CDCls, 5 ppm) 182.5, 153.2, 105.5, 50.4, 25.8, 24.3.

2,5-dichloro-3,6-di-piperidin-1-yl-[1,4] benzoquinone 47

Yield : 1.283 g (75%); Dark brown solid O 1 o
s
47

mp 1 110-115 °C

IR (KBr) : (cmt) 2926, 1685, 1605, 1470, 745.

IH NMR : (400 MHz, CDCls, & ppm) 3.49 (s, 8H), 1.7 (s, 12H)

13C NMR : (100 MHz, CDCls, & ppm) 176.0, 149.3, 116.9, 53.2, 26.9, 24.0

2-piperidin-1-yl-[1,4] naphthaquinone 54

Yield 0.783 g (65%); Black solid O
mp  82-85 °C I ! )
54

IR (KBT) : (cm™) 2941, 1675, 1559, 1243, 780.

IH NMR : (400 MHz, CDCls, § ppm) 8.02-7.95 (m, 2H), 7.66-7.60 (m, 2H), 6.00
(s, 1H), 3.48 (s, 4H), 1.7 (s, 6H)
13C NMR : (100 MHz, CDCls, § ppm) 183.5, 183.4, 154.1, 133.7, 132.9, 132.5,

132.2, 126.5, 125.4,110.4,50.4, 25.7, 24.3
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2-chloro-3-(piperidin-1-yl)naphthalene-1,4-dione 55

Yield : 1.031 g (75%); Orange solid O al
mp . 89-92 °C l *O “O
55

IR (KBr) . (cmt) 2933, 1645, 1557, 1276, 717.

IH NMR : (400 MHz, CDCls, 5 ppm) 8.19-8.22 (m, 1H), 8.11-8.13 (d, 1H), 7.91-
8.0 (d, 1H), 7.81-7.83 (m, 1H), 3.54-3.56 (m,4H), 1.73-1.78 (m, 6H)
13C NMR : (100 MHz, CDCls, 5 ppm) 182.0, 176.0, 150.8, 134.6, 133.9, 131.7,
131.5,127.8, 126.8, 52.9, 26.8, 24.1.
3.4.3 Procedure for preparation of N-benzyl-N-isopropylpropan-2-amine 73
In an oven dried RB flask N, N-disopropyl amine (10 mmol, 1.14 ml) was dissolved in
CH3CN solvent. Then potassium carbonate, KoCO3z (50 mmol, 6.9 g) was mixed with the
above solution. Then benzyl bromide (10 mmol, 1.2 ml) was added slowly to the mixture and
it was heated to around 70 °C for 12 h. Then the reaction was filtered and the filtrate was
evaporated under reduced pressure. Then it was dissolved in DCM and water was added to the
reaction mixture. The organic layer was separated, dried over Na,SO4 and evaporated. The
corresponding crude product was purified by column chromatography on silica gel (100-200)
using hexane and ethyl acetate as eluent to isolate pure amine 73 as product.

N-benzyl-N-isopropylpropan-2-amine 73

Yield : 1.432 g (75%); Colorless liquid ANJ\

IR (neat) - (cm™) 3083, 2962, 2869, 1601, 1493, 1256, 1177, ©
73

1024, 952, 820, 750, 694.
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IH NMR : (400 MHz, CDCls, 5 ppm) 7.44-7.42 (m, 2H), 7.34-7.30 (m, 2H),

7.25-7.21 (m, 1H), 3.69 (S, 2H), 3.10-3.03 (m, 2H), 1.07-1.06 (m, 12H)

BBC NMR : (100MHz, CDCls, 6 ppm) 143.2, 127.9, 127.8, 126.1, 48.9, 47.7, 20.7
3.4.4 Procedure for the preparation of N, N-diisopropyl-2, 2-dimethylpropan-1-amine 74

In an oven dried RB flask, N, N-diisopropylpivalamide (20 mmol) was taken in THF
solvent cooled to 0 °C under N2 atmosphere and NaBH4 (50 mmol, 2 g) was added. lodine (25
mmol, 6.35 g) in THF (10 ml) was addend slowly during 15 min. Then, the reaction was
refluxed for 12 h. The reaction was quenched with water. The solvent was evaporated and
residue was taken in dry ether. 3N NaOH solution added to this and amine was extracted in to
ether. The organic layer was washed with brine and dried over anhydrous Na>SOs. The
organic layer was evaporated to get crude amine which was purified by column
chromatography on silica gel (100-200) using hexane and ethyl acetate as eluent to isolate
pure amine 74 as product.

N, N-diisopropyl-2, 2-dimethylpropan-1-amine 74

Yield : 1.710 g (50%) Colorless liquid
IR (neat) - (cm™) 2967, 2811, 1477, 1468, 1209, 1152, A N¢
1113, 1046, 990, 713. i
IH NMR : (400 MHz, CDCls, & ppm) 3.02-2.90 (m, 2H), 2.20 (S, 2H), 1.0-0.9

(m, 12H), 0.88-0.87 (m, 9H).

13C NMR : (100 MHz, CDClgs, & ppm) 6: 57.3, 49.0, 32.4, 28.8, 21.3.
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3.4.5 Procedure for preparation of PTMA polymer 77

In an oven dried RB flask, PMMA 75 (5 mmol, 0.5 g) was dissolved in THF solvent.
Then, 4-hydroxy-2,2,6,6-tetramethylpiperidine 76a (6.3 mmol, 1 g) was added to the
dissolved polymer. Then the mixture was heated to around 70 °C for 2 h. Then the reaction
was distilled out to get a crude polymer. The polymer was dissolved in DCM and water was
added to the reaction mixture. After work up, the organic layer was separated, dried over

Na>SO4 and evaporated to give the 79% yield of polymer 76b.
n
J/oﬁo J/XO
7(,5( %jf
H (0]
76b

77
The polymer 76b (4 mmol, 0.906 g) was dissolved in THF solvent. The m-
chloroperoxybenzoic acid, m-CPBA (7 mmol, 1.2 g) in THF solvent was added slowly at 0
°C. The reaction mixture was slowly changed to red colour and it was further stirred at rt for
18 h. Then the solvent was removed under reduced pressure. Then the crude polymer was
dissolved in DCM. Then 10% of sodium sufite and 5% sodium bicarbonate were added to
remove excess m-CPBA. The organic layer was separated, dried over Na>SOs4 and evaporated
to give the 84% yield of polymer 77.
3.4.6 General Procedure for the preparation of viologen derivatives

In an oven dried RB flask, 4, 4 -Bipyridyl 109 (5 mmol) was added and dissolved in

DMF (30 mL) solvent. The corresponding aryl or alkyl bromide 110 (12 mmol) was slowly
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added for 5 min. The reaction mixture was heated at 80 “C for 24 h. Then the reaction mixture
was cooled to room temperature and the resulting yellowish solids were filtered. The solids
were poured into dehydrated diethyl ether for washing. The corresponding viologen powder
product was collected and dried. The dried product was washed twice with diethyl ether to
remove the reactants. Then the resulting viologen salts 111 were dried in vacuum at room
temperature.

1,1°-Dibutyl-4,4’-bipyridinium dibromide 111b

O~
20!

9@ — —\ @ 8P
Yield : 2.05 g (96%); /_F “@‘@“\j

111b

IR (KBr) : (cm'?) 2931, 1638, 1501, 1238, 1178, 832.

IH NMR : (400 MHz, D20, & ppm) 9.07-9.05 (d, 4H), 8.49-8.48 (d, 4H), 4.75
4.70 (t, 4H), 2.02-1.99 (m, 4H), 1.36-1.34 (m, 4H), 0.94-0.89 (t, 6H)

13C NMR : (100 MHz, D20, § ppm) 150.0, 145.5, 127.0, 62.0, 32.6, 18.8, 12.7.

1,1°-Dipentyl-4,4’-bipyridinium dibromide 111c

2o

Yield © 210 g (92%): Iﬁ%@}@@a
IR (KBr) - (em) 2931, 1638, 1506, 1232, 1178, 832. e
IH NMR . (400 MHz, D20, 5 ppm) 9.06-9.04 (d, 4H), 8.49-8.47 (d, 4H), 4.74-

4.66 (t, 4H), 2.02 (m, 4H), 1.31-1.29 (m, 8H), 0.83-0.80 (t, 6H)
13C NMR : (100 MHz, D20, & ppm) 150.0, 145.4, 12.9, 62.2, 30.3, 27.4, 21.4,

13.0.
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1,1°-Dihexyl-4,4’-bipyridinium dibromide 111d

. O — — o
Yield 1 2.23 g (92%); r/}%@_@@i\j
IR (KB)  (cm™) 2926, 1638, 1512, 1232, 1178, 832. 111d

1H NMR : (400 MHz, D20, § ppm) 9.08 (d, 4H), 8.52 (d, 4H), 4.69 (t, 4H), 2.04

(m, 4H), 1.32 (m,12H), 0.83-0.81 (t, 6H)
13C NMR © (100 MHz, D0, & ppm) 150.0, 145.4, 127.0, 62.3, 34.6, 30.6, 24.9,

21.8,13.2.

1,1°-Dioctyl-4,4’-bipyridinium dibromide 111e

3 B/ =\ B
Yield : 2.30 g (90%); //@@MXLH
IR (KBr) : (cm'!) 2915, 1638, 1512, 1238, 1172, 832. 111e

IH NMR : (400 MHz, D20, § ppm) 9.08 (d, 2H), 8.51 (d, 2H), 4.69 (t, 4H), 2.04

20

(m, 4H), 1.32-1.21 (m, 20H), 0.80 (t, 6H)
13C NMR : (100 MHz, D0, & ppm) 150.0, 145.4, 127.0, 62.3, 30.9, 30.6, 28.1,
28.0, 25.2, 22.0, 13.4.
3.4.7 Procedure for the preparation of 1, 4-phenylenediboronic acid 113
To a suspension of magnesium (2.30 g, 95.80 mmol) in dry THF was added dropwise
solution of p-dibromobenzene 112 (7.5 g 28.5 mmol) in dry THF (30ml) about 20 minutes
under the N2 atmosphere. The reaction mixture was heated to reflux for 2.5 h and then cooled
to -70 °C. Then the solution of B(OMe)s (14.2 mL, 127.2 mmol) in dry diethyl ether (15 ml)
was added dropwise to the reaction mixture about 30 minutes and the reaction mixture was
stirred for 4.5 h at -70 °C. The reaction mixture was brought to room temperature and then

further stirred for 10 h. Then 1.5 N H2SO4 (80 mL) was added and stirred for 25 minutes. The
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reaction mixture was extracted with diethyl ether (3X100 ml) and then the organic layer was
dried over anhydrous Na,SOs4. The organic layer was concentrated under reduced pressure to
obtain white solid product. The crude product was chromatographed on silica gel (100-200)

column using ethyl acetate as eluent to obtain the pure 1, 4-phenylenediboronic acid 113.

1, 4-phenylenediboronic acid 113

Yield 1 2.90 g (61%); "o O g
HO OH

IR (KBr) : (cm™) 3287, 1517, 1347, 1123, 1013, 800. 113

IH NMR : (400 MHz, DMSO, & ppm) 8.06 (s, 4H), 7.21 (s, 4H)

13C NMR : (100 MHz, DMSO, & ppm) 136.2, 133.5.

3.4.8 Purification of 4-bromopyridine 114

4-Bromopyridine hydrochloride salt (2.0 g) was dissolved in 50 mL aqueous solution
of NaOH (0.008 g/mL) and the reaction mixture was stirred for 20 minutes. The organic layer
was extracted with CH2Cl> (3X100mL) and concentrated in vacuum to afford a pale yellow

oil of 4-bromopyridine 114.

3.4.9 Procedure for the preparation of 1, 4-dipyridylbenzene 115

4-bromopyridine 114 (0.6 mL, 6 mmol) and Pd(PPhs3)s (0.346 g , 0.3 mmol) was
taken in THF solvent (40 ml) under N> atmosphere. Then the solution of 1,4-
phenylenediboronic acid 113 (0.5 g, 3.0 mmol) and Na>COs (0.63 g, 6.0 m mol) in ethanol (5
ml) and distilled water (5 mL) was added under N> atmosphere. The reaction mixture was
stirred under the N2 at 80 °C for 24 h and then cooled to room temperature. The organic layer

was extracted with diethyl ether and washed with brine solution. The organic layer was
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separated and dried with anhydrous Na,SO4 and concentrated in vacuum to get a white solid

1, 4-dipyridylbenzene 115.

1, 4-dipyridylbenzene 115

Yield :0.35 g (52%); 7\ =

IR (KBr) - (cm) 3073, 1594, 1479, 1227, 1041, 805. 115

IH NMR © (400 MHz, CDCls, & ppm) 8.73-8.69 (m, 4H), 7.80-7.76 (m, 4H),
7.58-7.28 (M, 4H)

13C NMR : (400 MHz, CDCls, & ppm) 151.8, 148.7, 140.1, 129.1, 122.9.

3.4.10 Procedure for the preparation of extended viologen 116
The procedure for preparation of extended vilogen 116 is similar to the general

procedure discussed in the section 3.4.6 using 1, 4-dipyridylbenzene 115 and butyl bromide.

4, 4'-(1,4-phenylene)bis(1-butylpyridin-1-ium) bromide 116

Yield £ 0.22 g (86%);
BrC_) Br®
IR (KBr) : (cmY) 3101, 2958, 1627, 1506, 1172, 832. OO
= AN
1H NMR : (400 MHz, D;0, § ppm) 8.83-8.81 (d, 4H), 116

8.32-8.30 (d, 4H), 8.06-8.05 (d, 4H), 4.56-4.52 (t, 4H), 1.96-1.93 (m,
4H), 1.34-1.29 (m, 4H), 0.90-0.87 (t, 6H).
13C NMR : (100 MHz, D20, 5 ppm) 154.9, 144.3, 136.9, 129.1, 125.4, 61.0, 32.6,

18.8, 12.7.
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Chapter 4

Development of Electrochemical cell exploiting
reversible electron transfer reaction between tertiary

amine donors and p-chloranil acceptor



155

4.1 Introduction

In the previous chapter, we have already discussed that electron transfer readily takes
place from donor amines to acceptor quinones resulting the formation corresponding radical
cation — anion pair (Scheme 1).

Scheme 1
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Cl Cl " cl cl Cl Cl
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charge transfer complex

We have also observed that the reaction of tertiary amines with p-chloranil gives
radical cation-anion pair first followed by formation charge transfer complex (CT complex) in
equilibrium with the ion pair (Scheme 2). These reversible reactions take place at ambient
temperature conditions in the ground state of the donor and acceptor. Accordingly, energy
barrier or activation energy for the formation of the ions and ions is overcome by surrounding

heat (Figure 1).

Scheme 2
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Figure 1. 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 that could transport the
charge carriers (i.e. electron in Q and the hole in R3N™) formed in such reactions to produce
electricity (Figure 1). The difference between such ground state electron transfer process in
such cells and the electron transfer involved in donor/acceptor photovoltaic or solar cell is that
in the later case the electron transfer from a donor to an acceptor takes place after
photoexcitation of the electron from the ground state to excited state. Accordingly, a brief
review of reports on the construction of various types of solar cells including donor/acceptor
organic photovoltaic cells would facilitate the discussion of the present results.

4.1.1 Photovoltaic cell

Electrochemical cell which produce electric current through chemical reactions are
called voltaic or galvanic cell. In a photovoltaic cell or solar cell, the light or solar energy is
converted into electrical energy and produces an electric current in the circuit. Solar cells are

made up of semiconductors which absorb light in the visible region. The research on solar cell
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focused mainly on technologies involving the silicon and other inorganic semiconductors,
dyes, perovskites and organic donor/acceptor molecules.
4.1.2 Silicon solar cell

Silicon (Si) solar cell consists of n-type Si and p-type Si semiconductor material. The
Addition of atoms (boron or gallium) having one electron less than silicon in their outer
energy level produce a p-type silicon. Addition of atoms (phosphorus or arsenic) having one
electron more than silicon in their outer energy level produce an n-type silicon. When sunlight
(photons) strikes the solar cell the electrons ejected from the silicon moves to the n-type layer
and holes moves to the p-type layer. The produced electron and holes will move to the

electrodes to produce electricity (Figure 2).
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Figure 2. (a) Schematic diagram for crystalline silicon solar cell. (b) Energy level diagram for
crystalline silicon solar cell (Ev-Valance band energy level, Er-Fermi energy level and Ec-
Conduction band energy level)

In 1954, scientists in Bell laboratory produced the first practical photovoltaic cell

based on silicon semiconductor material with 6% efficiency.! The crystalline solar cell
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requires complex fabrication process and high production cost even though the efficiency of
single crystal silicon solar cell reached up to 25%.2 At present, amorphous silicon (a-Si),
cadmium telluride (CdTe), copper indium gallium selenide (CIGS) and gallium arsenide
(GaAs) materials are used in thin film solar cells.
4.1.3 Thin film solar cell or Inorganic solar cell

Thin film solar cells also called as second generation solar cells are made by placing
one or more thin layers of photovoltaic material on glass or metal current collector.
4.1.3.1 Amorphous silicon solar cells (a-Si)

Amorphous silicon (a-Si) is an allotrope of silicon and widely used in thin film
technology. The absorption of solar radiation by amorphous silicon is 40 times more than that
of single crystal silicon solar cell. The thin layer of silicon is coated using a gaseous mixture
of silane and hydrogen on transparent conductive oxide (TCO) glass. The basic electronic
structure of amorphous silicon solar cell is p-i-n junction (Figure 3).

The efficiency of amorphous silicon solar cell is around 5-7% and lower than that of
crystalline solar cell.® The efficiency of amorphous silicon solar cell was improved to 10% by
stacking the two or more cells together with micro crystalline silicon (u-c-Si) solar cell. This

type of stacking improve the performance of the cell (Figure 3b).
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Figure 3. (a) Schematic diagram for thin film amorphous silicon solar cell. (b) Tandem a-Si
and p-c-Si solar cell.
4.1.3.2 Cadium-telluride (CdTe) thin film solar cell

This cell is a simple heterojunction contains p-type CdTe and n-type CdS

semiconductors (Figure 4 a).
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Figure 4. (a) Schematic diagram for thin film CdTe solar cell. (b) Thin film CulnGaSe;
(CIGS) solar cell.
The efficiency of CdTe solar cell varies between 10-16%.*° However, the rare

abundance of tellurium and toxicity of cadmium are the main disadvantage of this cell.
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4.1.3.3 Copper indium gallium selenide (CIGS) thin film solar cell

The fabricating process of CIGS thin film cell is similar to that of CdTe process but
the light conversion efficiency is higher than that of CdTe cell (Figure 4 b). This material
absorbs sunlight effectively because it has high absorption coefficient. The efficiency of CIGS
solar cell was around 20% and higher than that of other thin film cell.®
4.1.4 Dye-sensitized solar cell (DSSC)

In 1968, Gerischer and co-workers’ developed the electrolytic cell using the p-type
perylene organic dyes and with n-type zinc oxide (ZnO). The modern DSSC was invented by
O’ Regan and Gritzel® in 1991. The use of mesoporous titanium dioxide (TiO2) as
photoanode and the electrolyte containing iodide/triiodide redox shuttle leads to the DSSC
with up to 12% efficiency. The cell was further improved by the introduction of N3 (cis-
Bis(isothiocyanato)-bis(2,2’-bipyridyl-4,4’-dicarboxylato ruthenium(ll)) dye with efficiency
of around 10%.

The DSSC was fabricated by coating TiO2 on the conductive glass plate. Then the
plates were soaked into the organic dye solution. The redox electrolyte couple was drop
coated on the organic dye layer and the counter electrode was fixed above the fabricated
conductive glass. When the solar radiation (light) strikes the dye molecule and it goes to
excited state. The photo induced electron is injected to the conduction band of mesoporous
TiO». The oxidized dye molecule gets regenerated by electron donation from the electrolyte I
/13" redox couple. The holes move towards the counter electrode to complete the electronic

circuit (Figure 5).
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Figure 5. (a) Schematic diagram for DSSC solar cell. (b) Energy level diagram of liquid DSC
based on mesoporous TiO2 photoanode and 17/13” redox couple (c) Typical current voltage
curve for DSSC (Cell efficiency = 7.12% with FF = 0.684, Reference. 8).

In last two decades research efforts were undertaken to improve the performance of
DSSC by designing the organic dye molecules with high extinction coefficient and also with
modified redox shuttle®® like cobalt (11/111), copper (I/11), ferrocene (Fc)/ferrocinium (Fc®),
Nickel (111/1V), TEMPO/TEMPO*. The redox shuttle can reduce the electron-hole
recombination process with efficient electron transport properties.*42!

It was reported that the highest efficiency of 13% observed for the cobalt (I1/111)
electrolyte used in the DSSC.?2 The first solid-state dye-sensitized solar cell (sSDSSC) using
2,2',7,7'-tetrakis(N,N-dimethoxyphenylamine)-9,9'-spirobifluorene (spiro-OMeTAD) as hole
transporting material (HTM) was also reported. 2 The efficiency of the DSSC was improved
to 7.2% by the use of spiro-OMeTAD with the addition of cobalt complex (p-type dopant).?
The sDSSC was further improved by using other hole transporting material like poly(3-

hexylthiophene-2,5-diyl) (P3HT).% But, the efficiency is lower than that of liquid DSSC.25%’
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The decrease in efficiency is due to the higher recombination rate and intrinsic properties of
spiro-OMeTAD with TiOo.
4.1.5 Perovskite solar cell

The perovskite (ABX3) is hybrid inorganic/organic material with efficient light
harvesting structure. The construction of perovskite solar cell is similar to that of dye-
sensitized solar cell as shown in Figure 6. In 2009, the first perovskite solar cell was reported
with methylammonium lead iodide (CH3NH3Pbls) which gave 3.81% power conversion

efficiency.?®
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Figure 6. (a) Schematic diagram for perovskite solar cell (b) Energy level diagram of
perovskite solar cell without hole transport material.

The iodide redox couple degrades the perovskite that leads to the lower efficiency.
The replacement of the liquid electrolyte with solid-state p-type semiconductor spiro-

OMeTAD as a hole transport material (HTM) improves the efficiency to 9.7%.2°
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Figure 7. (a) Schematic diagram for perovskite solar cell. (b) Energy level diagram of
perovskite solar cell with hole transport material.

Recent reports®® on mixed lead halogen perovskite solar cell indicated that the
efficiency was improved to 20.7%. Some of the hole transporting materials used for the
studies on perovskite solar cell are listed in Figure 8. The research efforts on the perovskite

solar cells are still under progress.®!-3
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Figure 8. Hole Transporting Material (HTM) used in perovskite solar cell.
4.1.6 Organic solar cell

The organic photovoltaics or solar cells are flexible devices with low manufacturing
cost compared to the rigid inorganic solar cells. In organic solar cells, upon excitation of
organic material creates positive charge on the donor layer (p-type) and negative charge on
the acceptor layer (n-type) like p-n junction.

The operating mechanism of the organic solar cell is almost similar to that of the
inorganic solar cell. The photo excitation of the light harvesting organic material produces an
exciton (coupled electron-hole pair). The field splits the exciton into the charge carrier

(separated electron-hole pair) which then moves to the respective electrodes to produce
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electricity. Some typical donor and acceptors used in the organic solar cells are shown in

Figure 9.
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Figure 9. Major donor polymers and acceptors used in the organic solar cells.
4.1.6.1 Single layer organic solar cell

The cell was made by sandwiching an organic material between the two metal
conductors having high work function such as ITO and low work function such as aluminum,
magnesium or calcium (Figure 10). The organic material absorbs the light which excites the
electrons to the LUMO and leaves holes in the HOMO. The potential created by the different
work functions of the metals splits the exciton pair. The electrons move to the positive
electrode and holes to the negative electrode. The magnesium phthalocyanine (MgPc) used in

the single layer solar cell (Al/MgPc/Ag) produces 0.01% efficiency.%
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Figure 10. (a) Schematic diagram for single layer organic solar cell (b) Energy level diagram
for organic solar cell.

The single layer cell using poly-3-methyl thiophene gave 0.15% power conversion
efficiency.®” Another single layer cell using the conjugated polymer polyacetylene gave 0.3%
efficiency.®® These types of cells produces low quantum efficiency (<1%) and less than 1%
power conversion efficiency.
4.1.6.2 Bilayer or Planar donor-acceptor heterojunction

Bilayer cells are constructed by sandwiching two different layers contains donor and
acceptor between two conductive electrodes (Figure 11 a). The difference in electron affinity
and ionization energy of two layers could generate the electrostatic forces at the interface. The
layers having high electron affinity and ionization energy are called as electron acceptor and
electron donor, respectively. Tang et al. investigated copper phthalocyanine (CuPc) as an
electron donor and perylene tetracarboxylic derivative as an acceptor in two layer organic cell

which gave 1% power conversion efficiency.*
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Figure 11. (a) Schematic diagram for Bilayer organic solar cell (b) Energy level diagram for

e

bilayer organic solar cell.

Perylene amide derivatives are chemically stable and have high electron affinity.
Sariciftci and co-workers reported® that the use of Ceo/ MEH-PPV in double layer cell gave
0.04% power conversion efficiency. Here, Ceo acts as an acceptor and poly (2-methoxy-5-(2’-
ethylhexyloxy- 1,4-phenylene-vinylene), MEH-PPV as a donor. The bilayer cell with donor
polymer poly (p-phenylenevinylene), PPV and acceptor Ceo produces around 9% power
conversion efficiency. 4
4.1.6.3 Bulk heterojunction solar cell

In organic photovoltaics the layer thickness is important for effective absorption of
light. The increase of layer thickness increases the exciton diffusion pathway in the donor-
acceptor interface. The exciton has shorter life time and it recombines before reaching the
electrodes if thickness of the layer is more. In bulk-heterojunction cell, the exciton diffusion
pathway is minimized by placing a mixture of electron donor and acceptor blend and it also

increases the light absorption efficiency. The light absorbing layer of bulk heterojunction
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solar cell consists a blend of donor and acceptor materials. In bulk heterojunction the donor

and acceptor are mixed together and deposited over the ITO electrode (Figure 12a).
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Figure 12. (a) Schematic diagram for Bulk heterojunction solar cell (b) Use of buffer HTL
and ETL layers

The active layer consists of conjugated donor and fullerene based acceptor. The
efficiency of polymer photovoltaic cell (single layer cell) was improved by the introduction of
fullerene based derivatives in bulk heterojunction. The cell with blend polymer MEH-PPV
donor and fullerene acceptor as the heterojunction was reported.*? The device using Ca/MEH-
PPV/PCBM/ITO gave 2.9% power conversion efficiency. It was reported that the introduction
of poly (3-octylthiophene) P30T in place of polymer MEH-PPV improved the quantum
efficiency as well as power conversion efficiency.*?

Recently, it was reported** that the higher power conversion efficiency of 11% was
obtained using thiophene based PTB7-Th polymer and PC7:BM as an acceptor. The use of
donor MEH-PPV polymer and acceptor CN-PPV polymer in polymer/polymer blend
heterojunction cell gave power conversion efficiency of 1% under monochromatic light.* It

was found that the cell efficiency improved by incorporating hole conducting material such as
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PEDOT:PSS.*® The organic bulk heterojunction was further improved by sandwiching the
active layer between the electron and hole transport material "8

We have decided to examine the possibility of constructing an organic electrochemical
cell with ground state electron transfer using readily accessible donor amines and acceptor
quinones. The radical cation - radical anion intermediates formed in the reaction could lead to
generation of electric current. To construct the cell, we have chosen the readily accessible

aluminum foil (Al) and stainless steel or graphite as electrodes/current collectors.



4.2 Results and Discussion

Organic charge transfer complexes and electron transfer reactions from organic
donors and acceptors were known for more than 60 years.*® In recent years, attention was
turned towards mostly solid state high conductivity or superconductivity of organic charge
transfer salts. For instance, the highly conductive donor-acceptor complex of TTF-TCNQ
was called as organic metal.>® Recent reports reveal that these complexes have interesting
and important semiconductor properties useful in the construction of electronic devices.*!

The charge transfer complexes formed from the donor and acceptor in solution
have entirely different properties compared to that of the parent compounds. Mechanistic
schemes were proposed involving the formation of charge transfer (CT) complex followed
by equilibrium involving formation of radical cation and anion pairs, dissociated ions in
such organic electron transfer reactions (eq. 1).>% The electron transfer kinetics were
reconciled with an electron transfer process and formation of paramagnetic intermediates
(eqg. 2) without involving initial formation of a CT complex in a manner analogous to self-
exchange (SE) of the D/D* and A/A~ based on two state model.>*¢ Formation of radical
cation and anion pairs followed by slow formation of CT complex was also considered in
polar solvent (eg. 3).°22 The epr spectroscopic results obtained in present work (chapter 3)
are in accordance with the initial formation of paramagnetic intermediates followed by

formation of diamagnetic CT complexes (eq. 3).
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D + A DAl =—= D Al (eq. 1)
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v e

D+ A D + A—~—=[DA] - (eq. 3)

In 1966, it was reported® that conductometric titration could be carried out by
titrating a donor solution with an acceptor and the conductivity pass through a maximum
when the donor and acceptor were present in the stoichiometry required for the formation
of the CT complex.

Surprisingly, there was no attempt on the development of an electrochemical
device based on transport of charges in these radical cation and anion pair species to the
electrodes and regenerating the donor and acceptor for further electron transfer reaction. If
the electron transfer from the amine donor to the quionone acceptor could happen
reversibly, then the device would be useful in converting the heat around it continuously to
electricity. Therefore, we have decided to construct the electrochemical cell using p-

chloranil acceptor with amine or amide donors.
4.2.1 Construction of donor and acceptor electrochemical cell

We have selected the readily accessible acceptor quinones and donor amines to
construct the electrochemical cell which can produce electricity from the surrounding heat
without using visible light (Figure 13). We have already discussed that a variety of readily
accessible, inexpensive and simple tertiary amine donors react with quinone acceptors like
1,4-benzoquinone, p-chloranil, 1, 4-naphthoquinone and 2,3-dichloro-1,4-naphthoquinone

to give paramagnetic intermediates.
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Figure 13. Donors and acceptors used in the electrochemical cell studies.

We have selected the highly electron deficient p-chloranil 2 as acceptor for
detailed studies as it acts as an acceptor even with tertiary amides (Figure 13). Also, we
have selected the donors like N,N’-tetramethyl-1,4-phenylenediamine (TMPDA) 22,
triphenylamine (TPA) 23, 1,4-diazabicyclo[2.2.2]octane (DABCO) 24, N, N-
diisopropylethylamine (DIPEA) 25 and N,N-diisopropylbenzamide (DiPrBA) 26 for the
construction of the electrochemical cell (Figure 13).
4.2.1.1 Two Layer Cell Configuration

After extensive experimentation, we have found that the cells can be easily
constructed by making donor and acceptor pastes using TiO., polyethylene oxide (PEO)
and propylene carbonate (PC) for 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). Initially, a simple two layer cell was constructed using Al and SS foils. The mixture
of TiOz, p-chloranil, PC, EC and PEO was coated on Al foil and the mixture of TiO,
amines, PC, EC and PEO was coated on SS foil. The foils were then sandwiched to

construct the electrochemical cell. The configuration of this two layers electrochemical
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cell is almost similar to the bi-layer in organic solar cell®* but the electron transport would

have contributions from both ionic conduction and also through exchange reactions

involving D/D-* and A~“/A with formation of corresponding charge transfer complexes (CT

1, CT 2 and CT 3). The current (1)

and voltage (V) characteristics observed for the cells

using different amines are summarized in the experimental section in Table ES1 (ES:

Experimental Section), entries 1-3.
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Figure 14. (a) Schematic diagram of cell with two layer configuration (b) Representative
IV curve for the two layer cell (Table ES1, entry 1, DIPEA donor). (c) Tentative

mechanism for electron transport via

D/D-* and A/A exchange reactions.
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The representative 1V curve for this cell is shown in Figure 14b for the cell in
(Pmax = 0.756 mW, FF=0.263). Similarly, the cells prepared using amines DABCO and
TPA with p-chloranil gave power output of 0.665 mW with FF=0.233 and 0.306 mW with
FF=0.254, respectively.

However, visible holes were formed on the SS foil indicating corrosion, probably
due to the formation of Fe**-amine species by the reaction of SS foil with the amine
radical cation present in the reaction mixture. We then constructed the cell with similar
configuration using Al foil (0.2mm x 5cm x 5cm) anode and graphite (0.4mm Xx 5cm x
5cm) cathode. The results obtained are summarized in the experimental section in Table
ES1, entries 4-6. The cells constructed did produce power in these cases (Table ES1,
Figure 14), but there was only very little or no power output after 24 h. A possibility is
that ionic conduction may lead to the deposition of the radical ion pairs on the respective
electrodes which may not dissolve back into the solution preventing reversible equilibrium
necessary for continued power generation. Also, the formation of amine-p-chloranil CT
complex to more extent may lead to reduction in power output, especially if this complex

precipitates out of the PC solution.

4.2.1.2 Multi-layer cell configuration

We have then decided to construct multi-layer cell to improve the performance of
the cell. Recently, there were several reports®®! that the stability of the solar cells
improved by coating additional buffer layers or electrode interfacial layer using metal
oxides like TiO>.

Accordingly, we have constructed the cells in two different configurations (Figure
15a and 15b) by coating TiO2/PEO on both electrodes, followed by coating of CIsBQ/PEO

on TiO./PEO/AI and TiO2/PEO/Gr. Then, the ClsBQ/Amine/PC/PEO (Figure 15a) or
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Cl4sBQ/Amine/PC/TiO./PEO pastes (Figure 15b) coated above the CIsBQ/PEO layers. The

results are summarized in Table ES2, entries 1-10.
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1 h after packing

Donor Pmax/mW/FF(40 °C) Donor Pmax/mW/FF(40 °C)
TMPDA 1.469/0.221 TMPDA 3.099/0.261
TPA 1.333/0.255 TPA 0.375/0.245
DABCO 5.492/0.313 DABCO 6.155/0.206
DIPEA 5.695 /0.296 DIPEA 8.147/0.347
DiPrBA 2.198/0.260 DiPrBA 4.193/0.295

48 h after packing

Donor Pmax/mW/FF(40 °C) Donor Pmax mW/FF(40°C)
TMPDA 0.790/0.309 TMPDA 1.822/0.250
TPA 0.428/0.285 TPA 0.142/0.256
DABCO 2.320/0.267 DABCO 1.216/0.249
DIPEA 2.228 /0.347 DIPEA 2.057/0.334

DiPrBA 1.047/0.261 (35 °C) DiPrBA 2.969/0.273



Chapter 4 Development of Electrochemical Cell.... 177
Gr B € Al
(e) o cl i cl o 10 /}
e bl 2008 e el
Cl [0) cl ci| Cl Cl
>\N > O (6] 0]

|

i
)
-

CT2

] A
)

\X\C
cl Q Cl
N9

>\CI 7Y cl
< O

CT3

e

N
\&\ CT1

Figure 15. (a) Schematic diagram of multi-layer with ClsBQ/donor/PC/PEQ configuration
and (b) Schematic diagram of multi-layer with Cl4BQ/donor/PC/TiO2/ PEO configuration
(c) Representative 1V curve for the cell (Table ES2, entry 3, DABCO donor) after 48 h
packing (d) Representative IV curve for the cell (Table ES2, entry 9, DIPEA donor) after
48 h packing (e) Tentative mechanism for electron transport to the electrodes via D/D.+
and A-/A exchange reactions.

The IV-data were recorded after 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 are converted to the corresponding charge transfer complex (CT 1)
(Figure 15e). The complexes CT 2 and CT 3 may also contribute to the conduction. The
data for the cells with similar configuration with additional TiO2 in PC layer (Figure 15b)
are summarized in Table ES2, entries 6-10.

The data (Table ES2) 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 formed charge transfer complexes
into radical ion pairs. Also, the increase in temperature would help in crossing the

activation energy barrier for transport of ions to the electrodes and hence would improve

the conductance.
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The TiOz rutile and TiO. and anatase were reported to have very high electron
affinities of 4.8eV and 5.1eV, respectively.®?2? |t was also reported that the TiO2 surface
could donate or accept electrons depending on the nature of the adsorbed molecules.%%
Accordingly, it was of interest to us to examine whether the donors used in the cell
experiments could produce power by interaction with TiO2 without using p-chloranil.
Indeed, this was observed and diisopropylbenzamide gave slightly higher power upon

interaction with TiO> (Figure 16). Presumably, the interactions outlined in Figure 16¢c may

also play a role in the reaction and transport of charge carriers using p-chloranil.
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Figure 16. (a) Schematic diagram of multi-layer cell with TiO2/donor without CI4sBQ (b)
Representative IV curve for the cell (Table ES3, entry 4, DiPrBA donor) (c) Tentative
mechanism for electron transport.
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Figure 17. (a) Schematic diagram of multi-layer cell with metal oxide in edge layers (b)
multi-layer cell with metal oxide in edge layers and also in PC layer (c) Representative 1V
curve for the cell (Table ES4, entry 1, TiO2 donor) (d) Representative IV curve for the cell
(Table ES4, entry 4, TiO2 donor) (e) Tentative mechanism for electron transport.
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Previously, there were also reports on the formation paramagnetic intermediates
when p-chloranil was adsorbed on the surface of TiO.%® Such intermediates may play a
role in the electron transport at the interfaces, thus improving the performance of the
device. The TiO, sample used in the present studies did not give paramagnetic species
with p-chloranil. However, we have also constructed the cell without using other donors.
Interestingly, the cells constructed using the metal oxides TiO., Al.Oz and ZnO in the
configurations shown in Figure 17a and 17b without using donor amines or amide did
produce power with TiO2 giving higher power when it is present in the middle PC layers
(Figure 17b). The results indicate that the metal oxides transfer electron to p-chloranil as
visualized in Figure 17e. This may also play a role in the transport of charges in the cells
using donors.

We have observed that in the cells constructed using different donors and p-
chloranil acceptor (Figure 15 and Figure 17), the power output decreases with time.
Possibly, the chloranil radical anion may get deposited on the Al electrode and the p-
chloranil may not fully dissolve back in the PC solvent (only 0.03 g p-chloranil soluble in
1 mL PC), thus preventing the reversible formation of amine or amide radical cation and
p-chloranil radical anion.

The p-chloranil has a very high electron affinity (EA) of 2.78eV.%* Interestingly, it
was reported that anion radicals of molecules with lower electron affinity are solvated to
more extent.%%® Therefore, we have carried out experiments using p-benzoquinone (BQ)
which has lower electron affinity (EA=1.91eV) to examine whether the chloranil anion
radical can transfer electron to BQ to form the corresponding radical anion for further
electron transport to the Al electrode. Also, the BQ is more soluble in PC solvent (0.1 g

BQ soluble in 1 mL PC) which may be also helpful. We have carried out experiments by
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constructing the cell in two different configurations, Figure 18a and 18b. Some
improvements were observed in the power outputs, but still the Pmax values decreased
with time (Figure 18a and 18b). Presumably, the more soluble BQ accepts electrons from
p-chloranil anion radical effectively for transporting to the Al electrode improving the
power output to some extent. The results of cells 18a and 18b are summarized in Table ES

5, entries 1-10.
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Donor Pmax(mW)/FF(40 °C) Donor Pmax(mW)/FF(40 °C)
TMPDA 2.175/0.276 TMPDA 1.614/0.282
TPA 1.752/0.240 TPA 0.939/0.219
DABCO 5.391/0.391 DABCO 4.806/0.432
DIPEA 8.229/0.229 DIPEA 11.74/0.296

DiPrBA 1.714/0.243 DiPrBA 1.871/0.232
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48 h after packing

Donor Pmax(mW)/FF(40 °C) Donor Pmax(mW)/FF(40 °C)
TMPDA 1.205/0.273 TMPDA 1.299/0.263
TPA 1.216/0.240 TPA 0.728/0.219
DABCO 3.023/0.399 DABCO 3.776/0.434
DIPEA 2.074/0.231 DIPEA 8.338/0.394
DiPrBA 1.534/0.258 DiPrBA 1.411/0.243
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Figure 18. (a) Schematic diagrams of multi-layer cell using BQ along with p-chloranil
without TiO2 in PC layer (b) multilayer cell using BQ along with p-chloranil with TiO2 in
PC layer (c) Representative 1V curve for the cell (Table ES5, entry 3, DABCO donor) and
(d) Representative IV curve for the cells (Table ES5, entry 9, DIPEA donor) (e) Tentative
mechanism for electron transport to the electrodes via D/D.+ and A-/A exchange
reactions.

As discussed in Chapter 3, epr spectral studies indicated that the radical ions are
transformed to charge transfer complexes with time. This could account for the reduction
of current and Pmax values with time as the concentration of radical ions would be lesser
with time. One way to prevent the formation of such charge transfer complexes is to
remove the charges from the radical ions by using the cells to charge a rechargeable
battery. The results obtained on the performance of the cells while charging a rechargeable
Ni-Cd battery is summarized in Table 1.

The performance of the cells with configurations as in Figures 18a and 18b using

BQ improved when the cells were used for charging batteries (Table 1, entries 3 and 4)
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compared to cells with configurations without using BQ (Figures 15a and 15b, Table 1,
entries 1 and 2) indicating that the BQ may transport the electron from the p-chloranil
radical anion as it is formed thus preventing the formation of the corresponding CT
complex which otherwise would reduce the concentration of radical ions with time. The
electron acceptor BQ would accept electron from the p-chloranil radical anion as the
corresponding anion radical formed from these compounds with lower EA are expected to
interact with solvents to more extent, preventing the formation of CT complex. In case of
DABCO (Table 1, entry 5) there was not much power output was observed. This may be
due to the formation of stronger charge transfer complex with p-chloranil thus preventing
the reversible reaction for charge transport. The donor DIPEA gives higher power output
for longer time in these configurations compared to other donors. This may be due to the
formation of more amount of radical ion pairs in case reaction of DIPEA with p-chloranil
as revealed by epr spectroscopic studies. Further, it is sterically hindered and hence
formation of CT 1 complex may be also difficult.

Table 1. Performance of Cells by Charging Ni-Cd Battery after packing.?

entry Figure/Donor Pmax/mW/FF at | Pmax/mW/FFat | Pmax/mW/FF at

40°C/1h 40°C/48 h 40 °'C/144 h
1b 15(a)/DIPEA 8.988/0.300 2.893/0.473 1.738/0.391
2b 15(b)/DIPEA/TIO; 7.626/0.286 2.911/0.437 2.027/0.366
3¢ 18(a)/DIPEA/BQ 17.49/0.189 13.46/0.239 14.57/0.260
4¢ 18(b)/DIPEA/BQ/TiO, 13.21/0.172 12.77/0.270 10.65/0.277
5¢ 18(b)/DABCO/BQ/TiO; 4.022/0.413 2.733/0.316 1.291/0.160
6° 18(b)/ TMPDA/BQ/TiO; 1.883/0.279 0.620/0.249 0.373/0.248
7° 18(b)/TPA/BQ/TIO, 0.985/0.255 0.855/0.231 0.698/0.218
8¢ 18(b)/DiPrBA/BQI/TIiO; 2.606/0.238 1.660/0.234 0.592/0.223

aAfter packing the cell was connected immediately to charge a Ni-Cd battery through Zener diode and
disconnected while carrying out the 1VV-curve measurement (Table ES6 and ES7). The battery connection
was removed from the cell after 48 h. °Configuration without BQ. cConfiguration with BQ.
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Also, charging the rechargeable battery would lead to removal of charges from the
radical ions, resulting in the recycling of the neutral species for continuous reactions. The
donors TMPDA, TPA and DiPrBA which are relatively weak donors and also produce
lower power output as concentration of radical ion formed may also be lower (Table 1,
entries 6, 7 and 8).

In recent years, there have been several reports on the conversion of low-grade
waste heat (<130 "C) to electricity by thermally regenerative electrochemical cycles.5%° A
thermoelectrochemical device based on ferrocene-iodine redox couple was also reported,
but the device produced only pW/m? power with respect to the electrode surface area.®*
The power density of the cell in this case was calculated by using the amount of power
produced with respect to the electrode surface area. The cell constructed from the donor
DIPEA (Table 1, entry 3) gave power density at 40 °C was 0.5384 mW/cm? or 5.384
W/m? (13.46 mW (Pmax)/25 cm? (electrode surface area)). The methods reported in the
literature for construction of the devices are very complex compared to methods described
here. In the present case, the device utilizes very inexpensive materials that are already
manufactured in large scale. Further, since there are established methods are available for
heating air at even below 0 “C to 40 "C using solar radiation and methods available for
storing solar heat in simple chemicals like ag. NaOH, CaCl> and methods are also
available for using these solar heat stored materials for heating the air to 40 "C to 60 'C,%
the present low/ambient heat harvesting electricity producing cell device has potential for

use 24x7 in all seasons, day and night.
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4.3 Conclusions

We have developed a simple method and device for constructing the electrochemical
cell based on ground state electron transfer reaction of amine or amide donor and p-chloranil
acceptor in various configurations. These low/ambient heat harvesting electricity producing
and air cooling cells can be readily stacked.

The present case, the device utilizes very inexpensive materials and hence has
potential for household, automobile and large scale applications. However, long term
performance of this cell device remains to be established and there is plenty of scope for
further research and developments to improve the performance of this device. Accordingly,
the low/ambient heat to electricity converting electrochemical system disclosed here has the
potential to meet the increasing energy requirements without having to burn fossil fuels.
Systematic studies are required for improving the stability of the cells with different electron
donors, acceptors and electron transporters. Additional studies may be also required for

studies on corrosion of electrodes by radical ions formed.



4.4 Experimental Section

4.4.1 General Information

P-Chloranil, N, N-diisopropylethylamine (DIPEA), 1,4-diazabicyclo[2.2.2]octane
(DABCO), P-benzoquinone (BQ),and TiO. were purchased from Avra chemicals (India).
Triphenylamine  (TPA), N,N’-tetramethyl-1,4-phenylenediamine (TMPD), 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, Scm x Scm, Resistivity, p = 2x10*Q.m) was purchased from Falcon Graphite
Industries, Hyderabad, India. Aluminium Foil (0.2mm thickness, Scm x 5cm, Resistivity, p =
2x10°Q.m) and Stainless steel (0.4mm thickness, Scm x Scm, Resistivity, p = 5x10Q.m)
were purchased from Aluminium Enterprises and Rasik Metals, Hyderabad, India. EPR
spectra was recorded on a Bruker-ERO73 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 preparation of diisopropyl benzamide

In an oven dried RB flask, the diisopropyl amine (20 mmol) in dry dichloromethane
(60 mL) solvent was taken and triethylamine (2.1 mL, 21 mmol) was added slowly at room
temperature with constant stirring. Then the reaction mixture was stirred for 1 h and
corresponding benzoyl chloride (20 mmol) was added at 0° C. Then the reaction mixture was
brought to room temperature and it stirred for 8 h. The mixture was quenched with saturated
ammonium chloride solution and the organic layer was separated. The organic layer was
extracted with dichloromethane (2x50 mL). The combined organic extracts were washed with
saturated NaCl solution (15 mL) and dried over anhydrous Na>SOs4. Then the solvent was
evaporated to get the crude product. The corresponding crude amide product was purified by
column chromatography on silica gel (100-200) using hexane and ethyl acetate as eluent to
isolate pure amide product.

N, N-diisopropylbenzamide

Yield  3.48 g (85%). A J\
N
O)\Ph

26

IR (neat) :(cm™) 2970, 2937, 1627, 1446, 1342, 1222, 1156, 1041, 739.

IH NMR :(400 MHz, CDCls, § ppm): 7.36 (m, 3H), 7.31 (m, 2H), 3.75 (s, 2H), 1.35 (s,

12H).

13C NMR :(100 MHz, CDCls, 6 ppm) 171.0, 138.9, 128.5, 128.4, 125.5, 50.8, 45.7, 20.7.
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4.4.3 Preparation of Electrochemical Cells

Simple solution processing and casting techniques were followed for the construction
of the cell device.
Table ES1. Cell Configuration 1

The PEO (0.2 g) was dissolved in dichloromethane and mixed with TiO (1 g) powder.
DCM was removed to obtain a paste. The p-chloranil (0.5 g), PC (0.5 g) and EC (0.5 g) were
added to the above made paste and it was cast over the Al (0.2mm thickness, 5x5 cm?). The
layer was dried in air at room temperature overnight. Similarly, PEO (0.2 g), TiO2 (1 g)
powder, donor amine (2 mmol), PC (0.5 g) and EC (0.5 g) were mixed and cast above SS
(0.05 mm thickness, 5x5 cm?) or Graphite (0.4 mm thickness, 5x5 cm?). The layer was dried
in air at room temperature overnight. The cell was prepared by sandwiching the coated Al/SS
or Al/Gr layers. The rim of the cell prepared in this way was sealed all around using
TiO2/PEQ paste, then with commercial adhesive Bondfix (India) and covered with cellophane
tape.
Table ES2. Cell Configuration 2

The PEO (0.05 g) was dissolved in dichloromethane and mixed with TiO2 (0.5 Q)
powder. DCM was removed to obtain a paste for coating on Al or Graphite foils. After 1 h,
ClsBQ (0.1 g)/PEO (0.05 g) in DCM was coated on TiO2/PEO/AI and TiO./PEO/Gr and
dried. The CI4BQ (0.025 g)/donor (0.1g) /PC (0.5 g)/PEO (0.05 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
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prepared in this way was sealed all around using TiO2/PEO paste, then with commercial
adhesive Bondfix (India) and covered with cellophane tape.
Table ES2. Cell Configuration 3

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 or Graphite foils. After 1 h,
Cl4sBQ (0.1 g)/PEO (0.05 g) in DCM was coated on TiO2/PEO/AI and TiO2/PEO/Gr and
dried. The CIsBQ (0.025 g)/donor (1 mmol)/PC (0.5 g)/TiO> (0.25 g)/PEO (0.05 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 TiO./PEO paste, then with
commercial adhesive Bondfix (India) and covered with cellophane tape.
Table ES3. Cell Configuration 4

The PEO (0.05 g) was dissolved in dichloromethane and mixed with TiO2 (0.5 Q)
powder. DCM was removed to obtain a paste for coating on Al and Graphite foils. After 1 h,
TiO2 (0.25 g)/donor (1 mmol)/PEO (0.05 g) in DCM was coated on TiO> (0.5 g)/PEO/AI and
TiO2 (0.5 g)/PEO/Gr and dried. The donor (1 mmol)/TiO2 (0.25 g)/PC (0.5 g)/PEO(0.05 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.
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Table ES4. Cell Configuration 5

The PEO (0.05 g) was dissolved in dichloromethane and mixed with metal oxide (0.5
g) powder. DCM was removed to obtain a paste for coating on Al or Graphite foils. After 1
h, ClsBQ (0.1 g)/PEO (0.05 g) in DCM was coated on metal oxide/PEO/Al and metal
oxide/PEO/Gr and dried. The CI4sBQ (0.025 g)/PC (0.5 g)/PEO (0.05 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.
Table ES4. Cell Configuration 6

The PEO (0.05 g) was dissolved in dichloromethane and mixed with metal oxide (0.5
g) powder. DCM was removed to obtain a paste for coating on Al or Graphite foils. After 1
h, ClsBQ (0.1 g)/PEO (0.05 g) in DCM was coated on metal oxide (0.5 g)/PEO/AI and metal
oxide (0.5 Qg)/PEO/Gr and dried. The CI4sBQ (0.025 g)/metal oxide (0.5 g)/PC (0.5
g)/PEO(0.05 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.
Table ES5. Cell Configuration 7

The PEO (0.05 g) was dissolved in dichloromethane and mixed with TiO2 (0.5 Q)
powder. DCM was removed to obtain a paste for coating on Al or Graphite foils. After 1 h,

ClsBQ (0.1 g)/BQ (0.1 g)/PEO (0.05 g) in DCM was coated on TiO2/PEO/AIl and
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TiO2/PEO/Gr and dried. The ClsBQ (0.025 g)/donor (0.19)/BQ (0.1 g)/PC (0.5 g)/ BQ (0.1
g)/PEO (0.05 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.
Table ES5. Cell Configuration 8

The PEO (0.05 g) was dissolved in dichloromethane and mixed with TiO2 (0.5 Q)
powder. DCM was removed to obtain a paste for coating on Al or Graphite foils. After 1 h,
ClsBQ (0.1 g)/BQ (0.1 g)/PEO (0.05 g) in DCM was coated on TiO2/PEO/AIl and
TiO2/PEO/Gr and dried. The ClsBQ (0.025 g)/donor (1 mmol)/PC (0.5 g)/BQ (0.1 g)/TiO>
(0.25 g)/PEO (0.05 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.
Table ES6. Cell Configuration 9

The PEO (0.05 g) was dissolved in dichloromethane and mixed with TiO2 (0.5 Q)
powder. DCM was removed to obtain a paste for coating on Al or Graphite foils. After 1 h,
ClsBQ (0.1 g)/PEO (0.05 g) in DCM was coated on TiO2/PEO/AI and TiO2/PEO/Gr and
dried. The CI4BQ (0.025 g)/donor (0.1g) /PC (0.5 g)/PEO (0.05 g) slurry was prepared and

casted above the coated layer on Al and Graphite and dried in air at room temperature
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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.
Table ES6. Cell Configuration 10

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 or Graphite foils. After 1 h,
ClsBQ (0.1 g)/PEO (0.05 g) in DCM was coated on TiO2/PEO/AI and TiO2/PEO/Gr and
dried. The CIsBQ (0.025 g)/donor (1 mmol)/PC (0.5 g)/TiO2 (0.25 g)/PEO (0.05 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 I\VV-curve measurement.
Table ES7. Cell Configuration 11

The PEO (0.05 g) was dissolved in dichloromethane and mixed with TiO2 (0.5 Q)
powder. DCM was removed to obtain a paste for coating on Al or Graphite foils. After 1 h,
ClsBQ (0.1 ¢g)/BQ (0.1 g)/PEO (0.05 g) in DCM was coated on TiO2/PEO/AIl and
TiO2/PEO/Gr and dried. The ClsBQ (0.025 g)/donor (0.19)/BQ (0.1 g)/PC (0.5 g)/ BQ (0.1

g)/PEO (0.05 g) slurry was prepared and casted above the coated layer on Al and Graphite
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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 1VV-curve measurement.
Table ES7. Cell Configuration 12

The PEO (0.05 g) was dissolved in dichloromethane and mixed with TiO2 (0.5 Q)
powder. DCM was removed to obtain a paste for coating on Al or Graphite foils. After 1 h,
ClsBQ (0.1 g)/BQ (0.1 g)/PEO (0.05 g) in DCM was coated on TiO2/PEO/AIl and
TiO2/PEO/Gr and dried. The ClsBQ (0.025 g)/donor (1 mmol)/PC (0.5 g)/BQ (0.1 g)/TiO>
(0.25 g)/PEO (0.05 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 1VV-curve measurement.
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Table ES1. Cell Experiments — Two Layer Configuration

Cell Configuration 1

S8 Foil or Gr

Layer 1: Donor Layer
TiO,/Amine/PC/EC/PEO

Layer 2: Acceptor Layer

“\u.

TiO,/CI4BQ/PC/EC/ PEO

Ambient

temperature Al foil

e
Voc Isc Vmax Imax Pmax Fill Factor
Entry SS (or Gr)/Layers/Al V) (mA) V) (mA) (mW)
1 SS-----

1638A | Layerl: TiOy(1g) + DIPEA(2mmol,0.34ml) + 0.912 3.150 0.419 1.805 0.756 0.263

PC(0.5g)+EC(0.5g)+ PEO(0.29)
Layer2: TiOy(1g)+ Cl;BQ(2 mmol,0.5g) +
PC(0.5g)+EC(0.5g)+ PEO(0.29)

P —
2 -
1639A | Layerl: TiOy(1g) + DABCO(2mmol,0.22g) + | 0.723 | 3.942 | 0.358 | 1.860 | 0.665 0.233

PC(0.5g)+EC(0.5g)+ PEO(0.2g)
Layer2: TiO»(1g)+ Cl.BQ(2 mmol,0.5g) +
PC(0.5g)+EC(0.5g)+ PEO(0.2g)

Al-------
3 SS-----
1638 Layer1:TiO,(1g)+TPA(2mmol,0.5g)+PC(0.5g 0.833 1.446 0.396 0.778 0.306 0.254

)+ EC(0.59)+ PEO(0.29)
Layer2:TiO,(1g)+Cl;BQ(2mmol,0.5g)+PC(0.5
g) + EC(0.5g)+ PEO(0.29)

Al-------
4 Gre----=u---
1634 Layerl: TiO,(1g) + DIPEA(2mmol,0.34ml) + 1.152 5.237 0.507 2.795 1.415 0.235

PC(1g)+ PEO(0.29)
Layer2: TiOy(1g)+ Cl;BQ(2 mmol,0.5g) +

PC(1g)+ PEO(0.29g)
Al-----emeo-
5 Gremesmemeen
1661A | Layerl: TiOy(1g) + DABCO (2mmol,0.229g) + 1.070 0.671 0.446 0.313 0.139 0.194
PC(1g)+ PEO(0.29g)

Layer2: TiO»(1g)+ Cl.BQ(2 mmol,0.5g) +
PC(1g)+ PEO(0.2g)

1634A | Layerl: TiOy(1g) + TPA(2mmol,0.5g) + 1.147 2.882 0.518 1.535 0.794 0.240
PC(1g)+ PEO(0.29g)
Layer2: TiO,(1g)+ Cl,BQ(2 mmol,0.5g) +
PC(1g)+ PEO(0.29g)

L ayer 1 was coated above SS electrode and Layer 2 was coated above Al. cAll the cells were characterized by IV
curve measurement.
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Table ES2. Cell Experiments: TiOz edge layer, ClaBQ + donor in PC layers

Cell Configuration 2: Cell Configuration 3:
(Without TiO2 in PC layer) (With TiO; in PC layer)
e
f — e —
Graphite _@ Graphite ‘e__(\ [ —
Lavert: TiO-(BED Ambient Layer 1: TiO,/PEO
Heat
Ambient Layer2: Cl,BQ/PEO \\ Layer 2: CI,BQ/PEO
Heat )
\ I(‘:Ty;(;l:’;" " Layer 3: N
\ 4 onor/PC/PEO V) C/  Load Cl,BQ/donor/Ti0,/PC/PEO (v /) C/ Load
Layer 4: Layer 4:
Cl,BQ/donor/PC/PEO C1,BQ/donoriTiO,/PC/PEO
Layer 5: CI,BQ/PEO Layer 5: CI,BQ/PEO
Layer 6: TiO,/PEO Layer 6: TiO,/PEO
Al Foil Al foil
e e
Time
Entry Cell Configuration after T°C® Voc Isc Vmax Imax Pmax Fill
packing V) (mA) V) (mA) (mW) Factor
1 [ — 1h 28°C 0.863 6.151 0.395 2.980 1.176 0.221
2812 Layerl: TiO2(0.5g) + PEO (0.05g)
Layer2: Cl4BQ(0.1g) + PEO (0.05g) 35°C 0.840 6.219 0.422 3.096 1.305 0.255
Layer3:ClsBQ(0.025g)+ TMPDA(0.19)
+PC(0.5g) + PEO(0.05g) 40°C 0.830 6.510 0.434 3.382 1.469 0.272
Layer4:ClsBQ(0.025g)+TMPDA(0.1g) 48h 28°C 0.782 2.364 0.353 1.058 0.373 0.202
+PC(0.5g) + PEO(0.050)
Layer5: Cl4BQ(0.1g)+PEO(0.05g) 35°C 0.765 | 3.052 0.332 1789 | 0593 | 0.254
Layer6: TiO2(0.5g) + PEO (0.1g)
Al---eemeneen 40°C 0.759 3.370 0.370 2.138 0.790 0.309
96h 28°C 0.780 1.189 0.431 0.468 0.201 0.218
2 [l 1h 28°C 1.098 3.008 0.561 1.588 0.889 0.269
2811 Layerl: TiO2(0.5g) + PEO (0.05g)
Layer2: Cl4BQ(0.1g) + PEO (0.05g) 35°C 1.093 | 3.640 0.547 1921 | 1.050 | 0.264
Layer3:ClsBQ(0.025g)+TPA(0.1g)
+PC(0.5g) + PEO(0.05¢) 40°C 1.101 | 4756 0.536 2490 | 1.333 | 0.255
Layer4:ClsBQ(0.025g)+TPA(0.1g) 48h 28°C 1.055 1.031 0.510 0.535 0.273 0.251
+PC(0.5g) + PEO(0.05g)
Layer5: Cl4BQ(0.1g)+PEO(0.05g) 35°C 1.031 1.210 0.524 0.641 | 0.336 0.266
Layer6: TiO2(0.5g) + PEO (0.1g)
Al---eemeneen 40°C 1.044 1.443 0.555 0.772 0.428 0.285
96h 28°C 1.039 0.574 0.495 0.296 0.146 0.246
3 [T — 1h 28°C 0.907 15.80 0.396 7.541 2.986 0.208
2810 Layerl: TiO2(0.5g) + PEO (0.05g)
Layer2: Cl4BQ(0.1g) + PEO (0.05g) 35°C 1.052 17.01 0.575 9.478 5.445 0.304
Layer3: Cl4BQ(0.025g) + DABCO(0.11g)
+PC(0.5g) + PEO(0.05g) 40°C 1.039 16.87 0.629 8.727 5.492 0.313
Layer4:ClaBQ(0.025g) + DABCO (0.119) 48h 28°C 1.017 6.203 0.520 2.986 1.553 0.246
+PC(0.5g) + PEO(0.05¢)
Layer5: Cl4BQ(0.19)+PEO(0.05g) 35°C 1.004 7.302 0.560 3.349 1.874 0.256
Layer6: TiO2(0.5g) + PEO (0.19)
Al----eeeeeen 40 °C 1.003 8.679 0.561 4,137 2.320 0.267
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96h 28°C 0.999 4.100 0.469 2.053 0.962 0.235
4 Gr-------------- 1h 28°C 1.110 6.467 0.531 3.244 1.724 0.240
2809 Layerl: TiO2(0.5g) + PEO (0.05g)
Layer2: Cl4BQ(0.1g) + PEO (0.05g) 35°C 1.090 | 6.134 0.536 3364 | 1.804 0.270
Layer3: Cl4BQ(0.025g) + DIPEA (0.13g)
+PC(0.5g) + PEO(0.05g) 40°C 1.104 17.43 0.601 9.472 5.695 0.296
Layer4: ClsBQ(0.025g) + DIPEA (0.13g) 48h 28°C 1.030 5.378 0.526 3.132 1.648 0.297
+PC(0.5g) + PEO(0.05g)
Layer5: Cl4BQ(0.19)+PEO(0.05g) 35°C 1.010 6.142 0.561 3.654 2.050 0.330
Layer6: TiO2(0.5g) + PEO (0.19)
Al---nneemneen 40°C 0.966 6.448 0.577 3.862 2.228 0.347
96h 28°C 0.975 3.187 0.501 1.881 0.942 0.303
5 Gr-----m-m-mmoe - 1h 28 °C 1.181 6.360 0.545 3.116 1.699 0.226
2793 Layerl: TiO2(0.5g) + PEO(0.05g)
Layer2: ClaBQ(0.1g) + PEO(0.05g) 35°C 1147 | 7527 0.534 3.950 2.110 0.245
Layer3: Cl4BQ(0.025g) + DiPrBA (0.19)
+PC (0.5g) +PEO(0.025g) 40°C 1.157 7.317 0.576 3.820 2.198 0.260
Layer4: Cl4BQ(0.025g) + DiPrBA(0.1g) +
PC (0.5g) +PEO(0.0259) 48h 28°C 1.074 3.147 0.512 1.608 0.822 0.243
Layer5: Cl4sBQ(0.1g) + PEO(0.05g)
Layer6: TiO2(0.5g) + PEO(0.05g) 35°C 1.069 3.748 0.532 1.968 1.047 0.261
L 96h 28°C 0.913 1.620 0.451 0.844 0.380 0.257
6 ] 1h 28°C 0.897 13.56 0.413 6.912 2.855 0.235
Layerl: TiO2(0.5g) + PEO(0.05g)
3012 | Layer2: ClaBQ(0.1g) + PEO(0.05g) 35°C 0.883 12.60 0.445 6.717 2.986 0.269
Layer3: TMPDA (0.1669) +
ClsBQ(0.025g) +PC (0.5g) +PEO(0.05g) + 40°C 0.822 14.43 0.394 7.876 3.099 0.261
TiO2 (0.259) 48h 28°C 0.884 6.98 0.402 3.603 1.449 0.235
Layer4: TMPDA (0.1669) +
Cl4BQ(0.025g) + PC (0.5g) +PEO(0.059) + 35°C 0.877 7.687 0.431 3.905 1.682 0.250
TiO2 (0.259)
Layer5: ClaBQ(0.1g) + PEO(0.05g) 40°C 0.888 8.226 0.464 3.928 1.822 0.250
Layer6: TiO2(0.5g) + PEO(0.05g) 96h 40°C 0.891 | 5.079 0.441 2211 | 0975 | 0.216
Al--emmmmememeeeeen
7 Gr----mm-mmm e 1h 28°C 1.089 1.161 0.543 0.563 0.306 0.242
3011 | Layerl: TiO2(0.5g) + PEO(0.05g)
Layer2: ClsBQ(0.1g) + PEO(0.05g) 35°C 1.104 1.229 0.535 0.646 | 0.345 0.255
Layer3: TPA (0.245g) + ClsBQ(0.025g)
+PC (0.5g) +PEO(0.05g) + TiO2 (0.250) 40°C 1.085 1.408 0.518 0.724 0.375 0.245
Layer4: TPA (0.245g) + ClsBQ(0.025g) + 48h 28°C 1.157 0.398 0.549 0.198 0.109 0.236
PC (0.5g) +PEO(0.05g) + TiO2 (0.25g)
Layer5: ClBQ(0.1g) + PEO(0.05g) 35°C 1.154 0.501 0.569 0.252 0.143 0.248
Layer6: TiO2(0.5g) + PEO(0.05g)
Al--emmmmemeeeeeeen 40°C 1.144 0.485 0.583 0.244 0.142 0.256
96h 40 °C 1.151 0.277 0.540 0.134 0.072 0.226
8 Gr=----memmmmemeeee 1h 28°C 0.958 26.75 0.376 12.89 4.846 0.189
3010 | Layerl: TiO2(0.5g) + PEO(0.059)
Layer2: Cl4BQ(0.1g) + PEO(0.05g) 35°C 0.968 32.29 0.365 16.18 5.898 0.189
Layer3: DABCO (0.112g) +
ClsBQ(0.025g) +PC (0.5g) +PEO(0.05g) + 40°C 1.006 29.67 0.685 8.986 6.155 0.206
TiO2 (0.259) 48h 28°C 0.95 4.173 0.506 1.904 0.963 0.243
Layer4: DABCO (0.112g) +
Cl.BQ(0.025g) + PC (0.5g) +PEO(0.05g) + 35°C 0.942 4877 0.492 2.246 1.104 0.24
TiO2 (0.259)
Layer5: ClBQ(0.1g) + PEO(0.05g) 40°C 0.932 5.242 0.517 2.352 1.216 0.249
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Layer6: TiO2(0.5g) + PEO(0.05g) 96h 40°C 0.929 1.726 0.441 0.840 0.370 0.231
Al
9 1h 28°C 1.073 25.75 0.623 11.98 7.483 0.271
3009 | Layerl: TiO2(0.5g) + PEO(0.05g)
Layer2: Cl4BQ(0.1g) + PEO(0.059g) 35°C 1.055 19.77 0.595 13.02 7.741 0.371
Layer3: DIPEA(0.13g, 0.17ml) +
Cl4BQ(0.025g) +PC (0.5g) +PEO(0.05g) + 40°C 1.042 22.54 0.572 14.26 8.147 0.347
TiO2 (0.259) 48h 28°C 0.922 6.449 0.476 3.85 1.833 0.308
Layer4: DIPEA(0.13g) + ClsBQ(0.025g) +
PC (0.5g) +PEO(0.05g) + TiO2 (0.259) 35°C 0.91 6.727 0.503 3.88 1.95 0.318
Layer5: ClsBQ(0.1g) + PEO(0.05g)
Layer6: TiO2(0.5g) + PEO(0.059) 40°C 0.899 6.854 0.498 4131 2.057 0.334
Al-mmmmeemnmoeeaes 96h 40°C 0.820 2.946 0.424 1.462 0.620 0.257
10 ] 1h 28°C 1.032 5.946 0.477 2.014 0.959 0.156
3111 | Layerl: TiO2(0.5g) + PEO(0.05g)
Layer2: Cl4BQ(0.1g) + PEO(0.059g) 35°C 1.144 8.256 0.518 2.789 1.444 0.153
Layer3: DiPrBA (0.205g) + Cl4BQ(0.025g)
+PC (0.5g) +PEO(0.05g) + TiO2 (0.25g) 40°C 1.179 12.06 0.561 7.482 4.193 0.295
Layer4: DiPrBA (0.205g) + ClsBQ(0.025g) 48h 28°C 1.165 7.532 0.548 4.148 2.272 0.259
+ PC (0.5g) +PEO(0.059) + TiO2 (0.259)
Layer5: ClaBQ(0.1g) + PEO(0.05g) 35°C 1.086 9.214 0.558 5.305 2.958 0.296
Layer6: TiO2(0.5g) + PEO(0.05g)
L 40°C 1.125 9.679 0.548 5.420 2.969 0.273
96h 40°C 1.169 5.816 0.525 2.987 1.569 0.231

Table ES3. Cell Experiments: Without p-chloranil acceptor

Cell Configuration 4

(Without CLiBQ)
Graphite ‘5;7@7
Ambient Layer 1: TiO,/PEO

Heat

Layer 2: TiO,/Donor/PEO
\ Layer 3:
. N \
TiO,/Donor/PC/PEO v C// \Load
Layer 4:
TiO,/Donor/PC/PEO

Layer 5: TiO,/Donor/PEO

Layer 6: TiO,/PEO

Al Foil >
e
Entry Cell Configuration Time after
No. packing T°C® Voc Isc Vmax Imax Pmax Fill
V) (mA) V) (mA) (mw) Factor
[ 1h 28°C 0.776 0.019 0.433 0.009 0.004 0.277
1 Layerl: TiO2(0.5g) + PEO (0.05g)
Layer2: TiOz (0.25g)+ TPA (0.245g) + 35°C 0.764 0.023 0.445 0.010 0.004 0.268
PEO (0.05g)
Layer3:TiO2(0.5g) + TPA (0.245g) + PC 40°C 0.755 0.024 0.452 0.010 0.004 0.270
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(0.5ml) + PEO(0.05g) 48h 28°C 0.739 | 0.011 0.42 0.005 0.002 0.279
Layer4: TiO2(0.5g) TPA (0.245g) + PC
(0.5ml) + PEO(0.05g) 35°C 0.727 | 0.015 0.396 0.007 0.003 0.279
Layer5: TiO2 (0.25g)+ TPA (0.245¢) +
PEO (0.05g) 40°C 0.717 | 0.016 0.408 0.008 0.003 0.287
Layer6: Ti02(0.5g) + PEO (0.050)
1h 28°C 0.784 | 0.288 0.148 0.136 0.020 0.089
2 Layerl: TiO2(0.5g) + PEO (0.05g)
Layer2:TiO2(0.25g)+DABCO (0.112g) + 35°C 0.781 | 0.314 0.145 0.140 0.020 0.083
PEO (0.05g)
Layer3:Ti02(0.5g) + DABCO (0.112g) + 40°C 0.787 | 0.366 0.151 0.176 0.026 0.092
PC (0.5mi) + PEO(0.050) 48h 28°C 0.82 0.102 0.355 0.033 0.011 0.114
Layer4: TiO2(0.5g) + DABCO (0.1129) +
PC (0.5ml) + PEO(0.050) 35°C 0.818 | 0.156 0.382 0.038 0.014 0.114
Layer5:TiO2(0.25g)+DABCO (0.112g) +
PEO (0.050) 40°C 0.815 | 0.178 0.41 0.048 0.019 0.136
Layer6: TiO2(0.5g) + PEO (0.05g)
1h 28°C 0.688 | 0.021 0.413 0.010 0.004 0.289
3 Layerl: TiO2(0.5g) + PEO (0.05g)
Layer2:TiOz (0.25g)+ DIPEA (0.13g) + 35°C 0.682 | 0.028 0.404 0.013 0.005 0.279
PEO (0.05g)
Layer3:TiO(0.5g)+DIPEA(0.13g)+PC(0. 40°C 0.68 0.028 0.401 0.013 0.005 0.281
Smi)+ PEO(0.05¢) 48h 28°C | 0.713 | 0.022 | 0424 | 0010 | 0004 | 0.295
Layer4:
Ti02(0.5g)+DIPEA(0.13g)+PC(0.5ml) + 35°C 0692 | 0.027 0408 | 0.013 0.005 0.294
PEO(0.05g)
Layer5: TiOz (0.25g)+ DIPEA (0.13g) + 40°C 0.674 | 0.028 0.405 0.014 0.005 0.305
PEO (0.05g)
Layer6: TiO2(0.5g) + PEO (0.05g)
1h 28°C 0791 | 0.773 0.493 0.374 0.184 0.302
4 Layerl: TiO2(0.5g) + PEO (0.05g)
Layer2: TiOz (0.25g)+ DiPrBA (0.205g) 35°C 1.039 | 0715 0.621 0.335 0.208 0.281
+ PEO (0.05g)
Layer3: Ti02(0.5g) + DiPrBA (0.205g) + 40°C 1.021 | 0814 0.61 0.385 0.235 0.283
PC (0.5ml) + PEO(0.059) 48h 28°C | 0995 | 0462 | 0574 0.223 0.128 0.278
Layer4: TiO2(0.5g) + DiPrBA (0.205g)
* PC (0.5ml) + PEO(0.050) 35°C | 0916 | 0534 | 0554 | 0242 | 0134 | 0.274
Layer5: TiOz (0.25g)+ DiPrBA (0.205g)
+PEO (0.059) 40°C | 0871 | 0542 | 0535 | 0255 | 0136 | 0.289
Layer6: TiO2(0.5g) + PEO (0.05g)
Y E——
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Table ES4: Cell Experiments: With and without metal oxides in PC layer

Cell Configuration 5

(With metal oxides (MxQy) without other donors)

Cell Configuration 6

(With additional metal oxides (MxQy) in PC

layers without other donors)

e y e o
Graphite ﬂ;*;D_ Graphite —~T1 W
Ambient  Layer 1: Metal Oxide/PEO Ambient  Layer 1: Metal Oxide/PEO
Heat Heat
\ Layer 2: CI,BQ/PEO Layer 2: CI,BQ/PEO
\ Layer 3: \ Layer 3:
\ CI,BQ/PC/PEO (V) Q/\ Load \ Cl1,BQ/MxOy/PC/PEO Q// ‘ \/) Load
Layer 4: Layer 4:
Cl4,BQ/PC/PEO Cl1,BQ/MxOy/PC/PEO
Layer 5: CI,BQ/PEO Layer 5: CI,BQ/PEO
Layer 6: Metal Oxide/PEO Layer 6: Metal Oxide/PEO
Al Foil > Al Foil >
e e
Entry Cell Configuration Time after
No. packing T°C® Voc Isc Vmax Imax Pmax Fill
V) (mA) V) (mA) (mw) Factor
1 Gr---mm-mmmee 1h 28°C 1.071 3.503 0.557 1.956 1.089 0.290
2815 Layerl: TiO2(0.5g) + PEO (0.05g)
Layer2: ClsBQ(0.1g) + PEO (0.05g) 35°C 1.067 3.786 0.564 2.043 1.153 0.285
Layer3: Cl4BQ(0.025g) +PC(0.59) +
PEO(0.05g) 40°C 1.071 4.084 0.535 2.210 1.181 0.270
Layer4: Cl4BQ(0.025g) +PC(0.59) + 48h 28°C 1.055 0.498 0.522 0.253 0.132 0.252
PEO(0.059g)
Layer5: ClsBQ(0.19)+PEO(0.059) 35°C 1.071 0.604 0.549 0.330 0.181 0.281
Layer6: TiO2(0.5g) + PEO (0.19)
Al--m-meeeeee 40°C 1.061 0.710 0.558 0.409 0.228 0.303
96h 28°C 0.936 0.449 0.476 0.231 0.110 0.262
2 Gr---mm-mmmee 1h 28°C 1.07 4.871 0.444 1.943 0.862 0.166
3053 Layerl: Al203(0. 5g)+ PEO (0.05g)
Layer2: ClsBQ(0.1g) + PEO (0.05g) 35°C 1.071 5.66 0.461 2.454 1131 0.187
Layer3: ClsBQ(0.025g) +PC(0.5g) +
PEO(0.059) 40°C 1.076 5.756 0.477 2.674 1.276 0.206
Layer4: Cl4BQ(0.025g) +PC(0.59) + 48h 28°C 1.106 3.296 0.499 1.321 0.658 0.181
PEO(0.05g)
Layer5: ClsBQ(0.19)+PEO(0.059) 35°C 1.099 4.588 0.484 2.019 0.976 0.199
Layer6: Al03(0.5g) + PEO (0.19)
Al-mmmeeeeee 40°C 1088 4.750 0.485 2.163 1.049 0.203
96h 40°C 1.123 3.604 0.469 1.452 0.680 0.168
3 [ 1h 28°C 0.826 1.889 0.423 0.955 0.403 0.259
3054 Layerl: ZnO(0.5g) + PEO (0.05g)
Layer2: ClsBQ(0.1g) + PEO (0.05g) 35°C 0.836 1.963 0.424 1.017 0.431 0.263
Layer3: ClsBQ(0.025g) +PC(0.59) +
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PEO(0.05g) 40°C 0.839 2.209 0.44 1.12 0.492 0.266
Layer4: Cl4BQ(0.025g) +PC(0.59) +
PEO(0.05g)
Layer5: Cl:BQ(0.19)+PEO(0.059) 48n 28°C | 0838 | 0872 | 0412 | 0448 | 0184 | 0253
Layer6: ZnO(0.5g) + PEO (0.19)
Al--rooeooeeae 35°C 0.846 1.146 0.421 0.595 0.250 0.249
40°C 0.847 1.238 0.415 0.641 0.272 0.260
96h 40°C 0.837 0.831 0.414 0.404 0.167 0.241
4 (€] 1h 28°C 1.073 12.62 0.483 6.299 3.043 0.225
2871 Layerl: TiO2(0.5g) + PEO (0.05g)
Layer2: Cl4BQ(0.1g) + PEO (0.05q) 35°C 1.059 | 13.28 0.498 6.888 3.428 0.244
Layer3:ClsBQ(0.025g)+Ti02(0.25g)+PC(0.5g)
+ PEO(0.05g) 40°C 1.044 13.35 0.509 7.156 3.639 0.261
Layer4: Cl4BQ(0.025g) + 48h 28°C 1.177 7.753 0.507 3.880 1.965 0.215
TiO2(0.25g)+PC(0.5g) + PEO(0.05g)
Layer5: CI4BQ(0.1g)+ PEO(0.05g) 35°C 1124 | 9.453 0.522 5.334 2.782 0.262
Layer6: TiO2(0.5g) + PEO (0.1g)
Al-----——-——- 40°C 1.205 10.86 0.539 6.260 3.376 0.258
96h 28°C 1.189 5.731 0.494 2.540 1.255 0.184
5 Gr=--mm-mmme- 1h 28°C 0.999 2.664 0.456 1.265 0.576 0.217
2923 Layerl: Al203(0.5g) + PEO (0.05g)
Layer2: Cl4BQ(0.1g) + PEO (0.050) 35°C 0.997 | 3.462 0.464 1.710 0.792 0.230
Layer3:Cl.BQ(0.025g)+
AlL03(0.25g)+PC(0.5g)+ PEO(0.050) 40°C 1.025 | 3.551 0.473 1.796 0.848 0.233
Layer4: Cl4BQ(0.025g) + 48h 28°C 1.052 3.064 0.491 1.568 0.770 0.239
Al>03(0.25g)+PC(0.5g) + PEO(0.05g)
Layer5: C14BQ(0.1g)+ PEO(0.05g) 35°C 1.003 3.805 0.503 2.035 1.022 0.268
Layer6: Al203(0.5g) + PEO (0.19)
Al-meeeeeee 40°C 0.982 4.367 0.510 2.406 1.226 0.286
96h 28°C 1.070 2.889 0.495 1.485 0.735 0.288
6 Gresemememmeeens 1h 28°C 0.925 1.790 0.440 0.877 0.386 0.233
2924 Layerl: ZnO(0.5g) + PEO (0.05g)
Layer2: CI4BQ(0.1g) + PEO (0.05) 35°C 0926 | 2.274 0.449 1.091 0.489 0.233
Layer3:ClsBQ(0.025g)+ ZnO
(0.25g)+PC(0.5g)+ PEO(0.05g) 40°C 0945 | 2721 0.453 1.292 0.584 0.227
Layer4: Cl4BQ(0.025g) + ZnO 48h 28°C 0.958 0.992 0.438 0.454 0.199 0.210
(0.25g)+PC(0.5g) + PEO(0.059)
Layer5: Cl4BQ(0.1g)+ PEO(0.05g) 35°C 0.926 1.491 0.445 0.639 0.284 0.206
Layer6: ZnO(0.5g) + PEO (0.19)
Al--m-meeeee 40°C 0.931 2.020 0.407 0.900 0.366 0.195
96h 28°C 0.982 0.471 0.453 0.209 0.094 0.204
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Table ES5. Cell Experiments: With BQ in ClsBQ layer, without and with TiOz in PC

layer

Cell Configuration 7 Cell Configuration 8
(With BQ in CIsBQ Layers) (With BQ in CI4BQ layers and additional
TiO2 using 1mmol donors in PC layers)
e e N
Graphite _<_—/j\‘— Graphite H;7(?/‘7
Layer 1: TiO,/PEO Layer 1: TiO,/PEO
Ambient
Heat Ambient
\ Layer 2: Cl,BQ/BQ/PEO Heat Layer 2: Cl,BQ/BQ/PEO
Layer 3: L ) \ Layer 3: L
C1,BQ/donor/BQ/PC/PEO L) (/) Loa C1,BQ/donor/BQITi0,/PC/PEO {v) (/) Load
Layer 4: 1 Layer 4: 1
C1,BQ/donor/BQ/PC/PEO C1,BQ/donor/BQ/TiO,/PC/PEO
Layer 5: Cl,BQ/BQ/PEO Layer 5: Cl,BQ/BQ/PEO
Layer 6: TiO,/PEO Layer 6: TiO,/PEO
Al foil Al foil
e e
Time after
Entry Cell Configuration packing T°C® Voc Isc Vmax Imax Pmax Fill
V) (mA) V) (mA) (mw) Factor
1 € — 1h 28°C 0761 | 5623 0.409 3537 | 1.448 0.338
2802 | Layerl: TiO2(0.5g) + PEO (0.059)
Layer2: CI4BQ(0.1g) + BQ(0.1g) + PEO 35°C 1.051 | 6.348 0.476 3.234 | 1538 0.231
(0.05g)
Layer3: ClaBQ(0.025g) + TMPDA(0.1g) 40°C 1.044 | 7.546 0.515 4.223 | 2175 0.276
+PC(0.59) + BQ(0.1g) + PEO(0.05g)
Layer4: ClaBQ(0.025g) + TMPDA (0.1g) 48h 28°C 0917 | 3.010 0.393 1.386 | 0.544 0.197
+PC(0.59) + BQ(0.1g) + PEO(0.050)
Layer5: CI4BQ(0.1g)+ BQ(0.1g) + 35°C 0911 | 3.981 0.403 2050 | 0.826 0.228
PEO(0.050)
Layer6: TiO2(0.5g) + PEO (0.1g) 40°C 0.904 | 4.890 0.441 2734 | 1.205 0.273
Al-omeoeeeea 96h 28°C 0865 | 1.384 0.359 0.600 | 0.215 0.180
2 [ ——— 1h 28°C 1192 | 5529 0.534 2720 | 1453 0.220
2801 Layerl: TiO2(0.5g) + PEO (0.05g)
Layer2: Cl4BQ(0.1g) + BQ(0.1g) + PEO 35°C 1.165 | 6.120 0.541 3.062 | 1.658 0.233
(0.05g)
Layer3: CLiBQ(0.025g) + TPA(0.1g) 40°C 1.158 | 6.313 0.548 3199 | 1.752 0.240
+PC(0.59) + BQ(0.1g) + PEO(0.050) 48h 28°C | 1164 | 3634 | 0483 | 1828 | 0882 | 0.209
Layer4: Cl4BQ(0.025g) + TPA (0.1g)
+PC(0.59) + BQ(0.1g) + PEO(0.059) 35°C | 1133 | 4302 | 0522 | 2176 | 1135 | 0233
Layer5: Cl4BQ(0.1g)+BQ(0.1g) +
PEO(0.05) 40°C | 1113 | 4534 | 0523 | 2315 | 1216 | 0.240
Layer6: TiO2(0.5g) + PEO (0.1g)
Al 96h 28°C 1176 | 3.295 0.453 1687 | 0.764 0.197
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3 Gr----m-mm-m- 1h 28 °C 1.113 10.64 0.471 6.310 2972 0.251
2800 Layerl: TiO2(0.5g) + PEO (0.05g)
Layer2: Cl4BQ(0.1g) + BQ(0.1g) + PEO 35°C 1.092 11.52 0.532 7.639 4.062 0.323
(0.05g)
Layer3: ClsBQ(0.025g) + DABCO(0.1g) 40°C 1.093 12.63 0.582 9.271 5.391 0.391
+PC(0.5g) + BQ(0.1g) + PEO(0.059)
Layer4: ClsBQ(0.025g) + DABCO (0.1g) 48h 28°C 1.086 6.500 0.400 4.224 1.688 0.239
+PC(0.5g) + BQ(0.1g) + PEO(0.05g)
Layer5: Cl4BQ(0.1g)+ BQ(0.1g) + 35°C 1.080 6.642 0.514 4.734 2.433 0.339
PEO(0.05g)
Layer6: TiO2(0.5g) + PEO (0.1g) 40°C 1.080 7.024 0.553 5.472 3.023 0.399
Al---mmmmeeee 96h 28°C 1.072 4.736 0.394 2.839 1.118 0.220
4 Gr----m-mm-m- 1h 28°C 1.208 26.94 0.457 12.93 5.909 0.182
2799 Layerl: TiO2(0.5g) + PEO (0.05g)
Layer2: Cl4BQ(0.1g) + BQ(0.1g) + PEO 35°C 1.158 29.95 0.505 14.49 7.321 0.211
(0.05g)
Layer3: ClsBQ(0.025g) + DIPEA (0.1g) 40°C 1.146 31.33 0.523 15.75 8.229 0.229
+PC(0.5g) + BQ(0.1g) + PEO(0.05g) 48h 28°C 1.190 6.245 0.499 3.005 1.500 0.202
Layer4: ClsBQ(0.025¢) + DIPEA (0.1g)
+PC(0.5g) + BQ(0.1g) +PEO(0.05g) 35°C 1.167 7.108 0.521 3.485 1.816 0.219
Layer5: Cl4BQ(0.1g)+BQ(0.1g)+ PEO(0.05g)
Layer6: TiO2(0.5g) + PEO (0.1g) 40°C 1.155 7.772 0.535 3.880 2.074 0.231
Al---mmmeeeee 96h 28°C 1.138 4.328 0.502 2.145 1.076 0.219
5 [C] 1h 28°C 1.185 4.081 0.544 2.036 1.108 0.229
2794 Layerl: TiO2(0.5g) + PEO(0.05g)
Layer2: ClsBQ(0.1g) + BQ (0.1g) + 35°C 1.185 5.255 0.580 2.660 1.544 0.248
PEO(0.05g)
Layer3: DiPrBA (0.19)+ClBQ (0.025g) +PC 40°C 1.185 5.949 0.571 3.000 1.714 0.243

(0.5g) + BQ(0.1g)+ PEO(0.025g)

o]
Layer4: DiPrBA (0.1g)+ CLiBQ(0.025g) + PC 48h 28°C 1.206 2.806 0.534 1.406 0.750 0.222

(0.5g) + BQ(0.1g) + PEO(0.025g)

Layers: CLBQ(0.1g) +BQ(0.1g) + 35°C 1.215 3.722 0.573 1.937 1.109 0.245

PEO(0.05) 40°C 1.215 4.900 0.578 2.653 1.534 0.258
Layer6: TiO2(0.5g) + PEO(0.05g) . . . . . .
Alecommeeemeeees 96h 28°C 1.177 2.595 0.507 1.342 0.680 0.223
6 1h 28°C 1.000 3.940 0.470 1.969 0.926 0.235

Layerl: TiO2(0.5g) + PEO (0.05g)

3018 | Layer2: CI4BQ(0.1g) + BQ(0.1g) + PEO 35°C 0.995 4,655 0.521 2.418 1.259 0.272
(0.05g)
Layer3: ClaBQ(0.025g) + TMPDA(0.164g) 40°C 0.986 5.795 0.534 3.023 1.614 0.282
+PC(0.5g) + BQ(0.1g) + PEO(0.05g) + TiO2 48h 28°C 0.954 3.341 0.415 1.6 0.663 0.208
(0.25g)
Layer4: ClaBQ(0.025g) + TMPDA (0.164g) 35°C 0.944 4631 0.44 2.334 1.026 0.235
+PC(0.5g) + BQ(0.1g) + PEO(0.05g) + TiO2
(0.25g) 40°C 0.936 5.272 0.458 2.835 1.299 0.263
Layer5: Cl4BQ(0.1g)+ BQ(0.1g) + 96h 40°C 0.939 2.579 0.398 1.205 0.478 0.198
PEO(0.05g)
Layer5: TiO2(0.5g) + PEO (0.1g)
-\ B

7 [ E— 1h 28°C 1.185 2.858 0.543 1.303 0.706 0.209

Layerl: TiO2(0.5g) + PEO (0.059)

3017 | Layer2: CI4BQ(0.1g) + BQ(0.1g) + PEO 35°C 1177 3.313 0.552 1.552 0.857 0.220
(0.05g)
Layer3: ClaBQ(0.025g) + TPA(0.245g) 40°C 1.168 3.667 0.546 1.722 0.939 0.219

+PC(0.5g) + BQ(0.1g) + PEO(0.05g) + TiO»
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(0.25g) 48h 28°C 1.229 1.857 0.518 0.868 0.450 0.197
Layer4: ClaBQ(0.025g) + TPA (0.245g)
+PC(0.5g) + BQ(0.1g) + PEO(0.05g) + TiO2 35°C 1.218 2.439 0.519 1171 0.607 0.204
(0.25g)
Layer5: Cl4BQ(0.1g)+BQ(0.1g) + 40°C 1.209 2.757 0.556 1.31 0.728 0.219
PEO(0.059) 96h 40°C 1.244 1.437 0.483 0.701 0.338 0.190
Layer5: TiO2(0.5g) + PEO (0.1g)
Y E—
8 [T —— 1h 28°C 1.148 8.383 0.561 6.318 3.544 0.368
Layerl: TiO2(0.5g) + PEO (0.05g)
3016 | Layer2: CI4BQ(0.1g) + BQ(0.1g) + PEO 35°C 1.126 8.687 0.620 7.323 4542 0.464
(0.05g)
Layer3: ClsBQ(0.025g) + DABCO(0.166g) 40°C 1.147 9.693 0.612 7.850 4.806 0.432
+PC(0.5g) + BQ(0.1g) + PEO(0.05g) + TiO2
(0.25g) 48h 28°C 1.159 6.841 0.492 4.849 2.387 0.301
Layer4: ClaBQ(0.025g) + DABCO (0.166g)
+PC(0.5g) + BQ(0.1g) + PEO(0.05g) + TiO2 35°C 1.154 7.903 0.56 6.271 3.51 0.385
(0.25g)
Layer5: Cl4BQ(0.1g)+ BQ(0.1g) + 40°C 1.147 7.591 0.583 6.482 3.776 0.434
PEO(0.059) 96h 40 °C 1.163 6.415 0.478 4123 1.972 0.264
Layer5: TiO2(0.5g) + PEO (0.1g)
Y E——
9 [C]p— 1h 28°C 1.190 30.09 0.497 15.69 7.788 0.218
3015 Layerl: TiO2(0.5g) + PEO (0.05g)
Layer2: Cl4BQ(0.1g) + BQ(0.1g) + PEO 35°C 1.136 34.92 0.519 18.22 9.450 0.238
(0.05g)
Layer3: ClaBQ(0.025g) + DIPEA (0.13g) 40°C 1.126 35.22 0.526 22.34 11.74 0.296
+PC(0.5g) + BQ(0.1g) + PEO(0.05g) + TiO2 48h 28°C 1.187 18.23 0.509 11.42 5.816 0.269
(0.25g)
Layer4: ClaBQ(0.025g) + DIPEA (0.13g) 35°C 1.134 19.91 0.518 15.02 7.775 0.344
+PC(0.5g) + BQ(0.1g) +PEO(0.05g) + TiO2
(0.25g) 40°C 1.106 19.15 0.543 15.37 8.338 0.394
Layer5: Cl4BQ(0.1g)+BQ(0.1g)+ PEO(0.05g) 96h 40°C 1.180 14.63 0.480 9.626 4618 0.268
Layer6: TiO2(0.5g) + PEO (0.19g)
Y E——
10 [T 1h 28°C 1.214 4.470 0.552 2.205 1.216 0.224
Layerl: TiO2(0.5g) + PEO(0.05g)
3019 | Layer2: ClaBQ(0.1g) + BQ (0.1g) + 35°C 1.206 5.720 0.570 2.846 1.622 0.235
PEO(0.05g)
Layer3: DiPrBA (0.205g)+Cl:BQ (0.025g) 40°C 1.199 6.714 0.577 3.245 1.871 0.232
+PC (0.5g) + BQ(0.1g)+ PEO(0.025g) + TiO2 48h 28°C 1.241 3.403 0.563 1.669 0.939 0.22
(0.25g)
Layer4: DIiPrBA (0.205g)+ Cl:BQ(0.025g) + 35°C 1.247 4.024 0.595 1.977 1.176 0.234
PC (0.5g) + BQ(0.1g) + PEO(0.025g) + TiO2
(0.25g) 40°C 1.254 4623 0.616 2.292 1.411 0.243
Layer5: CliBQ(0.19) +BQ(0.1g) + 96h 40°C 1238 | 2.734 0.551 1336 | 0.736 0.218
PEO(0.05)
Layer6: TiO2(0.5g) + PEO(0.05g)
Y FS——
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Table ES6. Cell Expeiments: Charging Ni-Cd battery with electrochemical cell for
charging studies

Cell Configuration 9 Cell Configuration 10
(Without TiO2 in PC layer) (With TiO; in PC layer)
+
Graphite Graphite
Layer 1: TiO,/PEO ﬁmbtient Layer 1: TiO,/PEO
ea
Ambient Layer2: Cl,BQ/IPEO \ Layer 2: CI,BQ/PEO
Heat Layer 3: " Layer 3:
\\: Cl4,BQ/DIPEA/PC/IPEO Cl4,BQ/DIPEAITiIO,/PC/IPEO
Layer 4: Battery Layer 4:
Cl,BQ/DIPEA/PC/PEO - CI,BQ/DIPEA/TiO,/PC/PEO
Layer 5: Cl,BQ/PEO Layer 5: CI,BQ/PEO
Layer 6: TiO,/PEO Layer 6: TiO,/PEO
Al Foil I Al foil
Time
Entry Cell Configuration after T°C® Voc Isc Vmax Imax Pmax Fill
packing V) (mA) V) (mA) (mW) Factor
1 Gr------mm - 1h 28°C 1.140 20.95 0.555 11.68 6.485 0.272
3278 | Layerl: TiO2(0.5g) + PEO (0.05g)
Layer2: Cl4BQ(0.1g) + PEO (0.059) 35°C 1.116 22.84 0.581 13.56 7.882 0.309
Layer3:ClsBQ(0.0259)+DIPEA(0.13g)
+PC(0.5g) + PEO(0.050) 40°C 1.132 26.48 0.585 15.36 8.988 0.300
Layer4:ClsBQ(0.0259)+DIPEA(0.13g) 48h 28°C 0.970 5.605 0.563 3.829 2.154 0.396
+PC(0.5g) + PEO(0.05g)
Layer5: Cl4BQ(0.1g)+PEO(0.05g) 35°C 0.957 6.364 0.571 4.660 2.659 0.437
Layer6: TiO2(0.5g) + PEO (0.1g)
Al--mmmoeeeeee 40°C 0.955 6.414 0.574 5.039 2.893 0.473
96h 40°C 0.945 4.204 0.542 2.753 1.491 0.375
144h 40°C 0.936 4.752 0.576 3.017 1.738 0.391
2 [ e 1h 28°C 1.143 23.50 0.556 12.57 6.992 0.260
3279 Layerl: TiO2(0.5g) + PEO (0.05g)
Layer2: Cl4BQ(0.1g) + PEO (0.05g) 35°C 1.138 24.38 0.557 13.65 7.600 0.274
Layer3:ClsBQ(0.025g)+ DIPEA(0.13g)
+PC(0.5g) + TiO2(0.25 g)+PEO(0.05g) 40°C 1.126 23.69 0.569 13.40 7.626 0.286
Layer4:ClsBQ(0.025g)+ DIPEA(0.13g) 48h 28°C 0.981 6.314 0.537 4.482 2.405 0.387
+PC(0.5g) + TiO2(0.25 g)+ PEO(0.059)
Layer5: Cl4BQ(0.1g)+PEO(0.05g) 35°C 0.964 6.576 0.538 4.719 2.538 0.401
Layer6: TiO2(0.5g) + PEO (0.19)
Al--mmmemeeeee 40°C 0.961 6.935 0.572 5.089 2911 0.437
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96h

40°C

0.911 5.528 0.473 3.756 1.776 0.353

144h

40°C

0.865 6.407 0.506 4.010 2.027 0.366

Table ES7. Cell Expeiments: Charging Ni-Cd battery using electrochemical cell

(With

Ambient
Heat

\

Cell Configuration 11

BQ in Cl,BQ Layers)

Graphite
Layer 1: TiO,/PEO

Layer 2: C1,BQ/BQ/PEO

Layer 3:
Cl,BQ/DIPEA/BQ/PC/PEO

Layer 4: Battery

Cl,BQ/DIPEA/BQ/PC/PEO

Layer 5: Cl,BQ/BQ/PEO

Layer 6: TiO,/PEO

Cell Configuration 12

(With BQ in Cl,BQ layers and
additional TiO; in PC layers)

Graphite
Layer 1: TiO,/PEO

Ambient
Layer 2: C1,BQ/BQ/PEO

Heat
\\ Layer 3:

Cl1,BQ/Donor/BQ/TiO,/PC/PEO

Layer 4:
Cl1,BQ/Donor/BQI/TiO,/PC/PEO

Layer 5: C1,BQ/BQ/PEO

Layer 6: TiO,/PEO

Al foil Al foil
Time
Entry Cell Configuration after T°C® Voc Isc Vmax Imax Pmax Fill
packing V) (mA) V) (mA) (mW) Factor
1 [ e — 1h 28°C 1.176 74.63 0.453 31.18 14.12 0.161
3264 Layerl: TiO2(0.5g) + PEO (0.05g)
Layer2: Cl4BQ(0.1g) +BQ(0.1g)+PEO 35°C 1.129 76.34 0.485 33.77 16.38 0.190
(0.050)
Layer3:Cl:BQ(0.025g)+DIPEA(0.13g) 40°C 1119 | 8296 0.456 38.34 | 17.49 0.189
+PC(0.5g) + BQ(0.1g)+PEO(0.05g) 48h 28°C 1177 30.07 0.520 14.33 7.451 0.211
Layer4:ClsBQ(0.0259)+DIPEA(0.13g)
+PC(0.5g) + BQ(0.1g)+PEO(0.05g) 35°C 1.168 44,71 0.529 22.02 11.65 0.223
Layer5: Cl4BQ(0.1g)+ BQ(0.1g)+
PEO(0.05g) 40°C 1.154 48.90 0.542 24.83 13.46 0.239
Layer6: TiO2(0.5g) + PEO (0.1g) 96h 40°C 1190 | 31.95 0.529 1749 | 9246 | 0243
Al----nmeeeeen
144h 40 °C 1.214 46.17 0.549 26.53 14.57 0.260
2 [ — 1h 28°C 1132 | 5142 0.536 2293 | 1228 | 0211
3265 Layerl: TiO2(0.5g) + PEO (0.05g)
Layer2: Cl4BQ(0.1g) + BQ(0.1g)+PEO 35°C 1.137 | 56.00 0.510 25.02 12.77 0.200
(0.05g)
Layer3:CliBQ(0.025g)+ DIPEA(0.13g) 40°C 1.180 65.18 0.486 27.17 13.21 0.172
+PC(0.5g) + BQ(0.1g)+ TiO2(0.25 48h 28°C 1.143 34.64 0.526 18.04 9.481 0.239
g)+PEO(0.050)
Layer4:ClaBQ(0.025g)+ DIPEA(0.13g) 35°C 1171 35.48 0.530 20.09 10.64 0.256
+PC(0.5g) + BQ(0.1g)+ Ti02(0.25 g)+
PEO(0.05g) 40 °C 1.140 41.54 0.542 23.59 12.77 0.270
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Layer5: Cl4BQ(0.1g)+ BQ(0.1g)+ 96h 28°C 1.187 27.10 0.525 15.17 | 7.962 0.248
PEO(0.05g)
Layer6: TiO2(0.5g) + PEO (0.19)
Al-zroemeeeees 144h 40°C 1.198 32.07 0.534 19.96 10.65 0.277
3 [T CE—— 1h 28°C 0.906 6.536 0.479 3.428 1.642 0.277
3303 | Layerl: TiO2(0.5g) + PEO (0.05g)
Layer2: Cl4BQ(0.1g) + BQ(0.1g)+PEO 35°C 0.873 7.093 0.461 3.705 1.706 0.276
(0.059)
Layer3:CLLBQ(0.025g)+ TMPDA (0.164g) 40°C 0.885 7.614 0.505 3.727 1.883 0.279
+PC(0.5g) + BQ(0.1g)+ Ti02(0.25 48h 28°C 0.811 2.269 0.388 1.182 0.458 0.249
g)+PEO(0.05g)
Layer4:ClsBQ(0.025g)+ TMPDA (0.164g) 35°C 0.794 2.847 0.373 1.561 0.581 0.257
+PC(0.5g) + BQ(0.1g)+ Ti02(0.25 g)+
PEO(0.05g) 40°C 0.807 3.084 0.375 1.653 0.620 0.249
Layer5: Cl4BQ(0.1g)+ BQ(0.1g)+ 96h 40 °C 1.019 11.52 0.386 6.450 | 2.488 0.212
PEO(0.05g)
Layer6: TiO(0.5g) + PEO (0.1g) 144h 40 °C 0.824 1.829 0.446 0.838 0.373 0.248
.\ ——
4 [ E— 1h 28°C 1.166 2.837 0.569 1.411 0.803 0.243
3309 Layerl: TiO2(0.5g) + PEO (0.05g)
Layer2: Cl4BQ(0.1g) + BQ(0.1g)+PEO 35°C 1.157 3.123 0.563 1.560 0.877 0.243
(0.059)
Layer3:ClsBQ(0.025g)+ TPA (0.245g) 40°C 1.161 3.332 0.571 1.727 0.985 0.255
+PC(0.5g) + BQ(0.1g)+ Ti02(0.25 48h 28°C 1.237 2.325 0.557 1.182 0.658 0.229
g)+PEO(0.05g)
Layer4:ClsBQ(0.025g)+ TPA (0.245g) 35°C 1.225 3.025 0.565 1.501 0.847 0.229
+PC(0.5g) + BQ(0.1g)+ TiO2(0.25 g)+
PEO(0.05g) 40°C 1.210 3.063 0.560 1.528 0.855 0.231
Layer5: Cl4BQ(0.1g)+ BQ(0.1g)+ 96h 40 °C 1.266 3.542 0.586 1.765 | 1.034 0.231
PEO(0.05g)
Layer6: TiO2(0.5g) + PEO (0.19) 144h 40°C 1.263 2.537 0.558 1.252 0.698 0.218
.\ -
5 [ P — 1h 28°C 1.039 8.589 0.406 6.239 2.532 0.284
3302 Layerl: TiO2(0.5g) + PEO (0.05g)
Layer2: Cl4BQ(0.1g) + BQ(0.1g)+PEO 35°C 1.032 9.364 0.536 6.713 3.595 0.372
(0.05g)
Layer3:ClsBQ(0.025g)+ DABCO(0.112g) 40°C 1.032 9.435 0.574 7.013 4.022 0.413
+PC(0.5g) + BQ(0.1g)+ Ti02(0.25 48h 28°C 1.021 6.912 0.410 3.850 1.579 0.224
9)+PEO(0.05g)
Layer4:ClsBQ(0.025g)+ DABCO(0.112g) 35°C 1.021 8.619 0.507 5.107 2.589 0.294
+PC(0.5g) + BQ(0.1g)+ Ti02(0.25 g)+
PEO(0.05g) 40°C 1.013 8.545 0.505 5.412 2.733 0.316
Layer5: C14BQ(0.1g)+ BQ(0.1g)+ 96h 40°C 0.813 2.280 0.402 1.162 | 0.466 0.252
PEO(0.05g)
Layer6: TiO2(0.5g) + PEO (0.1g) 144h 40°C 1.014 7.966 0.351 3.685 1.291 0.160
.Y -
6 [T C— 1h 28°C 1.170 8.195 0.536 4.071 2.181 0.228
3308 Layerl: TiO2(0.5g) + PEO (0.05g)
Layer2: Cl4BQ(0.1g) + BQ(0.1g)+PEO 35°C 1.154 8.190 0.536 4.110 2.204 0.233
(0.059)
Layer3:ClsBQ(0.025g)+ DiPrBA (0.205) 40°C 1.142 9.591 0.537 4,853 2.606 0.238
+PC(0.5g) + BQ(0.1g)+ Ti02(0.25 48h 28°C 1.196 3.458 0.527 1.766 0.929 0.225
g)+PEO(0.05g)
Layer4:CL,BQ(0.025g)+ DiPrBA (0.205g) 35°C 1.196 5.033 0.539 2.563 1.382 0.230
+PC(0.5g) + BQ(0.1g)+ Ti02(0.25 g)+
PEO(0.05g) 40°C 1.184 5.988 0.541 3.070 1.660 0.234
Layer5: Cl4BQ(0.1g)+ BQ(0.1g)+ 96h 40 °C 1.201 2.703 0.539 1.368 0.736 0.227
PEO(0.05g)
Layer6: TiO2(0.5g) + PEO (0.1g) 144h 40°C 1.172 2.265 0.512 1.156 0.592 0.223
.\ ——
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Representative Spectra

Spectrum No. 3 (Chapter 2, Section 2.4.4), 'H NMR Spectrum (400 MHz, CDCly;)
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Representative Spectra

Spectrum No. 5 (Chapter 2, Section 2.4.5), *H NMR Spectrum (400 MHz, CDCly;)
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Representative Spectra

Spectrum No. 7 (Chapter 2, Section 2.4.5), 'H NMR Spectrum (400 MHz, CDCl,)
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Spectrum No. 9 (Chapter 2, Section 2.4.7), *H NMR Spectrum (400 MHz, CDCl,)
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Spectrum No. 11 (Chapter 2, Section 2.4.8), 'H NMR Spectrum (400 MHz, CDCl,)
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PPh3ZBH3

Spectrum No. 13 (Chapter 2, Section 2.4.8), 1B NMR Spectrum (128.3 MHz, CDCl,)
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Spectrum No. 15 (Chapter 2, Section 2.4.9), IH NMR Spectrum (400 MHz, CDCl,)
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Spectrum No. 19 (Chapter 2, Section 2.4.10), tTHNMR Spectrum (400 MHz, CDCl,)
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Spectrum No. 21 (Chapter 2, Section 2.4.9), IH NMR Spectrum (400 MHz, CDCI,)
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Spectrum No. 23 (Chapter 2, Section 2.4.10), 11B NMR Spectrum (128.3 MHz, CDCl,)
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Spectrum No. 25 (Chapter 2, Section 2.4.9), 1B NMR Spectrum (128.3 MHz, CDCly)
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Spectrum No. 27 (Chapter 3, Section 3.4.2), 'H NMR Spectrum (400 MHz, CDCI,)
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Spectrum No. 29 (Chapter 3, Section 3.4.2), IH NMR Spectrum (400 MHz, CDCI,)
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Spectrum No. 31 (Chapter 3, Section 3.4.2), IH NMR Spectrum (400 MHz, CDCl,)
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Spectrum No. 33 (Chapter 3, Section 3.4.2), IH NMR Spectrum (400 MHz, CDCI,)

3.567
3.555
3.542
0.018

N
/
\

8 7 6 é 4 3 2 1 0 ppn
ppm
Spectrum No. 34 (Chapter 3, Section 3.4.2), 3C NMR Spectrum (100 MHz, CDCl,)
| | =\ =—" N \/
o]
OO
N
o]
55
» L |
2C‘)O 1E‘§O 1‘60 14‘10 12‘0 1[‘)0 8‘0 6‘0 4‘0 2‘0 ‘ Pprm

ppm




234

Representative Spectra Appendix |

Spectrum No. 35 (Chapter 3, Section 3.4.3), IH NMR Spectrum (400 MHz, CDCl,)
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Spectrum No. 37 (Chapter 3, Section 3.4.4), IH NMR Spectrum (400 MHz, CDCI,)
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Spectrum No. 41 (Chapter 3, Section 3.4.10), 'H NMR Spectrum (400 MHz, D,0)
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Chapter 1

General Introduction on Electron Transfer Reactions




1.1 Introduction

Electron transfer reactions involving the transfer of an electron from donor to an
acceptor are very important in chemistry and biology.' These reactions can occur both
thermally and photochemically.? The electrochemical reaction take place by single
electron transfer (SET) processes. The SET process also occurs in many biological
transformations involving photosynthesis,® cytochromes.® ferredoxin,’ rubredoxin® etc.
The electron transfer reactions are also very important in the functions of semiconductors,’
conducting polymers® and photovoltaics.” A brief review on the organic electron transfer
reactions would facilitate the discussion.

1.1.1 Redox reactions through electron transfer

Ceric ammonium nitrate (NHi)2[Ce(NOs)s] (CAN) is unique one electron
oxidant.'"” Oxidation of benzyl alcohol 1 with CAN 2 gives radical cation which in

presence of water affords benzaldehyde 3 in 87% vield (Scheme 1).!!

Scheme 1
CH,OH CHO
CAN 2
EEE—— + 2Ce(lll)
+ 2Ce(lV) HaO
1 3
87% yield
Ce-1+
fce:ﬁ [ "
o+ N .
CH,OH CHOH CHOH

ce4+
ce®*




Oxidation of primary and secondary benzylic alcohols 4 with catalytic amount of
CAN and stoichiometric amount of NaBrOs gives the corresponding aldehydes or ketones

5 in good yields (Scheme 2).'

Scheme 2
R? CAN (10 mol%) R?
/@/LOH NaBrO; (1 equiv) O/ko
- S
R CH5CN-H,0 R
0y
P 80°C,3h 5
R'=H, Me, NO, 75-92% yield
R?=H, Me, Ph
-e'l [ -H*
R2, i R2 . R2 +
CHOH COH “COH

| I -H* | -8 |
R R’ R'

Reaction of 1,4-dimethoxy-2,3,5,6-tetramethyl benzene 6 with CAN in presence of
isotopically enriched water gives isotopically labelled duroquinone 7 through a SET

process (Scheme 3).1?

Scheme 3
~

(o} [ = *

0O OH o
2Ce®
T +2Ce¥ 4 2H | ——
2 -2MeOH
o

N Ho' o 0.

Reaction of naphthalene derivatives with ceric ammonium sulphate (CAS) 9 gives
the corresponding naphthoquinones 10 and 11 in moderate to good yields (up to 95
vield)."* The transformation involves radical cations and rearrangements were observed

when the 1, 4-positions was substituted with D or Ph group.'*




Scheme 4
R'= H
R' R
R
10b
OG L 24% yleid 28% yield
CH3CN, H,S0,
0,
R 50°C,4h o 6 R
8 R=Ph R
. OO - OO
— - ¥
R
o 0O R
11a 11b
68% yield 20% yield
Mechanism:
R R. OH R _OH
C) = ﬁ ﬁ~ ‘ﬁ ﬁ
R

OH OH o} o o)
R R R
H Ce(IV) Ce(lV) R
—— T - —
H )
R' R R R R
HZO H _2Ce(lv)_
1 ,2-shift -2H+ R
HO R

Recently, several organic transformations were reported using ceric ammonium
nitrate (CAN) which go through single electron transfer reactions. Some of the reactions

are outlined in Chart 1.




Chart 1

:
>

— NaHCO3, H,0 E
Ph H THF, -20 °C N
12 13 14 15
l 75% yield, 94% ee

(0] CH3
/ (@) CH
Ph\j-‘j‘-. 7‘T"' jN’ 3 ‘T[ e
Ph
ﬁ t-Bu E)\f—Bu

0, CH, . o
SiMe; . N)\ ¢Escoon —CAN (2eau) )J\/O ------ Ref. 15
N H

/\/\)\ Ce(IV) Ce(lll) I -SiMes
MeaSi~ Me;,Si/\*/\:A
e R
0 (o]
/\/SIME;; " fj; CAN (2 equiv) = Ref. 16
Ncho3 H,0
ié THF, -20 °C i
85% yield, 91% ee
OAc
SiMes Cat 14 (20 mol%)
2 CAN (2.2 equiv) 0 X
_~_OAc D L e Ref. 17
2
-20°C, 24 h
19 20

80% yield, 15:1 dr, 91% ee

SiMeg
14
OTMS o]
CAN
Messi/o\“M + )\Me R —— H)l\/\/whﬂe o
MeCN P Ref.18
= 22 77% yield
-SiMe;”
: oTMS 9
4Dy N CHy T _Me

Me;Si< e W 2
3 SiMe;* ! N OTMS




Chart 1 (continued.)

-
N AcOH
“PTOC _— N Me
__ tBusH N~~~ Ref.19
60% yield
24 25 o Sﬁij
he oo A

=
\H "
3 NN
— _) HSR
OCH; OCH
j Ar3N SbCIs 27
_ =
H;CO € . CH3CN HicOo” ™ e Ref.20
65% y[e!d
26 Ar=
l.e-
OCH
OCH;,
fe) [3,3] sigmatropic
rearrangement
H3CO
H3CO e 8

1.1.2 Electrochemical reactions through electron transfer
Kolbe reaction is an anodic oxidation of carboxylate leading to the formation of
hydrocarbon dimers via the intermediacy of alkyl radicals (Scheme 5).2!

Scheme 5

X R T
2 - —= —~ - —™ ™ R R —*= R-R
RN 25 2R4G oo,

29 30

A number of natural products were synthesized via anodic oxidation of organic

compounds (chart 2).




Chart 2

COOH
KolbelOl
Pt electrode

2

HO MeOH, NaOMe, 50 °C HO

31

OH

H,C

CH,

HO

33
o-Onocerin

TBS“O RVC anode

S Carbon cathode
LiClQ,, 2,6-lutidine

20% MeOH/CH,Cl,

TBSO"

iz 2.1 F/mol TBSO™

TsOH

34

H*

e

88% vyield (-) alliacol A

35

RVC anode
Carbon cathode

LiClOy, 2,6-lutidine
20% MeQH/CH,Cl,

2.4 Fimol
HCI

TBDPSO"

TBDPSO™

MeOH

OH
(o]
(o]
HO
29% vyield
32
""" Ref.22
TB:
S‘D
TBSO o ]
MeQ
""" Ref.23
------ Ref.24
60% yield
38

The electrochemical oxidation is also an important tool for C-H functionalization

and nucleophilic functionalization of arenes (Chart 3).




Chart 3

I\:"Is
N
40 .
Me g__? +
/©/ anodic oxidation /©/\ hﬁ:\s /©/\ 1\{:\5
Gabisieihitoi — i
MeO piperidine, 50 °C | meo N MeO N
Ms 81% yield

39 41

OMe
— Bz, /@
N™%
LY
70% yield
42 43

anodic oxidation
pyridine

piperidine, 50 °C

0.__OEt NO,
HzN ‘ O

MeO 89% yield
45
- ”
- 2 0._OEt NO,
N/ 2 N
—_— +
= i
MeO’
OMe
(Ma - — anodic oxidation OH
+ BDD anode O OMe
Me
Me Me OMe Et;NMeO;SOMe O
50 “C, HFIP/MeOH Me OMe
6% yield
46 a7 48
-e- :
+ -2
o OMe
OMe
OMe OMe
0 o| Me
- F——.

Me Me

------ Ref.26




Chart 3 (continued.)
CN
NC H
NO.
Et,NCN, DMF = NO,
= =  mmess
anodic oxidation Ref.28
CFs CF, L,
35% vyield
49 50
@ anodic oxidation @ @\
Nz - ------ Ref29
CH,CN, H,0 C-CHs N—C—-CHj e
90% yield
51 52

Also, the anodic oxidation was widely used in the oxidation of allylic systems

(Chart 4).
Chart 4
@ anodic oxidation O AcOH ©/OAC
AcOH | e,
53 ) ’ 54
559 yield
@ anodic oxidation Q AcOH Q’ OMe
—_— —
MeOH - +| -e,-H"
53 N - 55
24% vyield
anodlc oxidation WOAc WOAc WOAc
AcOH
Me/I\OAc
56
l_e_ 7.6% yield 16.8% yield 3.1% yield
Me Me
" AcOH
Me _
_e'
Me

Me”™ + Me

Me

M OA
sMe c

60
9.0% vyield




Chart 4 (Continued.)
o]
N—=OH
61
o o
© anodic oxidation g
e L L
B AcOH Ref.31
53 62
N-O 44% yield
-H* o .
- -H
) [ J|—
N-OH
o]
electrolysis .
- /‘VSIMeg
{ . 3 2.5 F/mol a' +/} +e . { } /—__ % ______ —_—
CoMe  BueNBFe v N 72°C-rt oM
£ CH,Cl, CO;Me CO,Me St Ve
63 i 64 65 66

Similarly. cathodic reduction of organic compounds was also widely used in

organic synthesis, especially for reductive coupling of carbonyl compounds (Chart 5).

Chart 5
o] ? HO,, .Me
cathodic reduction ' R
Ay ommmnemn| (0 | —
=
67 68
R = Me, Et, i-Pr 35-66% yield
""" Ref.33
cathodic reduction
—_— -
OH
) -0 70
64% yield
0 y e Me_ OH
e
cathodic ® MMe
Me reduction U!\Me 72 Mo ... Ref.34
=
Me Me Me Me
7 73

80% yield
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1.1.3 Photochemical electron transfer reactions

Photochemical reactions are performed by absorption of visible or ultraviolet light.
For example, a metal complex, such as Ru(bpy)sClz absorbs light at 452 nm with a high
molar extinction coefficient (¢ = 14,600 M™' ¢cm™) and it is widely used as a photo catalyst

in organic synthesis. Some important photochemical electron transfer reactions are shown

in Chart 6.
Chart 6
Me Ru(phen)3Cl; (1.0 mol%) Me
@\S CF3S0,Cl (2.0 equiv) m’cﬁ‘
o K;HPO,, MeCN (o]
26 W CFL, rt, 48 h 84% vield
74 75
—————— Ref.35
Ru(ll)~| CF480,CI
_H“
Ru(lll) ;';F
Me
A
CF,4
Ru(lll) Ru(ll) (o]
BocHN BocHN
A CO,Et  Ru(bpy)sClz (1.0 mol%) CO,Et
+ Br—< N
Co,Et 4-MeOCgH,NPh; N coset
(2.0 equiv) H )
DMF, blue LEDs 85% yield
i, 12h 78 0 =eeee- Ref.36
R“(”)* BocHN
Ru(lll
" @1 g
COzEt CO,Et
COzEt H CO,Et




Chart 6 (continued.)

Me
0N
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( R

MEOID/\
Me0,C” 1

4 aa
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Ir(bpy),(dtbbpy)PFg (1.0 mol%)
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Rm “~Ar

11
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R
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63-93% yield
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l ------ Ref.37
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Chart 6 (continued.)

MeO N Ru(bpz)s(BArF); (0.5 mol%)
+
;\Me visible light
| air, CH,Cly
87 88 Th

MeO.

1.1.4 SET reactions in organic chemistry

In the 1970s, there were several reports on the formation of the radical
cation/radical anion pair intermediates in several popular organic reactions. A brief review
of the literature would facilitate the discussion.
1.1.4.1 SET reactions in aromatic nucleophilic substitution reaction

The unimolecular aromatic nucleophilic substitution (Sgnl) reaction involves SET

process. The halide (X) substituent in aromatic compound 90 is replaced by a nucleophile

through free radical intermediates leading to the substitution product 91 (Scheme 6).

X Nu
—_—
SET
90 91

For example, the reaction of iodobenzene 92 with KNH2 in liquid ammonia gives

Scheme 6

the substitution product 96 through a SET mediated SnAr reaction (Scheme 7).*!
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Scheme 7

|
06 -— @ + Electron donor
|
93

S
Sl

N S
1.1.4.2 SET reactions in acyloin condensation
Other major reactions which involve single electron transfer are acyloin
condensation and Birch reduction. For example, the reaction of carboxylic ester 97 with
sodium proceeds through single electron transfer from Na to an ester and gives a radical
anion 98, The dimerized compound 98 gives 1.2-diketone 99 which again undergoes

further SET process to afford the acyloin product 102 (Scheme 8).*?

Scheme 8

R (SEI: 2 HsCO OCH o o

)L 2 Na Y 3 R.._.OCH; 3 R R 3 /__\}_(,’,_\
—=Ha Y 2 - .
2 R”OCH; gg7 20 N0 Y0} o), 2naocH, Na i Ne
o7 a0 29

HO NaO o N N+O_l S Na
HO OH a O Na a O Na

3 QO SUNE S L - S Ty ob

102 101 100

1.1.4.3 SET reactions in Birch reduction
The Birch reduction of substituted benzenes to the corresponding unconjugated
cyclohexadienes using Na metal in liquid ammonia involves single electron transfer

sequence of reactions (Scheme 9).#
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Scheme 9
OMe . OMe . OMe OMe
Na, NH3(I|q) H R-OH e
t- butanoi 1h
H H
103 104
COOH COOH COOH COOH [ COOH COOH
Na, NH3(I|q) &
t- butan01 1h
105 H™ H | HH -
ety — QO
ROH
EtOH, -78 °C —_—
Et,0,1h ROH
107 108
80% yield

1.1.4.4 SET reactions in Grignard reagent formation

Organomagnesium reagents (RMgX) are very important in organic synthesis. The
reaction of an organic halide with magnesium results in Grignard reagent through a SET
process (Scheme 10).%

Scheme 10

SET

R+ M:;? — =  RMg
R—Mg+ + X —— R-MgX
Aldehyde or ketone reacts with organomagnesium halide (Grignard reagent) to
form secondary or tertiary alcohol. Polar and SET mechanisms are possible in Grignard

reactions (Scheme 11).*34¢
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Scheme 11
R,

Ri ~  Ppolar OMgX O—. SET Ry
):0 —_— - R s 0:<
R ) Ri'g Re . AT XMg—R Re

R-MgX MgX R
109 111 110 109
H0
OH
Ri L Re
112

The benzophenone 113 reacts with f-butyl magnesium chloride 114 to give the
benzophenone ketyl radical anion 115 and alkyl radical 116 which combine to afford

tertiary alcohol 117 or to give a pinacol 118 and hydrocarbon 119 (Scheme 12).

Scheme 12
/?L + —— O_ + Ph
Ph” “Ph = ClMg SET Ph).\Ph + MgCl + )\ _— ﬁho'-'
113 114 115 116 17
B 44% yield
0
PhAPh Solvent

118 119
20% yield

The reaction of neopentylmagnesium chloride 120 with benzophenone 113 gives
the corresponding alcohol 121 and pinacol 118 (Scheme 13). EPR spectral analysis
confirms that the reaction goes via a SET mechanism.*’

Scheme 13
2
Ph” P!

;
n + MgCl +

' H0>j/ Ph  Ph
— HO——¢-OH
l Ph~"Ph *

o]
P ciM \/]< SET,
ph” ~pp * CIMO THF
20% yleld 20% yield

113 120 121 118
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Ashby and coworkers investigated the single electron transfer (SET) pathway in
Grignard reactions, reduction of primary halide by metal hydrides, Aldol condensation,
Meerwein-Pondorfl-Varley reduction, Cannizzaro reaction and Claisen condensation

reaction. Evidences were presented for mechanisms involving radical intermediates (Chart

7)48:1
Chart 7
1 Ph
OH
SET Ph Ph
i Y e S AT 0k
OH
88% yield 12% yield
113 122 ety -
"""" Ref.48b
0] [
PhAP Ph” P!
i .
[W\\/\MQCI - I/\/\l/] I \Q
125 126 127
TSNk LiAHy —— ST
94% vyield 0% yield
128 458 130
T ) i
%\/\~/\ + LiAIH, SET_ W\~/\| N lLlAIH4
------ Ref.49

131 l
/\/\\}7
8% yield

Hs
-
L : .
132 [/\/\|/CH2 ]+ [ LiAIH4] s 1
CHs . CHa» / o+
l LiAIH4l LiAH, 126
ol Sl

91% yield
133 127
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Chart 7 (continued.)
0 0 . -
OLi OoLi
sasR S sav Ve
113 134 weme Rol.50
® 99
—_— S o
0 OoLi O O
90% yield
135
o) o i B
oLi OoLi
U S — [T 0 A
136 B34 e Ref.50
9@
. . 5
30% yield
137
o 0 - &
OoLi OLi
C O + )d\ _— O O /kg ——= no condensation product
138 134
o] OH
B OEPNTD G . GEPRN §
R{” "Ry HsC” “CHy Ri” "R, H3C” “CHy
139 140 142 143 Ref.51
0) o
PN
HR{” "R,

141
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Chart 7 (continued.)

o] OLi OH o]
)j\ SET
¢ oL _SET N
Ph” ~Ph H3C” “CHy ph/l\ Ph Hac)l\cmj
113 144 146 143

\ / o
OLi o

Ph/J'\Ph Hsc/i'\CHa

145
0
X o o [ g9
P W T OKOH == o Non pr TH o oK
H OH Ph H
------ Ref.53
147 148
o o
— U+ PTOK — Ph)J\OK + Ph” " OH
Ph”” “OH
150 149

0
H
2@6L + Naon THF/HMPA CiL @i\ .:J}/. ______ Ref 54
151
Q30 =[]

2 QCHO +0OH

CHj
151

0 HOOH /_CHZ
o
IO

154 159 158 157
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Chart 7 (continued.)

0 R o o
R Aor =

_— R M '
-R'-OH OR' o

e @« m==== Ref.55

R\M\
— OR'
-OR 1|

161

o]
R\)J\OR' + _OR'

160

-+

OLi OLi
B — o N@C—OB
OZN_Q_E OEt + /Q\CH;» SET I = I } /%CHZ

162 163 1541

H H
2
EtOH + OZNAQ—(IJ:é—E% E— OZN@E—C -9% + LiOEt
oL O o o
165

1.1.5 SET Process in Organic Donor and Acceptor System

The formation of charged species can take place in two sequential single electron
transfer (SET) processes or in a concerted two clectron transfer process (polar mechanism)
(Scheme 14).

Scheme 14

Polar + -
D+A —= D+ A

SET\‘ /SET

46
Mulliken’s charge transfer theory,”” Taube’s outer sphere/inner sphere
a

mechanism®® and R. A. Marcus two state non adiabatic theory>® are the most important

+ ~a

D+A

7

concepts developed to rationalize electron transfer reactions.

The charge or electron transfer from one molecule (donor) to the other molecule

(acceptor) results in the formation of charge transfer (CT) complex. The electron donors
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should have low ionization potential and the electron acceptors should have high electron
affinities. Charge transfer complexes have a neutral ground state and there is a partial
electron transfer from donor to an acceptor molecule.

Mulliken ef al.’ proposed that the diffusive teraction of electron rich donor with
an electron acceptor gives a reversible CT complex [D., A] (Scheme 15).
Scheme 15

diffuse hver [ + —-l

[o,A] ——

+

The energy levels of HOMO and LUMO play 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) leading to electrophilic substitution
reactions. For cxample, benzene reacts with NO:™ to form nitrobenzene 167 via the
formation of the radical intermediate 166 (Scheme 16).°"!

Scheme 16

: H._-NO, \O:
O e — O — ) — (o w
16 167

6

Taube proposed that both outer-sphere and inner-sphere processes are involved in
inorganic electron transfer reactions. The halides could promote the inner-sphere electron
transfer via bridging effects. Taube ef al.%? also reported that in the reaction of chromium
complex 168 with cobalt complex 169, the clectron transfer from Cr(II) to Co(Ill) takes
place via a bridged intermediate 170 resulting in the green chromium complex 171 and
cobalt complex 172 (Scheme 17). The electron transfer is accompanied by the transfer of

chloride ligand and this process takes place via inner-sphere electron transfer.




21

Scheme 17

2+ 2+ 2+ 2+
[ CrH:00| " + [Co{NHa}s,CI — [CrH0)CI | + [CO(NH3)5H20
168 169 171 172

. Cl,

* .

(NH3)sCo "Co(H,0)s

170
In outer-sphere electron transfer, organic compounds can accept or loose an
electron without undergoing structural changes like bond cleavage or bond formation. For
example, nitrobenzene 167 can accept one electron to form nitrobenzene radical anion 173

without undergoing any structural change (Scheme 18).%

Scheme 18
NO, NO,
@ v e- T @
167 173

Marcus described the mechanism of electron transfer between an electron donor

(D) and an electron acceptor (A) through an outer-sphere precursor complex (D/A) 174,
The precursor complex 174 then reorganizes toward a transition state in which electron
transfer takes place to form a successor complex (D™ /A™) 175 that can dissociate to give
the corresponding ion pairs 176 (Scheme 19).%

Scheme 19

diffuse Ker
[D/Al =

L diffuse + =
D/A ]"— D+ A

174 175 176
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We have decided to investigate the electron transfer reaction of oxygen adsorbed
carbon materials, polythiophene radical cation salts, quinones, halomethanes and viologen
acceptors. We have also constructed electrochemical cells based on quinone acceptors and

amine donors. The results are described in Chapters 2-4.




Chapter 2

Synthetic Methods Based an Electron Transfer

Reactions using Oxygen Adsorbed Carbon Materials

and p-Doped Polythiophene
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2.1 Introduction

2.1.1 Carbon materials

Carbon materials are useful for a wide variety of applications such as electrochemical
clectrodes. medical implants, electrochemical capacitors, high-performance materials and fuel
cells.! The heat treatment of carbon material at inert atmosphere decreases the content of
heteroatoms and increaseces the carbon contents.>? The conversion of an organic
macromolecular system (e.g. wood, coal, nutshell etc.) to a macro-atomic carbon atoms
through elimination of methanol, carbon monoxide, water and carbon dioxide by progressive
heating is called carbonization process.*

Recently. the production of pyrolysis gas from woody biomass were investigated in
this laboratory. The charcoal is a byproduct in this carbonization process from the woody
biomass at 450 °C-500 °C. Therefore, we became interested in the development of organic
synthetic methods based on readily accessible activated carbon.

Activated carbon is widely used in electrochemical capacitors (supercapacitors) for
clectricity storage with potential for use in electric vehicles. Activated carbon act as
semiconductor with narrow band gap (34 meV) with potential for use in harvesting IR portion
of the solar spectrum.’ Our interest is to study the electron transfer reactions in organic
transformations. Therefore, a brief review on the properties and nature of carbon material for

application in organic transformation would facilitate the discussion.
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2.1.2 Various forms of carbon

The main allotropic forms of pure carbon are graphite and diamond. However, there is
immense interest on other new forms of pure carbon such as fullerenes or buckyballs and
carbon nanotubes (CNTs).® Amorphous forms of carbon mainly consist of coal, charcoal and
carbon black. Charcoal is produced by heating organic materials to a high temperature in the
absence of air.” It has large surface area and it can absorb gases to form new materials.
Carbon black is also the purest form of carbon. It is obtained by incomplete burning of some
natural oil and heavy petroleum products with limited supply of air.* Carbon black is very soft
powder and it is used for making carbon paper, inks and paints. The strength of the rubber is
increased by the addition of carbon black. Graphite is the most stable allotrope of carbon and
soft in nature.” Graphite conducts electricity due to delocalization of electrons.
2.1.3 Surface characterization and properties of activated carbons

The surface characteristics of carbon materials and chemistry of their surface is
depending on the amount of heteroatom incorporated into the carbon matrix. The heteroatom
like oxygen is responsible for the presence of various acidic functional groups such as
carboxyl, carbonyl. phenol, quinone and lactones and also presence of unsaturated sites in the

matrix of activated carbon (Figure 1).'°




Figure 1. Surface groups present in the Carbon Material. It indicates the presence of o (*) and

n (*) electrons at the zigzag sites and the presence of triple bonds at the armchair sites.

Carbon materials contains bulk atoms that are neutral, surface atoms that are the real
adsorption atoms and corner atoms that are very reactive and even react with metals. It is well
known that chemical treatment of carbon materials increases the concentration of surface
oxygen functional groups. It has been reported'' that the oxygen acquires a partial negative
charge upon chemisorptions. The carbon materials have a free-flowing sp>x -electrons, which
make them potential catalyst for electron transfer reactions such as oxygen reduction reaction
(ORR) to generate super oxide radical.'”> This super oxide radical bound to carbon material

acts as an oxidant (Scheme 1)."?

33
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It is of our interest to design experiments for use the reactive intermediate 4 in the oxygen
adsorbed activated carbon in synthetic transformations (Scheme 2).
Scheme 2

reactant

product
reactant product

We have investigated the oxygen doped carbon materials for use in the development

of new synthetic methods involving reaction with reducing agents and with electron rich

compounds and amines. The results are discussed in the next section.
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2.2 Results and Discussion

The properties of carbon materials and their surface depend on the heteroatom

present and the ture of the materials and methods used for the preparation.' Furlher,
was suggested that the heteroatom (like oxygen) free graphene edge sites in carbon
materials are neither hydrogen terminated nor free radicals. Instead, the edge sites are
aryne-like armchair sites 5 and carbene-like zigzag sites 6 with triplet ground state. The

available evidence points to predominantly carbene-like zigzag sites 6 (Figure 2)."

Figure 2. Surface characteristics edge sites in the carbon materials.
The aryne-like sites undergo trimerization to give benzenoid aggregates under

ambient atmospheric conditions and expected to give phenolic groups upon reaction with

16

moisture. ° However, the magnetic properties and chemisorptions with molecular oxygen

reported for the carbon materials are in accordance with the proposal that graphene edge

sites are carbene-like with triplet ground state 6.'°

It has been reported that chemisorption of molecular oxygen by activated carbon fibre

materials leads to formation of negatively charged oxygen (C-O-O%)

1617 Accordingly. we envisaged the formation of such species 4 through electron

species.
transfer from the carbon radical site in 7 formed by the reaction of molecular oxygen with

activated carbon 6 (Scheme 3).




Scheme 3
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2.2.1 Reactions of Molecular Oxygen Adsorbed Carbon Materials with

PhsP

Table 1. Adsorption of molecular oxygen on carbon materials®

Entry CM6 (2) Oxygen adsorbed 02, mmol
CM 4 (g)

1 AC (1) 1.034 1.06
CB (1) 1.053 1.65

Gr (1) 1.000 -
2 AC (2) 2.071 222
CB(2) 2.078 243
3 AC(3) 3.092 2.88
CB(3) 3.119 3.72
4 AC (4) 4,120 3.75
CB 4) 4,152 475
5 AC (5) 5.175 5.46
CB (5) 5.190 593
Gr (5) 5.006 0.19
6 AC (10) 10.203 6.34
CB (10) 10.236 737
Gr (10) 10.013 0.41
7 AC (15) 15312 9.75
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Initially. we have performed several experiments to assess the extent of adsorption

of molecular oxygen on carbon materials. The results are summarized in Table 1. The
activated carbon (AC) and carbon black (CB) react with molecular oxygen, whereas in the
case of graphite (Gr), there was no oxygen or little oxygen gets adsorbed (Table 1).

The carbon material was preheated to 0 °C under high vacuum and brought to
room temperature under N> atmosphere. Then. the oxygen was passed to the resulting
carbon material. The difference in the weight of carbon material before and after oxygen
adsorbed indicates that the approximate amount of oxygen molecule gets adsorbed (Table
D).

The carbon skeleton of the oxygen adsorbed intermediate 4 is expected to behave
like electron acceptor and the negatively charged oxygen is expected to undergo reaction
with proton donors. So, such species are expected to react with proton containing
compounds like benzoic acid 8 to give the rresponding hydroperoxide intermediate 9

(Scheme 4).

Scheme 4

CgHsCOO"

CeHsCOO"

To examine this possibility, we have carried out the reaction of the carbon material
2
with PhsP and benzoic acid. We have observed that. in the case of carbon black (CB)

without using any proton source or an acid. the PhsP=0 was formed in 17% yield (Table

2, entry 1).
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Table 2: Reaction of molecular oxygen adsorbed carbon material 4 with benzoic acid and
Ph;P ?
Benzoic acid,
Carbon Material 200 °C/ vacuum’ CcM __ PPhy 11 Ph.P=0
(CM) Owygen (oxygen adsorbed) THF, 24 h 3
6 4 12
Entry CM Benzoic acid PhsP THF Phs;P=0
(2) (mmol) (mmol) (mL) Yield (%)°

1 CB (%) 0 10 150 17

2 CB (5) 10 10 150 47

3 CB (10) 20 10 150 52

2

4 AC (5 10 10 20 54

5 Gr (5) 0 10 20 0

6 Gr (5) 10 10 20 trace

7 Gr (5) 20 10 20 6

8¢ AC (5 10 10 20 52

g° CB (5) 10 10 150 45

The formation of Ph3P=0 was slightly increased with an increase in the amount of
either carbon material or benzoic acid. Therefore, an increase in the amount of carbon
black and benzoic acid gives the PhsP=0 in 52% yields (Table 2, entry 3). A further

increase in the amount of carbon black leads to moderate increase in the PhsP=0 product.
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Here. the carbon black needs more solvent during the reaction and this limits the use of

carbon black in this reaction. Whereas in the case of graphite, without using benzoic acid
the formation Ph;P=0 product was not observed (Table 2. entry 5). Further, we have

observed that the addition of benzoic acid gives PhsP=0 in 6% yield (Table 2, entry 7).
Further increase in the amount of graphite did not enhance the yield of PhsP=0. In the
case of activated carbon, the h3P=O was isolated in 54% yield (Table 2, entry 4). e
have also observed that the carbon material isolated after the reaction with PPhs can be
reused after vacuum treatment at 200 °C and re-adsorption of molecular oxygen.'®
Reaction using re-oxidized activated carbon and carbon black with PhsP in THF gave the
Ph;P=0 product in 52% and 45% yicld (Table 2. entry 8 and 9). The results clearly
indicate that the molecular oxygen chemisorbed on carbon black and activated carbon but
it is only physisorbed on graphite.

2.2.2 Reactions of Molecular Oxygen Adsorbed Carbon Materials with

Alkylboranes

Next, we have studied the utilization of the oxygen adsorbed carbon intermediate 4

in organic transformations. The reactive peroxide present in the oxygen adsorbed carbon
material 4 can be used for the oxidation of alkylboranes. The organoboranes are readily

accessible via hydroboration of alkenes and alkynes using casy to handle NaBHu4/I>

1
reagent system.'”?? The molecular oxygen itself could oxidize trialkyl borane to the

20

corresponding hydroperoxide or alcohols. However, the preferred reagent for the

oxidation of organoboranes is the HOO™ Na" species produced in situ in the reaction of

NaOH with H202. We have envisaged that the oxygen adsorbed intermediate like 4 would

react with NaOH to give the species like 13 which could give the HOO Na™ species 14 for
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oxidation of organoboranes via the formation of the corresponding borate complex
(Scheme 5).%°

Scheme 5

further oxidation
R B’OR and hydrolysis
—— ROH +

18

In order to examine this, we have performed a series of experiments on the

oxidation of organoboranes prepared using the NaBH4/I> reagent system (Scheme 6).

Scheme 6
\
RisB or B-R RO
A8 19 21a2te
57-86% yield
i 3N NaOH
oxygen adsorbed * a 1 R
o 25°C,4h AN o}
4 \
THF /20 VR R\)‘LR
L
22a-22b
53-59% yield
We have observed that trialkylboranes 16a and 16b prepared by using

hydroboration of 1-decene and norbornene with the NaBH,-I> in THF react with a mixture

of oxygen adsorbed carbon black 4 and 3N NaOH to give the corresponding alcohol 21a
and 21b in 85% and 57% yield (Table 3, entry 1 and 2).




41

Table 3. Reaction of molecular oxygen adsorbed carbon materials 4 with ag. NaOH and

alkylboranes®
organoboranes
CM 3N NaOH (16,19and20) _  Alcohols 21
+ -
oxygenfdsorbed 3N S;DAC THF. 25°C.4h carboiryl compounds 22
Entry CM Alkylboranes Products Yield
() (16,19, 20) (21,22) (Yo)*
1° CB(5) ( n-cBHw/\%B nCaHy 0" 85
16a 3 21a
2*  CB(5) ( bs Ai 57
3 OH
16b 21b
3¢ CB(5) ( » oH 71
2
19a 21c
4 CB(5) (PryBH Py O" 86
Ph 2 Ph
21d
19b
5¢f  CB(5) ( mw COOH 80
19¢ ? 21e
0 =
6%  CB(5) (/:/Bt? A, 53
PH 22a
20a
741 CB(S) % e 59
—{ ‘2 0] 0 +
PH 2°nb~C4H9 Ph e

22b
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g CB(5) (P P O" 82
Ph 2 Ph
21d
19b
geid (pn 25H Ph/\p’OH <5%
Ph 21dh

19b

The reaction of dialkylboranes 19a-¢ prepared by using NaBH-I> in THF, react

with the mixture of carbon black and 3N NaOH to give the corresponding alcohols 21¢,
21d and 21e in 71%, 86% and 80% vield, respectively (Table 3, entries 3-5). Further, the
alkenylborane 20a, prepared by hydroboration using thexylborane, which in turn prepared
in situ by the reaction of tetramethyl ethylene and the borane gas generated by the reaction
of I, with n-BuyNBH,, upon reaction with oxygen adsorbed carbon black 4 and 3N
NaOAc gave the phenylacetaldehyde 22a in 53% yield (Table 3, entry 6). Whereas, the
reaction ing the alkenylborane 20b gives the corresponding regioisomeric mixture 22b

in 59% yield (Table 3, entry 7).

The carbon black sed for this oxidation could be recovered by filtration, dricd at
200 °C and re-adsorbed with molecular oxygen. The recovered and re-adsorbed carbon
black and 3N NaOH oxidize the dialkylborane 19b to give the alcohol 21d in 82% eld
(Table 3. entry 8). Also, when the oxidation was performed using dialkylborane 19b
without using molecular oxygen adsorbed carbon black only trace (<5%) amount of

alcohol 21d was obtained (Table 3, entry 9) indicating the role of carbon black in these

transformations.
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2.2.3 Reaction of Sodium Borohydride with Molecular Oxygen Adsorbed
Carbon Material and Lewis Bases

Diborane is one of most important reagent in organic synthesis. Diborane itself is
difficult to handle and relatively inert towards olefins. So. it is normally utilized in the
form of its complexes such as BHs:THF. BH3:SMe:; and BH3:NR3. Many reagent systems
have been developed for the generation of diborane gas.?! Previously, simple methods for
generation of diborane gas from INaBHai, Io/n-BuuNBHy and PhCH.Cl/n-BusNBH4
reagent systems were reported from this laboratory.*?

e have observed that the reaction of oxygen adsorbed carbon material 4 with
NaBHy in THF or diglyme lead to slow hydrogen gas evolution. Accordingly, we have

envisaged the formation of the AC*-0-0O-BHs complex 23 as shown in Scheme 7.

Scheme 7

PPhs, THF

H4B:PPhy

Ph
/=/

Ph
l24 h

slow decomposition

No hydroboration

23a

CM*-borate polymer
23b
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To examine this, we have carried out the hydroboration reaction of stilbene with
the intermediate 23 in THF at 25 °C for 24 h. There was no hydroboration observed.
Presumably, the reaction of the olefin with the borane complex 23 may be slow and the
intermediate 23 may not be stable for longer time to react with olefin or further
decomposed to AC* borate polymer (Scheme 7). However, when the reaction of the
borane complex 23 was carried out with PhsP, the PhsP:BH3 complex as obtained in 35%

yield (Table 4. entry 1).

Table 4. Reaction of NaBH4 with PhsP with increasing amount of carbon material (CM).*

Carbon black NaBH, 25/ PPhs 11 Ph-P: BH
(oxygen adsorbed) - 37 B

THF,25°C, 24 h

4 26
Entry M THF H)P:BH; 26

(2) (mL) Yield (%)"

1 CB (1) 30 35

2 CB(2) 70 54

3 CB (4) 120 62

4 CB (5) 150 69

5 CB (10) 300 73

6° CB(5) 150 65

We have carried out several reactions using different solvents in order to improve
the vields and THF turned out to be the best solvent for this transformation. The
Ph;P:BH; was obtained in up to 73% yield, when the reaction was carried out with more
amount of oxygen adsorbed carbon black (Table 4). It was found that similar reactions

using oxygen adsorbed activated carbon gave 21-77% yield.
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Whereas, oxygen adsorbed graphite gave the PhsP:BH3z complex only in 9-23%

yield, in accordance with reports that molecular oxygen is mainly physisorbed on the
surface of graphite.'!'*
We have also observed that the recovered carbon black remained after reaction

with NaBH4 and PhsP further reacts with benzoic acid and PhsP to give the Ph3P=0 in

22% yield. This transformation can be rationalized as shown in Scheme 8.

Scheme 8
PhCOOH
PPh,
PhyP=0 PhCOONa
27

2.2.4 Reaction of Molecular Oxygen Adsorbed Carbon Black with NaBH,

and Amines
We have then turned our attention towards the reaction of pyridine with the AC*-
0-0O-BHj; intermediate 23 (Scheme 9).

Scheme 9

Pyridine
THF
Pyridine:BH4
28

We have found that the reaction of pyridine with NaBH, in the presence of oxygen
adsorbed carbon materials in THF gives the pyridine:BH3 complex 28 in 42% yield using

activated carbon (2 g) and in 52% yield using carbon black (2 g) (Table 5. entry 1 and 2).
We have also performed these experiments using increased amount of carbon

material (5 g) in order to improve the yields of pyridine:BH3 28 complex. However, there

was no further improvement, but there was a slight decrease in the yield of pyridine: BHs
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complex 28 (Table 4. entries 3 and 4). Further, the yieclds of pyridine:BH3 complex
produced here are relatively low compared to the yields of Ph;P:BHs.

Table 5. Reaction of molecular oxygen adsorbed carbon materials with NaBH4 and

pyridine®
(E»t:u'g{l:‘;l'l;wlI adsorbed) NaBFy/ pyridine » Pyridine: BH;
4 THF, 24 h 28
Entry CM (g) THF Pyrdine:BHs complex 28

1] (mL) Yield (%)
y
1 AC (2) 15 7
: CB (2) 70 %5
3 AC (5) 25 &
i CB (5) 150 -

We have also performed the reaction of molecular oxygen adsorbed carbon black
with other amines, which are expected to form complexes with borane. The esults are
summarized in Table 6. The reaction of morpholine 29 with NaBH4 and oxygen adsorbed
carbon black in THF gave the morpholine:BHs 33 in 43% yield (Table 6, entry 1).
Similarly, different amine:borane complexes 34-36 were prepared using the amines 30-32
and oxygen adsorbed carbon black (Table 6). The low yields of amine:BH3 complexes
compared to the PhsP:BHj3, resulting may be a slow decomposition of the peroxy borane

species 23 or the amine borane products may further react with the peroxy species present

in the carbon byproduct 24 leading to a reduction in yields.
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Table 6. Reaction of molecular oxygen adsorbed carbon black with NaBH4 and
amines.*
NaBH,/amine 20-32 _  ,mine: BH,
(oxygen adsorbed) — yyE >50c 24h  33.36
4
Entry CB Amine Amine:BH3 Yield(%)
® 29-32 33-36
1 CB(5) O/—\NH Oj_\NH:BH;, 43
/ N/
29 33
2 CB () CNH {  WH:BH, 58
30 34
Ph Ph
2 CB @) O NhBH, 42
ph—/ Ph—
4 CB(5) Q 51
NH NH:BH,
32 36

We have also examined the proposed AC*-O-O-BHj3 intermediate 23 for

hydroboration reaction of a-methyl styrene 37 in THF but there was no hydroboration

(Scheme 10).
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Scheme 10

No
hydroboration
The pyridine:BH; complex 28 is useful for hydroboration of olefin at elevated

temperatures.” Recently it was reported that pyridine:BH3 complex 28 hydroborates
olefins at room temperature under activation by I>.** We have found that the pyridine:BH3
complex 28 is useful or hydroboration of a-methyl styrene 37. After idation using
oxygen adsorbed AC/NaOH. the corresponding alcohol 38 was obtained in 86% yield
(Scheme 11).

Scheme 11

OH

BH,
N
2 @ I3 (50 mol%)
( [ DCM, 25°C, 2 h
28
CH,

H;C (2) oxygen adsorbed AC / NaOH | THF HiC

86% yield
37 38

2.2.5 Reaction of Oxygen Adsorbed Activated Carbon with Benzylamine

Derivatives
We have observed that benzylamine give benzaldehyde 45 in 30% yield upon
reaction with molecular oxygen adsorbed activated carbon. In the case of dibenzylamine

39b. benzaldehyde was obtained in 25% yield after work up. The NMR spectra obtained
for the crude product mixture before work up and chromatography revealed the presence

of both the imine and benzaldehyde products (Scheme 12). Presumably. the reaction may
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give amine radical cation followed by the formation of imine, which after reaction with
water yields benzaldehyde. We have also observed that the epr spectrum recorded after
addition of amines to oxygen adsorbed activated carbon indicated the presence of

paramagnetic species.

Scheme 12

Ph
3%aR=H, 3%b R = CH;Ph

M.
PhCHO -—— r/
45 HO  pp
R = H, 30% vield
R = Ph, 25% yield

Similarly. it has been observed in this laboratory that the oxygen adsorbed carbon
material 4 act with the electron donors like N-phenyl tetrahydroisoquinoline 46 and
cleophilic reagents like nitromethane, pyrrole and TMSCN gave the corresponding
coupled product 49 in 67-89% yield through the intermediacy of the rresponding

radical cation and iminium ion intermediates (Scheme 13).2°

Scheme 13

67-89% yield
Also, it was found that the 2-naphthol 50 undergoes oxidative coupling rcactions in
the presence of oxygen adsorbed carbon material 4 to give the bi-2-naphthol 52 (BINOL)

in 95% yield via the corresponding radical intermediates (Scheme 14).2°
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Scheme 14

52
95% yield

2.2.6 Evidence for Presence of Paramagnetic Species Through EPR
Spectroscopy

EPR spectra were recorded for the activated carbon samples at various stages

and the spectra are presented below.

2.2.6.1 EPR spectrum of commercial carbon material

150 00 M3 100 150 oo

Mlagnetic field

2.2.6.2. EPR spectrum of vacuum dried carbon material

Intensity
&

ma 100 M0 o0 150 00

Magnetic field

2.2.6.3. EPR spectrum of oxygen doped carbon material

Intensity

wao e ) W e

Magnetic ficld
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2.2.6.4. EPR spectrum of residual activated carbon (Scheme 4)

CgHsCOO

PhoP §o
cM &
oxygen doped * CeHsCOOH— 25 9G. 24 h’ E»
4 | =
PhsP=0 THF e oww m e
Magnetic Field ()
2.2.6.5. EPR spectrum of paramagnetic species 23b (Scheme 7)
o
i
P ]
CM | NaBH; ——»  Na : b
exygen:dopsd 259C,24h  OCA%-_0O
L THF HO‘B\OAC* Magnetictield
23b X =3479.2 G, g =2.00304
2.2.6.6. EPR spectrum of paramagnetic species 24 (Scheme 7)
PhsP '
CM . NaBH ﬁs '
oxygen doped : 250C, 24 h [P
4 PhyP:BH, THF
Magneticfichd

X =3480.0 G, g =2.00209
2.2.6.7. EPR spectrum of paramagnetic species 27 (Scheme 8)

PhCOOH

Plﬂ-h3

PhyP=0

Intensty

-+
PhCOONa i

X =3470.0G, g=2.00309

2.2.6.8. EPR spectrum of paramagnetic species 24 (Scheme 9)

L™
Z
RN E |
CM 4 NaBH, 2 i (P domrgn
oxygen doped S 259C, 24 h [
4 RyN:BH, THF -
NS

X=3477.4 G, g =2.00315
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The epr signals observed are in accordance with the paramagnetic species

present in residual activated carbon samples.

2.2.7 Synthesis of p-Doped Polythiophene (PT) and Estimation of Radical

Cation Site Present in p-Doped Polythiophene.

Electroactive conducting polymers have proven applications in several
technologies such as solar cells, display devices, gas sensors and actuators.?” It is
relatively easy to process these polymers to make the devices and their chemically tunable
property makes them useful in electronic devices.”® These polymers are redox-active and
their conductivity can be changed by doping the polymer. The physical properties of these
conductive polymers depend on the type of the dopant used.

Polythiophene (PT) and its derivatives are good conducting polymers. Optical
properties of polythiophenes can be varied by pre-functionalization of monomer.?”?"
Polythiophene derivatives are easy to process and they form a thin film with good optical

31,32

properties. The higher stability and longer life of polythiophene derivatives are

suitable for various applications.*

Previously. we have discussed the preparation of Lewis base borane complexes
using carbon material and borohydride reagent system. Hence, we have undertaken the
studies to estimate the doping level in polythiophene radical cation salts using NaBHa.
Also, we have envisaged a simple method for generation of Lewis base-borane complexes.
The advantage of this method is that we can recover the polythiophene by simple filtration

and re-oxidize the polythiophene using FeCls to prepare the polymer radical cation salts

for reuse in the preparation of Lewis base borane complexes.
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We have prepared the polythiophene radical cation salts 54 from thiophene 53
through a slightly modified literature procedure.’® The dark-brown precipitate of
polythiophene obtained in the reaction was further washed with methanol to remove the

residual oxidant. The color of the polymer changes from dark-brown to brown. The PT

powder was dried in a vacuum at 50 °C for 12 h (Scheme 15).

Scheme 15
[
e I
0 FeCly B )
) CHCl, Sarln .lf
25°C, 24 h |
53 54 p

3400 3450 3500 3550
Magnetic field | G

The synthesized polythiophene radical cation salts were confirmed by FT-IR
spectroscopy. The presence of paramagnetic sites was confirmed by epr spectroscopy. The
polymer exhibits single epr signal with g value of 2.0026 (Scheme 15).%

2.2.8 Preparation of Lewis Base Borane Complexes Using the

Polythiophene Radical Cation Salts/NaBHs Reagent System.

Earlier reports**"

indicate that there are three different structures possible in
polythiophene. The structure 55 is a neutral polymer and the removal of an electron from
structure 55 leads to form radical cation polymer 56. This radical cation polymer 56 also
called as polaron and it is stabilised by resonance. Removal of an electron from structure
56 gives a bipolaron 57 (Scheme 16). The polaron and bipolaron are formed directly
through an oxidation of the thiophene monomer. Previous report*' shows that the radical

cation present in the polythiophene could delocalize into the rings. The repeating unit of

cation radical in polythiophene could approximately six monomer units. The planarity of
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polythiophene gets twisted and delocalisation of the radical cation present in the polymer
gets reduced beyond six thiophene rings.

Scheme 16

Bipolaron Radical Cation or Polaron
The polythiophene radical cation salts 54 react with NaBHy with slow evolution of

hydrogen gas. Accordingly, the reaction of polythiophene radical cation, PT¢" nCI
NaBHg and PPhs may be visualized by initial formation of a polymer-NaBHa complex that
decomposes to Hz and borane followed by the formation of PhiP:BH3 complex. Hence,
we have performed the reaction of NaBH4 and PhsP with 1 g of polymeric radical cation
salts in THF at 25 °C.

Scheme 17
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N/ s \ / A + NaBH,

s L ¥ N\ Y
M
HB
by H
112H2|F’F'h3
1
I N s Ml NS )
fs\ \S; s \!n+Ph3P_BH3
55 26

A tentative mechanism for the formation of PhsP:BH3 complexes can be
considered involving the reduction of polythiophene cation radical salts by NaBH4 through
single electron transfer (SET) process to give neutral polymer and PhsP:BHs. The possible

mechanism is outlined in Scheme 17.

2.2.9 Estimation of the Number of Radical Cation Sites Present in

Polythiophene

We have observed that the reaction of 1 g of PT¢"),, nCl- 54 with NaBH, (1 mmol)
and PPhs 11 (1 mmol) gives the PhsP:BH3 26 in 0.72 mmol (Table 7, entry 1). hen the
reaction was carried out using higher amounts of NaBH4/PhsP with 1 g of PT¢",, nCI" 54,
higher yields of Ph3P:BHj3 26 was obtained (Table 7. entries 2-5).

There was no significant change observed, when the reaction was performed using
more than 5 mmol each of NaBH, and PhsP. Accordingly, it can be concluded that a

minimum of approximately 1.7 mmol of radical cation sites are present in 1 g of PT"",,
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nCl” 47. However, the actual number of radical cation salts present is expected to be
slightly more than this as the yields are of isolated yields and hence about 5% loss during
isolation could be expected. The recovered*> PT¢",, nCl" 54 (1 g). after oxidation with
FeCls (Scheme 15), reacts with NaBH4 (1 mmol)/PPhs (1 mmol) to give the PhsP:BH; in
0.71 mmol (Table 7, entry 6) without significant change from the freshly prepared sample,

illustrating the recyclability of the polymer used.

Table 7. Reaction of polythiophene radical cation salts 54 with NaBH4 and PPhs*

‘r& —I'-h3 n PhsP:BH
‘ :
NaBH, + + F 3 3

25 54(“- " 250c,24n 26
Entry Polythiophene NaBH,4 PPh3 11 H3B:PPh; 26
radical cation (mmol) (mmol) Yield (mmol)®
salts (1 g)
1 54 1 1 0.72
2 54 2 2 1.22
3 54 3 3 1.50
4 54 4 4 1.64
5 54 5 5 1.70
6° 54 1 1 0.71

We have also analyzed the polymer radical cation salts PT“”, nCl" 54 by UV-

Visible spectroscopy before and after the reaction with NaBH4 and PPhs. Broad
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absorptions with longer wavelength (red shift) was observed for the polymer before
reaction with NaBH,4 and PPhs. The wavelength of absorption gets decreased or move to
shorter wavelength after reaction with NaBHs and PPhs (Figure 3). The color of the
polymer PT“", nCl" 54 also gets changed from dark brown to brown.

The shift in the UV-Visible absorptions spectrum to lower wavelength (blue shift)
after the reaction with NaBH4 and PPhs for polymer sample 54 indicate that the effective
conjugation present in the polymer or the polymer cation radical sites present in the

polymer gets lowered.

PT before reaction

Absorbance

PT after reaction

ZEIIO . 31;0 I 4';0 ' 5€IIU . GI;O I ?ClilJ I B:NJ
Wavelength (nm)
Figure 3. UV-Visible spectrum of polymer 54 powder sample before (black line) and
after (red line) reaction with NaBH4 and PPhs.
The epr studies also indicate that there was a decrease in the radical cation spin
density present in the polymer salts (Figure 4). However, the epr studies indicates that the
some of the radical cation remains after the reaction with NaBH4 and PPhs. The epr

signals became weak. but not totally absent (Figure 4). Earlier. it was reported that the
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neutral thiophene polymers react with molecular oxygen to give paramagnetic species.*
Therefore, formation of small amounts of paramagnetic species by the reaction of polymer

with O during the work up procedure cannot be ruled out in these cases.

4 —— PT before reaction
—— PT after reaction

Intensity / A.U.

. . . : ; ,
3350 3400 3450 3500 3550 3600
Magnetic field / G

Figure 4. EPR of PT 54 before (black line) and after (red line) reaction with NaBH,4 and
PPhs.

The PhsP:BHs complex is very stable and hence it is not useful for synthetic
applications. However, the amines like pyridine form relatively more reactive borane
complexes and hence are useful for hydroboration at room temperature under activation by
Io.** Therefore, we have decided to investigate the reaction of NaBH, with the polymer
radical cation salts in the presence of pyridine.

We have found that the reaction of polythiophene radical cation salts 54 (1 g) with
NaBHs4 and pyridine in THF gives the pyridine:BHs 28 complex. The results are

summarized in Table 8. The reaction using PT radical cation 54 (1 g) using 1 mmol each
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of NaBHu/pyridine gave the pyridine:BH3 28 complex in 35% yield based on the presence
of 1.7 mmol of radical cation sites in 1 g of PT radical cation 54 (Table 8, entry 1).
Similarly, the reaction of PT radical cation 54 with 2 and 3 mmol each of NaBH4 and
pyridine gives the pyridine:BH3 28 complex in 63% and 79% respectively (Table 8, entry
2 and 3).

Table 8. Reaction of polythiophene radical cation salts 54 with NaBH,4 and Pyridine®

O O
P |
P
NaBH, + ‘rﬂx} — N N
Ser'n THF BH,
54 259C,24 h 28

Entry  Polythiophene @ NaBH;  Pyridine Pyridine:BH3; 28  Pyridine:BH3 28
radical cation

(1g (mmol)  (mmol) Yield (mmol)® Yield® (%)
| 54 | 1 0.59 35
2 54 2 2 1.08 63
3 54 3 3 1.35 79

In these transformations, the borane “BH3” moiety seems to be extracted by the
PhsP or pyridine Lewis bases while the radical cation borohydride complex decomposes
(Scheme 17). It was of interest to us to examine whether the borohydride complex could
hydroborate olefins. Accordingly. we have carried out an experiment using a-methyl
styrene with polymer radical cation salts and NaBHs in THF but there was no
hydroboration. Presumably, the olefin is not nucleophilic enough to react with polymer
radical cation — borohydride complex. However, we have observed that the pyridine:BH3

complex 28 prepared in this way readily hydroborates o-methyl styrene under iodine
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activation. After NaOH/H20: oxidation the corresponding alcohol was obtained in 84%
yield.

It was also observed in this laboratory that the reaction of polymers such as poly-
N-methylpyrrole (NMPPY®”,, nCl') 54a and poly(N-methylaniline) (PNMA®", nCI') 54b
radical cation salts with NaBH4 (1 mmol) and PPh; (1 mmol) gave the PhsP:BH3 26 in
0.62 mmol and 0.68 mmol (Scheme 18). The results indicate that a minimum of
approximately 1.35 mmol of radical cation sites are present in 1 g NMPPY“",, nCl 54a
and also a minimum of 1.60 mmol of radical cation sites are present in 1 g of PNMA®",,

nCl"54b (Scheme 18).4

Scheme 18
('+)“‘ PPh. .
NaBH, + I\ _ s PhyP:BH,
No] no THF 2
CHj 25°C, 24 h

up to 1.35 mmol
54a

NMPPY radical cation salts

CHs CH; CHs CHs _ePny
(RO
THF 26

255G 24h up to 1.60 mmol
PNMA radical cation salts

Next, we have studied the reaction of amine nucleophiles with various electron
acceptors like quinones, vilologens and halo compounds. The results are described in the

chapter 3.
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2.3 Conclusions

The molecular oxygen adsorbed carbon black reacts with benzoic acid and PhsP to
give Ph3P=0 in 52% yield. Also, oxidation of organoboranes were performed using readily
available oxygen adsorbed carbon materials 4. These organic transformations were also

performed by exploiting the negative charge present in the oxgen end.

reactant
product
The electron defficiency present in the carbon skeleton of the carbon materials 4 was

utilized for the preparation of Lewis base:borane complexes using NaBH4 and PhsP or
pyridine. The Ph;P:BH; and amine:BH3 complexes are prepared in moderate to good yields
upon reaction of oxygen adsorbed carbon material with NaBH4/PhsP and NaBHs/amine

reagent systems. We have observed bezylamine gives benzaldehyde via radical cation

; ; s 15 ;
intermediates reaction with molecular oxygen adsorbed carbon materials.

reactant product
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A simple method for estimating doping levels in polymer was developed.
Accordingly, it can be concluded that a minimum of approximately 1.7 mmol of radical cation
sites are present in 1 g of the PT“"), nCl salt.

NaBH,, PhsP PhaP:BH,
THF, 24 h, 25°C  up to 1.70 mmol
34-72% yield
iy FCuCHoh | FRL_ |
S 259C, 24 h scr 5

NaBH,, pyridine pyridine:BH,
S —
THF, 24 h,25°C  35-79% yield

Convenient methods for the preparation of PhsP:BH;3 and pyridine borane and other

amine borane complexes were developed.




Chapter 3

Studies on the Reaction of Amines with Quinones,

Viologens and halo compounds
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3.1 Introduction

Aliphatic and aromatic, primary, secondary and tertiary aminesare known to react
with p-chloranil in dioxane/2-propanol to produce blue to purple color. Generally, aliphatic
amines gives red colour and other amines give different colours as shown in Table 1.
Accordingly, p-chloranil was used to detect the presence of amines.'

Table 1. The colours of chloranil-amine adducts

Amine Colour of adduct produced with chloranil
n-Butylamine Red
Benzylamine Red
Aniline Violet
N-Methylaniline Blue-green
N.N-Dimethylaniline Blue
p-Nitroaniline Orange
Diphenylamine Blue-green

3.1.1 SET Reactions in Quinone Chemistry

The quinone — hydroquinone redox couple has been studied over many years.’

Quinone redox system also plays major roles in biology.’ Quinones undergoes 2H/2¢”
reduction in aqueous solution (or) in protic solvents.” The redox process of hydroquinone-

quinone is a sequence of proton and electron transfer (Figure 1). In the first step.




84

deprotonation leads to 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 2. All

intermediates are resonance stabilized.

OH o o o 0
E ; ‘! !+ :; _e— :t 'H+ i _e_ : ‘:
OH OH OH o o

1 Phenoxide Phenoxy Semiquinone 2
ion radical  anion radical

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).

i i i
sENeRds
| |
0 (o] e}
Semiguinone

anion radical
Figure 2. Quinone reduction in aprotic medium.
3.1.1.1 Addition and substitution reaction of quinones with amines

Preparation of various addition products of 1,4- benzoquinone 2 with different
substituted anilines 3 was reported (Scheme 1).°

Scheme 1

OH 0
i NHAr
+ ANHy ——» ArNHp
ArHN
OH
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Reaction of p-chloranil 6 with aniline to give corresponding amino quinone 10 as a
product.® A mechanism involving the formation of aminoquinone through outer ()-complex
8 and inner (o)-complex 9 was proposed (Scheme 2).

Scheme 2

0 0 o]
NH, o}
NH cl
cl cl 2 cl cl
Cl N*,_.zph cl NHPh
+ — _— R

cl cl cl cl cl cl -HCl ¢ cl

o} O_ o]

7 8 9 10

Quter (n)-complex Inner (o)-complex
p-Chloranil 6 reacts with n-butyl amine 11 by electron transfer from »n-butylamine 11

to p-chloranil 6 followed by substitution reaction to give the product 14 (Scheme 3).”

Scheme 3
0]
ol cl cl o ., cl O Bun cl NHBU-n
+ n-BuNH, ==—= G n-BuNH, | — ===
cl cl cl cl cl cl n-BuHN cl
o} o} .
6 11 12 13 14

Pyrolidine 11a was also reported to react with p-chloranil 6 to give mono and
disubstituted aminoquinone 15 and 16 (Scheme 4).%

Scheme 4
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The hydride transfer from dihydroflavins 17 to 2.3-dichloro 5.6-dicynao-p-

benzoquinone (DDQ) 18 was reported.” In this case. the back electron transfer is relatively
slow and the proton transfer occurs within the radical ion pair complex 19 (Scheme 3).
Scheme 5
ﬁ II:J' o] 1 R 0 -
NC cl NC
I :[ (T . fast ]’\'r\f
Hj’\n’NH NC:¢[CI D
o o]
17 18 I
N_K_o ™
+° NC cl
— XXX E -~
I,r jﬁ;[ N],\ITNH NC:@CI
H o o
21 20

The reaction between p-chloranil 6 and diclofenac 23 leads to the charge transfer
complex 24. This CT complex is readily converted to radical ion pairs 25 in methanol solvent

(Scheme 6).'°

Scheme 6
9 N& c:-oc o 45
cl cl NaDOC _CHyOH [ CI cl NaOOC_Q
. HN CI —_— . i
Cl Cl cl cl HN ol
0 Cl o] a—@
6 23 24 25
Charge Transfer Complex radical ion pair

Tertiary amines are excellent electron donors and they strongly interact with electron
acceptors. For example, DABCO 26 reacts with p-chloranil 6 in benzene solvent to give
DABCO-chloranil 1:1 complex. The reaction of p-chloranil or p-bromanil with DABCO gives

paramagnetic species 28 in benzene or in THF solvent (Scheme 7).
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Scheme 7

o] 0 o~

N cl cl N_ ClI cl N Cl cl

[%j Ker [%j diffuse [%]
+ — —_—

N cl (o] N7 ClI (o] N~ C cl
o} o} o

26 6 27 28

Charge Transfer Complex
The reaction of 2.2.6.6-tetramethylbenzo [1,2-d.4.5-d’|bis[1.3]dioxole (TMDO) 29
DDQ 18 in polar solvents like acetonitrile or propylene carbonate leads to radical ion pairs 30.

The electron transfer from TMDO to DDQ is fast in polar solvents (Scheme 8).'2

Scheme 8

0 " Q
0 Q Cl CN Ker OD:O Cl CN
><c;I:Io)< ’ c;@:mﬂ ? ><o o>< ' 0|:¢[0N

0 0
29 18 30
l diffuse

- 0

O o} Cl CN
KL

O o] Cl CN

o}

32 3

We have decided to investigate the elctron transfer reaction of quinones with amine
donors. The mechanism and intermediates formed in these electron transfer reactions are

discussed in the next section.
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3.2 Results and Discussion

3.2.1 Reaction of secondary amine with quinone acceptors

Piperidine 33 reacts with 1.4- benzoquinone 2 in DCM solvent to give
paramagnetic species by electron transfer from piperidine 33 to 1.4- benzoquinone 2. The
intensity of the epr signal decreases with time. We have also observed similar epr pattern
in PC solvent with stronger signal. The reaction of piperidine with p-chloranil 6, 1.4-
naphthaquinone 34 and 2,3-dichloronaphthaquinone 35 also gave similar results in epr

spectroscopic studies (Figure 3).
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Figure 3. EPR spectra of pipridine 33 with quinones (0.05 mmol) and (0.05 mmol) in
CH2Cl: solvent.

The reaction finally leads to the formation of diamagnetic 2, 3-di-piperidin-1-yl-

[1.4] benzoquinone product 38 (Scheme 9).
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Scheme 9, Electron transfer reaction of benzoquinone 2 with piperidine 33

; LY _ kO
O + — Cj ———— .
N N N
H
o o o
Charge transfer complex

33 2 36 37

A possible mechanism for the formation aminoquinone is outlined in Scheme 10.

@ ﬁﬁ[ R %
OH Bii O
%o 2858 -2

55% yleld

Similar reaction of p-chloranil 6 with piperidine 33 gave the ion radical pairs 45
followed by charge transfer complex 46 with subsequent formation of the diamagnetic

2. 5-dichloro-3.6-di-piperidin-1-yl-[ 1.4] benzoquinone product 47 (Scheme 11).

Scheme 11
o o *]
cl cl al al o cl
O + L ™ —_— ;d
H cl cl ” Ci Cl H C
o] 1) o]
Charge transfer complex
33 6 45 46

A possible mechanism for the formation of aminoquinone 47 is outlined in Scheme

12,
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Scheme 12
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Similarly, the reaction of piperidine 33 with 1,4-naphthaquinone 34 and 2.3-
dichloronaphthaquinone 35 results in aminoquinone derivatives 54 and 55 through the
formation of paramagnetic intermediates 52 and the charge transfer complex 53 (Scheme
13).

Scheme 13

0 o 9 o
X X X
- —QJ(Q )~ —=. (I
+ .. = by — -
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Charge transfer complex .
34X=H 54 X =H, 65 % Yield

33 5% =Cl 52 53 55X = C|, 75 % Yield

Recently, it was reported that the reaction of pyrrolidine 11a with p-chloranil 6
gives the corresponding mono substituted aminoquinone 15 through polar or ionic

intermediate 56 (Scheme 14)."

Scheme 14
i o LD
8 cl N
cl cl CHyCN N cu@ . éﬁhc_
+ _— - ¥ B —— |
¢l ) N 20°C H ci cl Ha
H cl cl
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6 11a 15 57

56
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It was also reported that the formation C-C bond by the reaction of amine with
quinones through polar pathway is several orders of magnitude faster than that expected
for single electron transfer (SET) process. However, the epr data were not discussed by
these authors, Also, there was no discussion on the formation of charge transfer or electron
transfer complexes in the reaction between amines and quinones.

We have observed epr signal in accordance with the formation of paramagnetic
intermediates upon mixing the secondary amine with quinones. Our results clearly indicate
that electron transfer via initial cross exchange process to give the radical ion pair 45 with
subsequent formation of charge transfer complex 46 and the aminoquinone product 47
with time (Scheme 15).

Scheme 15
o 0 o 4. )
a cl c . cl cl . NH
+ _ | L. — . e Cl
N

N a N \e cl oo cl cl cl

0 0 o.

58

Charge transfer complex
1 o}
Cl N
N Cl
o}
47

33 6 45 46
Hence. the electron transfer reaction, the radical ion intermediates and charge
transfer complexes cannot be ruled out in this transformations (Scheme 15).
3.2.2 Reaction of tertiary amines with quinone acceptors
The reaction of secondary amine and quinones lead to the aminoquinone
derivatives via radical intermediates and charge transfer complexes. We have then turned

our attention towards the reaction of tertiary amines with p-chloranil.
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We have observed that the reaction of N, N-diisopropylethylamine 59 (DIPEA)
with p-chloranil 6 in PC solvent gave paramagnetic species detected by EPR spectroscopy
with g value of 2.0037 (Figure 4). The electron transfer complex was stable up to 24 h but
the intensity of the epr signal decreased with time in PC solvent (Figure 4).

The rapid formation of electron transfer and charge transfer complex was observed
upon mixing of DIPEA 59 with p-choranil 6 in PC solvent. The mixture turns to bright
green immediately. Similarly, the reaction using p-chloranil 6 with tertiary amines like
-diazabicyclo[Z.Z.Z]octane (DABCO) 26. N, N'-tetramethyl-1.4-phenylenediamine
(TMPDA) 60. N,N-dicthylaniline (PhNEt;) 61 and triphenylamine (TPA) 62 also gives

paramagnetic intermediates as revealed by epr spectroscopy. The epr spectrum recorded at

different time intervals are shown in Figure 4.
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Figure 4. EPR spectra of p-chloranul 6 (0.05 mmol) and tertiary amine (0.05 mmol) in
PC solvent.

The reaction of DIPEA 59 with p-chloranil 6 gave the amine radical cation and
quinone radical anion pairs 63 followed by charge transfer complex 64 (CT 1). The epr
signal is mainly due to the presence of quinone radical anion 65 which may react with
neutral p-chloranil to give the corresponding CT complex, CT 2. The amine radical cation
would undergo fast exchange of clectron with the neutral amine and hence does not
exhibit epr signal (Scheme 16). Similarly, the other amine donors also react with p-

chloranil to give radical ion intermediates followed by charge transfer complexes.
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Scheme 16
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The reaction of N,N-dicthylaniline (PhNEt;) 61 with p-chloranil 6 gave
paramagnetic intermediates. Presumably, the initially formed amine radical cations are
slowly coupled to give the tetracthylbenzidine product 68 besides the formation of a small

amount (<5%) of the corresponding hydroquinone (Scheme 17).

Scheme 17
SN ) .
Nf /\”A\ cl c @’r} t
cl cl ) cl
o cT1
66 67

(
IN
¢ cl Q
cl ¢l cl l u (
o

OO OO
e 7\
68 CT3

Similarly, the reaction of DIPEA 59 with p-chloranil 6 in gamma butyrolactone

(GBL) solvent gives paramagnetic intermediates which was also confirmed by epr

spectroscopy (Figure 5).
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Figure 5. EPR spectra of p-chloranul 6 (0.05 mmol) and DIPEA 59 (0.05 mmol) in GBL
solvent.

In all the cases, we have observed a single signal in the epr spectrum. Earlier, it
was reported® that the line broadening was observed in the epr spectra of naphthalene
radical ion by the addition of excess of naphthalene. The rate constants for electron
transfer between naphthalene radical ion and naphthalene are in the range 107-107 liters

mole™! sec.!
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Such single line broadening was also reported*'> in the case of 2.3-dichloro-3.6-
dicyano-1.4-benzoquinone (DDQ) radical anion 31 with DDQ 18 with a fast exchange rate
constant of 2.5 x 10° M™! §*! and activation energy of 1.6 kcal mol™! at 23 °C. The electron
is transferred from HOMO of donor amine to the LUMO of p-chloranil acceptor. Electron
transfer leads to the formation amine radical cation and quinone radical anion. But, in epr
spectrum, we have observed only one peak for the paramagnetic complex. This indicates
that there is a fast self- exchange of electron between neutral amine with amine radical
cation.

J. K. Kochi et al reported self-exchange and cross exchange reactions between
2,6‘_6-tetramethylbenzo[1‘_2-d:4‘5-d’]bis[l,3]dioxole 29 (TMDQ) donor with 3-
dichloro-5,6-dicyano-p-benzoquinone 18 (DDQ) acceptor in CH2Cl, (Scheme 18).'2
Scheme 18

(1) Cross exchange electron transfer process

Ker " . diffuse - -
TMDO + DDQ =—— ITMDQ, pDa I TMDO + pDQ

29 18 69 32 £y

(2) Self-exchange electron transfer process

o Kee "
TMDO + TMDO =—> TMDO + TMDO

29 32 32 29
— Kse -
DDQ + Db =—= DDQ + DDQ

18 k1 3 18

Hence, the line-broadening of cpr signals observed for the intermediates obtained

from DIPEA 59 and p-chloranil 6 can be explained by considering the electron exchange

phenomenon.
It was reported that the reaction of p-chloranil 6 with 1.4-

diazabicyclo|2.2.2]octane, DABCO 26 gives 1:1 charge transfer complex.'' The formation
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of the charge transfer complex was also confirmed by UV-Visible spectroscopy and the
absorption band at 450 nm of DABCO-chloranil system was assigned to the chloranil
anion radical. Also, the formation of charge transfer complex between electron deficient
DDQ with electron rich n-system like cyclic enol ethers was reported.'® The charge

transfer absorbance band at 589 nm in UV-Visible spectroscopy indicates the formation of

charge transfer complex between DDQ and cyclic enol ethers system.

We have also examined the formation of charge transfer complex in the reaction of
DIPEA 59 with p-chloranil 6 by UV-Visible spectroscopy (Figure 6). The color change

was not observed for this diluted solution.
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o 0.2
o h o 2h
E —§h g ——6h
J 12h 2 12h
"2 ! 2h _§ 4h
=
= ‘% “
-
ﬁgg
a = ——— . .
300 400 800 &0 To0 a0
Wavelength (nm) Wavelength (nm)
(a) (b)

Figure 6. a) UV-Vis spectra of a mixture of DIPEA 59 (1 x 10 mol L) and p-chloranil 6

(1 x 10 mol L") in PC at 25 °C. b) Expanded UV-Visible spectrum.

However, the characteristic absorbance band for chloranil anion radical was
observed at 448 nm in 5 minutes and no charge transfer absorption band appears at that
time. The new absorbance band developed slowly with time beyond 500 nm be

assigned to the absorption of the charge transfer (CT) complex 64. because neither p-

chloranil 6 nor DIPEA 59 absorbed in this region. The UV-Visible spectrum is shown in
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Figure 6. We have also recorded the UV-Visible spectrum of solution of N, N-
diethylaniline 61 (1x107) and triphenyl amine 62 (1x107) with p-chloranil 6 (1x10*) at

different time intervals. The results are shown in Figure 7.
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Figure 7. (a) and (c) UV-Vis spectra of a mixture of PhNEt> 61 (1 x 107 mol L") and

TPA 62 (1 x 107 mol L") with p-chloranil 6 (1 x 10* mol L) in PC at 25 °C. (b) and (d)

Expanded UV-Visible spectrum.
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We have also performed the reaction of DIPEA 59 with weak acceptors such as
1,4-benzoquinone (BQ) 2 and naphthoquinone (NQ) 34 also gave weak epr signal

corresponding to paramagnetic intermediates formed in the reaction (Figure 8).
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Figure 8. EPR spectra of 1,4- benzoquinone 2 and naphthoquinone 34 (0.05 mmol) with
DIPEA 59 (0.05 mmol) in PC solvent.

It was reported that use of polar solvents in the bimolecular interaction of DDQ 18

with TMDO 29 increases the diffusive separation of radical ion pairs (Scheme 19). °
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Scheme 19

Ker diffuse
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Hence, we have also reacted the amine DIPEA 59 with p-chloranil 6 (1:1 ratio)
under neat condition. Interestingly, addition of drop of polar solvents like PC or N-methyl
pyrrolidone (NMP) to the paramagnetic complex leads to increase in the strength of epr

signal. The results are shown in Figure 9.
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Figure 9. EPR spectra of p-chloranil 6 (0.05 mmol) and DIPEA 59 (0.05 mmol) in neat
condition (a) at Smin (b) at 1 h (Intensity 10 to -10) (¢) After addition of NMP (d)at 1 h
(Intensity 500 to -500).

Presumably, the addition of polar solvents increases the concentration of
paramagnetic intermediates due to the diffusive separation of ion pairs leading to more

intense epr signal.
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The nature of the paramagnetic species observed in the reaction and the reason for
the decrease in epr signal intensity with time is not clearly understood. Presumably, a
diamagnetic 1, 4-addition product could be formed as the reactivity of the tertiary amine
and secondary amine is expected to be similar or the initially formed ion pair
intermediates are slowly converted to the charge transfer complex that may lead to

decrease in epr signal intensity (Scheme 20).

Scheme 20
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3.2.3 Reaction of tertiary amine with p-chloranil 6 under neat condition

We have also reacted N, N-diisopropylethylamine 59 (DIPEA) with p-chloranil 6
under the neat condition (without solvent). The paramagnetic species formed were
detected by epr spectroscopy with g value of 2.0031. In this case, an increase in the epr
signal was observed with time. Presumably, the electron transfer reaction of p-chloranil
and DIPEA will be slower under neat condition. Also, the reaction of DIPEA derivatives
like N-benzyl-N-isopropylpropan-2-amine 73. N, N-diisopropyl-2. 2-dimethylpropan-1-

amine 74 and N,N-diethylaniline 61 with p-chloranil 6 gave the paramagnetic
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intermediates under neat condition. The epr signal changes with time are shown in Figure

10.
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Figure 10. EPR spectra of p-chloranil 6 (0.05 mmol) and amine (0.05 mmol) in neat

condition.
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Interestingly, the epr signal strength increased with time, whereas under solvent
condition (Figure 4) the signal strength decreased with time. Presumably, the formation of
radical ion pairs is slow under neat condition. However, the epr signal at 5 minutes in PC
is much stronger (DIPEA 59, Figure 4) indicating the presence of more amounts
paramagnetic species in the polar solvent.

3.2.4 Reaction of 2,2,6,6-tetramethylpiperidine derivatives 76 with p-chloranil

Synthesis of polymeric amine

We have synthesized polymers containing amine as a pendant group through
transesterification of PMMA (polymethylmethacrylate) 75 using 4-hydroxy-2.2.6.6-
tetramethylpiperidine 76a. The polymer 76b is also readily converted to the corresponding
TEMPO derivative 77 (Scheme 21). The prepared radical polymer PTMA 69 was
characterized by epr spectroscopy with g value of 2.0063 (Figure 11). The epr of prepared

PTMA radical is in accordance with the reported epr signal.'®

Scheme 21
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Figure 11. EPR spectra of synthesized PTMA radical polymer 77

The present method for the preparation of PTMA radical polymer 77 is simple and
convenient compared to the methods available in the literature.!” Previously, the PTMA
77 s synthesized by the polymerization of 2.2.6.6-tetramethylpiperidine methacrylate
monomer 79 followed by the oxidation of the precursor secondary amine polymer 76b
(Scheme 22)."* An advantage of the present method is that commercially available PMMA
samples with different molecular weight can be utilized in the preparation of different
polymeric derivatives.

Scheme 22
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77
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The PTMA 77 has the nitroxide radical 2,2,6.6- tetramethyl-1-piperidinyloxy

(TEMPO) as repeating unit. TEMPO possesses good chemical stability because of
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resonance structures and steric protection of the radical center. TEMPO and PTMA 77
polymer exhibit reversible oxidation-reduction behavior in aprotic solvents. On oxidation
of the nitroxide radical, the p-type doping occurs in a reversible manner and the
oxoammonium cation is formed. The existence of such a redox couple of radical makes
PTMA 77 an attractive cathode-active material for use in lithium batteries.”” As PTMA 77
is an electrical insulator, the addition of a suitable conductive material in the cathode
composition is essential for effective transport of charges.?” The PTMA 77 is thermally
stable at high temperature. This radical concentration remains unchanged for over one year
under ambient conditions. This polymer displays appropriate solubility in organic

solvents.

We have also observed that the reaction of sterically hindered 2.2.6.6-
tetramethylpiperidine derivatives 76 with p-chloranil 6 in PC solvent gave the

paramagnetic species 80 (Scheme 23).
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Interestingly. the reaction of the polymeric amine derivative 76b with p-chloranil 6

gave moderately stable paramagnetic intermediates. In all these cases, we observed a

triplet signal in the epr spectroscopy corresponding to amine radical cation (Figure 12).
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Figure 12, EPR spectra of p-chloranul 6 (0.05 mmol) and 2.2,6,6-tetramethylpiperidine
derivatives 76a, 76b and 76¢ (0.05 mmol) in PC solvent.

However, even in the reaction of sterically hindered 2.2.6,6-tetramethylpiperidine
with p-chloranil decrcase in the strength of epr signal was observed with time.
Presumably, complex formed here is outer-sphere in nature and not affected by the steric

hindrance by the methyl groups.
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The charge-transfer complex 96 of NNN'N'-tetramethyl-p-phenylenediamine

(TMPDA) 4 with p-chloranil 12 was reported.?! It was proposed that such complex
interchanges reversibly with radical ion pairs (Scheme 25)?? Also, in solid state the
TMPDA-p-chloranil complex was diamagnetic in nature.”> We have observed that in this

case also the epr signal strength decreases with time in PC solvent (Figure 4).

Scheme 25
e ot -
N o N o N o
ClI Cl Ker ClI Cl cl cl
+ — + —_—
Cl Cl  solvent Cl Cl cl cl
/N\ o N 0 NG o
60 87 65

charge transfer complex
diamagnetic in solid state

3.2.5 EPR Studies of aminoquinone

The aminoquinones (38, 47, 54 and 55) were prepared by the reaction of piperidine
with corresponding quinone in CH:Cl> solvent. We have already discussed that the
aminoquinones are by electron transfer mechanism and the paramagnetic intermediates
were confirmed by epr spectroscopy.

Scheme 26
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The aminoquinones behave as both donor and acceptor when present in the same
molecule. Interestingly, we observed a weak epr signal for aminoquinones in the solid
state but did not observe epr signal when aminoquinone was dissolved in CH>Cl» solvent
(Scheme 26). Presumably, one of the aminoquinone molecule acts as a donor and another

one acts as an acceptor in solid state leading to single, broad and weak epr signals (Figure

13).
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Figure 13. EPR spectra of aminoquinone in solid state (The aminoquinone solid (5 mg) was

taken into epr tube and epr spectrum was recorded).

3.2.6 Attempt towards the electron transfer reaction of amines with halo compound
acceptors
We have already discussed the results of the reaction of amines with quinone

acceptors. The electron transfer readily takes place from donor amine to acceptor quinone
leading to the formation of corresponding radical cation — anion pair as confirmed by epr
spectral analysis.

Electron donor acceptor complexes and charge transfer interactions of amines with

tetrahalomethanes were reported.* For example, DABCO 26 and quinuclidine 91 gives 1:1
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donor-acceptor (DA) complex with tetrahalomethanes. Also, crystal structures were
reported for the of 1:1 complex of DABCO and quinuclidine with CBry 92. The
photochemical reaction of the DABCO-CBry charge transfer complex leads to formation
of radical ion intermediates (Scheme 27).

Scheme 27

hver

| Br x> & a
[ﬁ(j + CBr, = [ﬁ(‘] Gty e ﬁg—@;——-Br-{—Br g B GOy
Br -

92 93 o4 95

X=N  DABCO (26)

X=CH  Quinuclidine (91)

Similarly, electron donor acceptor complexes and charge transfer complexes of
carbon tetrabromide, CBry 92 and bromoform, CHBr3 96 with various donors such as
halides, pseudohalide anions, aromatic hydrocarbons and aromatic compounds containing
nitrogen and oxygen centers were reported.”’ Hence, we have studied the electron transfer
reaction of sterically hindered amines with halometahne.

We have observed a weak epr signal for ion-pairs when the amine and halo
compounds are reacted together. Previously, de Meijere ef al. prepared the triisopropyl
radical cation by the oxidation of triisopropylamine with SbFs in CH2Cl» solution at 195K
which gave the hyperfine epr spectrum.?® They also noted that this radical cation has
unusual thermodynamic and kinetic stability.?® Also. these authors concluded that
trialkylamine with at least two isopropyl substituents would lead to nearly planar structure
for the corresponding radical cation, thus making it more stable.

We have briefly studied the electron transfer interaction of amines such as DIPEA
59. 2.2.6.6-tetramethylpiperidin-4-ol 76a and polymeric 2.2.6,6-tetramethylpiperidine
derivative 76b with halo compounds like CH2Clx 97. CH2Br2 98 and CHClL: 99 by epr

spectroscopy.
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The reaction of DIPEA 59 and dichloromethane CH2Cl2 97, CH2Br2 98 and CHCls
99 at room temperature gave very weak epr signals in epr spectroscopy (Figure 12). In

these cases, we have scanned the spectra 10 times to get a clear epr signal. The epr

spectrum with different time intervals are shown in Figure 14.
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Figure 14, EPR spectra of DIPEA 59 and CH,Cl; 97, CH:Br, 98 and CHCI; 99 (Number

of scans = 10).

The epr signal observed here due to the presence of amine radical cation and the
signal due to the dichloromethane, dibromomethane and chloroform radical anions were
not observed. Presumably, these radical anions may undergo fast exchange with the
corresponding neutral species and hence do not give epr signal (Scheme 28).

Scheme 28

)\NJ\ + CHpX, =—= /erfl\ CHyXp | =—= l)\;i,j:c”zxz
- L "

X=ClorBr
59 100 101

XaCH, CHyXp XaCHy  CHaX;

In all these cases, weak hyperfine splitting was also observed in epr spectroscopy.
The reaction of N, N-diisopropylethylamine, DIPEA 59 with acceptors such as CH2Cl, 97,
CH:2Br2 98 and CHCI3 99 gives a weak hyperfine splitting by the interaction of the radical
cation present on nitrogen with two methylene ff — protons of ethyl or isopropyl substituent
of the radical cation.

We have also performed reaction with other donor amines N, N-diethyl aniline 61

and triphenyl amine 62 with halo compounds, but we did not observe the presence of
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paramagnetic intermediates. Presumably, these relatively weak amines do not undergo
electron transfer reactions with CH2X; compounds.

Also, we have observed that the sterically dered amine 2.2.6,6-
tetramethylpiperidin-4-ol 76a reacts with CHxCl> 97, CH2Br2 98 and CHCI; 99 to give a

triplet signal in epr spectroscopy indicating the formation of corresponding 2.2.6.6-

tetramethylpiperidin-4-ol radical cation (Figure 15).
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Figure 15. EPR spectra of 2.2.6,6-tctramethylpiperidin-4-ol 76a and CH:Cl, 97, CH,Br;

98 and CHCl: 99 (Number of scans = 5).

Hence, the electron transfer reaction of 2.2.6,6-tetramethylpiperidin-4-ol 76a with

halomcthanc can be rationalized by the formation of ion radical pairs followed by charge

transfer complex 103 (Scheme 29). Interestingly. the epr signal strength increases with

time. As expected, the reaction with sterically hindered amine may be slow with more

amounts of paramagnetic species formed with time (Figure 15). However, formation of

charge transfer complex of the type 103 is equilibrium with paramagnetic radical ion

cannot be ruled out.
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XaCH, CHpX, === X:CHz CHzX;
We have also carried out similar electron transfer reaction with polymeric
rivative of 4-hydroxy-2.2.6,6-tetramethylpiperidine 76b with CH2Clz 97 and CH:Br2 98
and obtained evidence for paramagnetic species with triplet epr signal (Figure 16). In these

cases also, subsequent formation of the corresponding charge transfer complexes of the

type 105 cannot be ruled out.
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Figure 16. EPR spectra of polymeric 4-hydroxy-2.2.6.6-tetramethylpiperidine 76b and
CH:Clz 97 and CH:zBr2 98 (Number of scans = 5).
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The clectron transfer reaction may be rationalized as outlined in Scheme 30,

Scheme 30
H
H
CH,Cl, =—= = JE— A
g + 2Cla CH,Cl; U *CH,Cl,
76b 97 - 104 - - 105 -

Y I “‘-_'
Cl,CH, CHoCl, === CloCHz CHCl

The reaction of 4-hydroxy-2,2,6,6-tetramethylpiperidine 76a and polymeric

rivative of 4-hydroxy-2.2.6.6-tetramethylpiperidine 76b with CH>Cl> 97, CH2Br2 98 and
CHCl3 99 gives triplet in epr spectroscopy but there is no hyperfine splitting due to
absence of § — hydrogen in the corresponding amine radical cation.
3.2.7 Preliminary studies on electron transfer reaction of amines with viologen
acceptors

Viologens are 1.1 -disubstituted-4.4 -bipyridinium salts. Michaelis first reported
the electrochemical behaviour of this class of compounds which possess excellent
photoelectrochromic properties.>” The viologens are electron acceptors and are widely

§ in electrochromic

used as herbicides and for electron mediation in photosynthesis.?
display devices,” in organic electrical conductors,’ in chemically modified electrodes,’’
for solar energy storage and photocatalytic reduction of water to hydrogen’? The

viologens were originally investigated as redox indicators in biological studies. Their

electrochemically reversible behaviour and the marked colour change between the
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oxidation states, make the viologens as favored candidates for electrochemical display
devices as alternative to LEDs and LCDs.?’ The viologens exist in three main oxidation

states as shown in Figure 17.

+/— —NE e + — - = =
R—NQ—@N—R -——‘rR—NQ—CN—R —— R—N\/:>=CN—R

2% X .
(bipm 2*) {bipm*+) (bipm °)
106 107 108

Figure 17. Three common bipyridinium redox states.
Reductive electron transfer to viologen dications 106 gives stable radical cations

107 (Figure 15) due to electron delocalization throughout the n-framework of the bipyridyl
nucleus. Whereas the bipyridinium dication salts are normally not coloured. the logen
radical cations are intensely coloured, with high molar absorption coefficients. This is due
to charge transfer between the +1 and 0 valent nitrogens.

The reaction of viologen derivatives with amine gives a rapid color change by the
formation of electron transfer and charge transfer between viologen derivatives and amine,
which is useful for the detection of amines.*® The reaction of viologen molecules with N,
N-dimethylformamide (DMF) generates an organic dopant for molybdenum disulfide
(MoS2) in metal-oxide-semiconductor field-effect-transistor (MOSFET).** Polyviologen
are well known material useful as an interfacial layer and cathode buffer layer in polymer
solar cell *’

Previously, we have studied the electron transfer reaction of an acceptor p-
chloranil with donor amines. Hence, preliminary studies were undertaken on reaction of
amine donors with other acceptors such as viologen derivatives. Hence, we have decided

to examine the possibility of electron transfer reaction between viologen acceptor with

readily accessible amines. We have prepared a series of viologen derivatives 111 by the
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reaction between 4.4 -bipyridyl 109 and alkyl halide 110 in DMF solvent following a

closely related reported procedure (Scheme 31).%

Scheme 31

— = DMF, 80 °C, 12 h = — — 4

BF Br
109 111
110a (R = -CH,Ph) 111a = 91% yield
110b (R = n-butyl) 111b = 96% yield
110¢ (R = n-pentyl) 111c = 92% yield
110d (R = n-hexyl) 111d = 92% yield
110e (R = n-octyl) 111e = 90% yield

We have also synthesized the 1. 4-dipyridyl benzene 115 via preparation of
synthesizing 1, 4- phenylenediboronic acid 113 followed by Suzuki coupling with 4-

bromo pyridine 114 (Scheme 32).%7

Scheme 32
Br—CN 114

1. Mg, THF, o \_7

reflux, 24 h HO, ; PA(PPhs)y/Na;CO3 7\ =
Br Br—————~ B B o ST ETUON NN

2. B(OMe);, -70°C,  HO OH  THF/MeOH/H,0 S 4

Et,0.4.5h 1%y 80°C,24 h 52% yield
112 3., 12h, 113 115

1.5 N H,S0,

Similarly, the 1.4-dipyridyl benzene 115 was readily converted to extended

viologen 116 by reaction with 1-bromo butane in DMF solvent (Scheme 33).

Scheme 33
N2 =\ 1-brome butane Br &:/ \} i:: <\_ :IJ Br
= \_4 DMF, 80 °C, 12 h /—/_ = 7 _\—\
86% yield
115 116

We have investigated the reaction of the viologen salt such as benzyl viologen
111a with various readily accessible electron donor amines to examine the electron

transfer by epr studies. The epr studies of viologen compound with different amines were
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carried out by PC and methanol solvent. In the case of reaction of benzyl viologen 111a
with amines like diphenyl amine 118, N, N-diethyl aniline 61 and triphenyl amine 62 no
epr signal was observed (Table 2, entries 2, 8 and 10). The reason may be the weak donor
nature of amines as the ne pair of electrons on the nitrogen atom are delocalised in the
aromatic ring., which is unavailable for electron transfer to viologen acceptors. Also, it

indicates that viologen is a weak acceptor and it can interact only with strong amines.

Table 2. EPR of benzyl viologen 102a with various amines in methanol solvent®

Entry Acceptor Donor EPR spectra
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* EPR experiment were carried out by mixing amine (0.2 mmol) with benzyl viologen 111a (0.2 mmol) in

methanol. The mixture was taken into epr tube and recorded the spectra.
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Similarly., we have studied the reaction of benzylviologen 111a with different
amines in PC solvent. In this case, we have observed weak epr signal in the reaction of
benzylamine 117, N, N-diisopropylethylamine 59 and triethyamine 120 with benzyl
viologen acceptor (Table 3, entries 1,3.5). The weak epr signal or no signal also indicates
the poor solubility of viologen in PC solvent. The reason for weak epr signal may be also

due to the fast disproportionation of the viologen radical cation to give back the starting

viologen (Scheme 34).
Scheme 34
2 R—FID—_@N—R — R—ﬁ@—_@hf—R + R—N:>=<:N—R
1:7 12 :s 108

Table 3. EPR of benzyl viologen with various amines in PC solvent®

Entry Donor Donor ESR spectra
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No signal observed

4]
I | e
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No signal observed

No signal observed

No signal observed

No signal observed

No signal observed

* EPR experiment were carried out by mixing amine (0.2 mmol) with benzyl viologen 111a (0.2 mmol) in

PC. The mixture was taken into epr tube and recorded the spectra.
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Electrochemistry of viologen were reported extensively.”® The high resolution epr
spectra of photochemically generated viologen radical cation derivatives in ethanol-water
system has been also reported.™

Here also, we have observed a epr signal only for viologen radical cation formed in
the reaction of benzyl viologen with amines. The amine radical cation formed after
electron transfer to viologen would undergo fast electron exchange with the neutral amine
and hence may not show epr signal (Scheme 35).

Scheme 35

Br . — Brph Br, /= — Ph 4
PH = PH = :

Br
111a 117 123
28Br on l {
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* Ph " Il
=\_/"\, 124
Ph/_N _ N N P
PhCH;NH, NH,CH,Ph
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We have investigated the electron transfer reaction of acceptors like quinones,
halomethanes and viologens with amine donors. Also, we proposed tentative mechanisms
for the formation of paramagnetic intermediates in these reactions in accordance with epr
spectroscopic studies. Among the acceptors studied, p-chloranil which has a very high
electron affinity (EA=2.78 eV) gives strong epr signals with donor amines. The
electrochemistry of quinone is also well studied and hence we have selected the p-

chloranil as an acceptor for studies on the construction of organic electrochemical cell
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based on electron transfer reaction with tertiary amines. The results are discussed in the

next chapter.
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3.3 Conclusions

We have investigated the electron transfer reaction of quinones with piperidine. The
corresponding aminoquinone was formed in good yield (55% to 75%) via the corresponding
radical ion intermediates. The formation of paramagnetic intermediates were confirmed by
epr spectroscopy.

9 o o o . O o
cl Cl cl cl N cl
-9l -2—
Charge transfer complex

We have also studied the reaction of tertiary amines like N, N-disopropylethylamine,
N, N-diethylaniline, triphenylamine, N-benzyl-N-isopropylpropan-2-amine and N, N-
diisopropyl-2, 2-dimethylpropan-1-amine with p-chloranil acceptor. We have observed that
electron transfer from amine donor to quinone acceptor was fast. The formation of ion pair
intermediates and charge transfer complexes were confirmed by epr and UV-Visible
spectroscopic studies. The epr analysis of the intermediates formed in PC solvents indicate
that the initially formed ion pair by electron transfer from donor to acceptor are converted to
charge transfer complexes in equilibrium with small amounts of radical ions. The epr signal
corresponds to the presence of quinone radical anion and the amine radical cation signal does

not apperar as it undergoes fast self-exchange with another amine.
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We have developed a simple method for the preparation of polymers containing amine
as a pendant group through the reaction of PMMA (polymethylmethacrylate) and 4-hydroxy-
2.,2.6.6-tetramethylpiperidine. The sterically hindered polymeric 2.2,6.6-tetramethyl-4-
piperidinol product reacts with p-chloranil to give radical ion intermediates followed by
charge transfer complex. The radical ion intermediates gave triplet signal in epr spectroscopy
which corresponds to the presence of amine radical cation. Similar results were also obtained
in the reaction of 4-hydroxy-2,2,6,6-tetramethylpiperidine and 2.2,6,6-tetramethylpiperidin-4-

one with p-chloranil.
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Charge transfer complex

We have briefly studied the reaction between N, N-diisopropyl ethylamine, DIPEA
with CH,Cl,, CH;Br, and CHCl. The formation of paramagnetic intermediates were

confirmed by epr spectroscopy. The epr signal with very weak hyperfine splitting for the
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nitrogen radical cation was observed. We have also investigated the reaction of 2,2.6,6-
tetramethylpiperidin-4-ol and polymeric 2,2,6,6-tetramethylpiperidine derivatives with
CH:zClz, CH2Br; and CHCl;. Similar paramagnetic intermediates with triplet epr signal were
observed. The results indicate that the halogenated solvents also behave like acceptor in the

presence of strong amine donors.

Ak o, — I*“f\ \ _ [/L,(l\

X=Cl, Br

H

H
M H
)(IJL N N
T + CHpX, =—= CHpXp | =—= CHa,Cly
% X=Cl, Br ;ﬁo 0._0

n

We have also studied the reaction of viologen acceptors with different amines. Again,
the formation of paramagnetic intermediates was confirmed by epr spectroscopy. The
releatively weak aromatic amine donors did not undergo electron transfer reaction with

viologen derivatives.




Chapter 4

Development of Electrochemical cell exploiting
reversible electron transfer reaction between tertiary

amine donors and p-chloranil acceptor
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4.1 Introduction

In the previous chapter, we have already discussed that electron transfer readily takes
place from donor amines to acceptor quinones resulting the formation corresponding radical
cation — anion pair (Scheme 1).

Scheme 1

o]
o]
o

Cl (o] cl (o] cl cl
RaN + _—t R3N R:]N
o}
1 2 3 4
charge transfer complex

We have also observed that the reaction of tertiary amines with p-chloranil gives
radical cation-anion pair first followed by formation charge transfer complex (CT complex) in
equilibrium with the ion pair (Scheme 2). These reversible reactions take place at ambient
temperature conditions in the ground state of the donor and acceptor. Accordingly, energy

barrier or activation energy for the formation of the ions and ions is overcome by surrounding

heat (Figure 1).
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Figure 1. 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 that could transport the
charge carriers (i.e. electron in Q and the hole in RsN™) formed in such reactions to produce
electricity (Figure 1). The difference between such ground state electron transfer process in
such cells and the electron transfer involved in donor/acceptor photovoltaic or solar cell is that
in the later case the electron transfer from a donor to an acceptor takes place after
photoexcitation of the electron from the ground state to excited state. Accordingly, a brief
review of reports on the construction of various types of solar cells including donor/acceptor
organic photovoltaic cells would facilitate the discussion of the present results.

4.1.1 Photovoltaic cell

Electrochemical cell which produce electric current through chemical reactions are
called voltaic or galvanic cell. In a photovoltaic cell or solar cell, the light or solar energy is
converted into electrical energy and produces an electric current in the circuit. Solar cells are

made up of semiconductors which absorb light in the visible region. The research on solar cell
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focused mainly on technologies involving the silicon and other inorganic semiconductors,
dyes, perovskites and organic donor/acceptor molecules.
4.1.2 Silicon solar cell

Silicon (Si) solar cell consists of n-type Si and p-type Si semiconductor material. The
Addition of atoms (boron or gallium) having one electron less than silicon in their outer
energy level produce a p-type silicon. Addition of atoms (phosphorus or arsenic) having one

electron more than silicon in their outer energy level produce an n-type silicon. When sunlight

(photons) strikes the solar cell the electrons ejected from the silicon moves to the n-type layer
and holes moves to the p-type layer. The produced electron and holes will move to the

electrodes to produce electricity (Figure 2).
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Figure 2. (a) Schematic diagram for crystalline silicon solar cell. (b) Energy level diagram for

crystalline silicon solar cell (Ev-Valance band energy level, Er-Fermi energy level and Ec-
Conduction band energy level)
In 1954, scientists in Bell laboratory produced the first practical photovoltaic cell

based on silicon semiconductor material with 6% efficiency.! The crystalline solar cell
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requires complex fabrication process and high production cost even though the efficiency of
single crystal silicon solar cell reached up to 25%.2 At present, amorphous silicon (a-Si).
cadmium telluride (CdTe), copper indium gallium selenide (CIGS) and gallium arsenide
(GaAs) materials are used in thin film solar cells.
4.1.3 Thin film solar cell or Inorganic solar cell

Thin film solar cells also called as second generation solar cells are made by placing
one or more thin layers of photovoltaic material on glass or metal current collector.
4.1.3.1 Amorphous silicon solar cells (a-Si)

Amorphous silicon (a-Si) is an allotrope of silicon and widely used in thin film
technology. The absorption of solar radiation by amorphous silicon is 40 times more than that

of single crystal silicon solar cell. The thin layer of silicon is coated using a gaseous mixture

of silane and hydrogen on transparent conductive oxide (TCO) glass. The ic electronic
structure of amorphous silicon solar cell is p-i-n junction (Figure 3).

The efficiency of amorphous silicon solar cell is around 5-7% and lower than that of
crystalline solar cell.® The efficiency of amorphous silicon solar cell was improved to 10% by

stacking the two or more cells together with micro crystalline silicon (u-c-Si) solar cell. This

type of stacking improve the performance of the cell (Figure 3b).
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Figure 3. (a) Schematic diagram for thin film amorphous silicon solar cell. (b) Tandem a-Si
and p-c-Si solar cell.

4.1.3.2 Cadium-telluride (CdTe) thin film solar cell

This cell is a simple heterojunction contains p-type CdTe and n-type CdS
semiconductors (Figure 4 a).
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Figure 4. (a) Schematic diagram for thin film CdTe solar cell. (b) Thin film CulnGaSe:>

(CIGS) solar cell.
The efficiency of CdTe solar cell varies between 10-16%.*° However, the rare

abundance of tellurium and toxicity of cadmium are the main disadvantage of this cell.




150

4.1.3.3 Copper indium gallium selenide (CIGS) thin film solar cell

The fabricating process of CIGS thin film cell is similar to that of CdTe process
the light conversion efficiency is higher than that of CdTe cell (Figure 4 b). This material
absorbs sunlight effectively because it has high absorption coefficient. The efficiency of CIGS
solar cell was around 20% and higher than that of other thin film cell.®
4.1.4 Dye-sensitized solar cell (DSSC)

In 1968, Gerischer and co-workers’ developed the electrolytic cell using the p-type
perylene organic dyes and with n-type zinc oxide (ZnO). The modern DSSC was invented by
O’ Regan and Gritzel® in 1991. The use of mesoporous titanium dioxide (TiO2)
photoanode and the electrolyte containing iodide/triiodide redox shuttle leads to the DSSC
with up to 12% efficiency. The cell was further improved by the introduction of (cis-
Bis(isothiocyanato) bis(2.2"-bipyridyl 4.4 -dicarboxylatoruthenium(II)) dye with efficiency of
around 10%.

The DSSC was fabricated by coating TiO2 on the conductive glass plate. Then the
plates were soaked into the organic dye solution. The redox electrolyte couple was drop
coated on the organic dye layer and the counter electrode was fixed above the fabricated
conductive glass. When the solar radiation (light) strikes the dye molecule and it goes to

excited state. The photo induced electron is injected to the conduction band of mesoporous
TiO.. The oxidized dye molecule gets regenerated by electron donation from the electrolyte I
/I3" redox couple. The holes move towards the counter electrode to complete the electronic

circuit (Figure 3).




151

@ . ;

Electrode “'_I'_‘_'_ T

r———dy

e Cell potential [V

Figure 5. (a) Schematic diagram for DSSC solar cell. (b) Energy level diagram of liquid DSC
sed on mesoporous TiO: photoanode and I/Is” redox couple (¢) Typical current voltage
curve for DSSC (Cell efficiency = 7.12% with FF = 0.684, Reference. 8).

In last two decades research efforts were undertaken to improve the performance of
DSSC by designing the organic dye molecules with high extinction coefficient and also with
modified redox shuttle’!? like cobalt (II/IIT). copper (I/II), ferrocene (Fc)/ferrocinium (Fc™).
Nickel (III/IV), TEMPO/TEMPO". The redox shuttle can reduce the electron-hole
recombination process with efficient electron transport properties. 42!

It was reported that the highest efficiency of 13% observed for the cobalt (II/III)
clectrolyte used in the DSSC.?* The first id-statc dye sensitized solar cell (sDSSC) using
2,2'.7,7'-tetrakis (N.N-dimethoxyphenylamine)-9,9'-spirobifluorene (spiro-OMcTAD) as hole
transporting material (HTM) was also reported. ** The efficiency of the DSSC was improved
to 7.2% by the use of spiro-OMeTAD ith the addition of cobalt complex (p-type dopant).>
The sDSSC was further improved by using other hole transporting material like poly(3-

hexylthiophene-2.5-diyl) (P3HT).?* But, the efficiency is lower than that of liquid DSSC.>*?’
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The decrease in efficiency is due to the higher recombination rate and intrinsic properties of
spiro-OMeTAD with TiOx.
4.1.5 Perovskite solar cell

The perovskite (ABX3) is hybrid inorganic/organic material with efficient light
harvesting structure. The construction of perovskite solar cell is similar to that of dye-
sensitized solar cell as shown in Figure 6. In 2009, the first perovskite solar cell was reported
with methylammonium lead iodide (CH3NH;3Pbls) which gave 3.81% power conversion

efficiency.?®
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Figure 6. (a) Schematic diagram for perovskite solar cell (b) Energy level diagram of

perovskite solar cell without hole transport material.
The iodide redox couple degrades the perovskite that leads to the lower efficiency.

The replacement of the liquid electrolyte with solid-state p-type semiconductor spiro-

OMEeTAD as a hole transport material (HTM) improves the efficiency to 9.7%.%
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Figure 7. (a) Schematic diagram for perovskite solar cell. (b) Energy level diagram of
perovskite solar cell with hole transport material.

Recent reports® on mixed lead halogen perovskite solar cell indicated that the
efficiency was improved to 20.7%. Some of the hole transporting materials used for the
studies on perovskite solar cell are listed in Figure 8. The research efforts on the perovskite

solar cells are still under progress.*!**
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Figure 8. Hole Transporting Material (HTM) used in perovskite solar cell.

4.1.6 Organic solar cell

The organic photovoltaics or solar cells are flexible devices with low manufacturing

cost compared to the rigid inorganic solar cells. In organic solar cells, upon excitation of

organic material creates positive charge on the donor layer (p-type) and negative charge on

the acceptor layer (n-type) like p-n junction.

The operating mechanism of the organic solar cell is almost similar to that of the

inorganic solar cell. The photo excitation of the light harvesting organic material produces an

exciton (coupled electron-hole pair). The field splits the exciton into the charge carrier

(separated electron-hole pair) which then moves to the respective electrodes to produce
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electricity. Some typical donor and acceptors used in the organic solar cells are shown in

P3HT MDMO PPV

Figure 9.

6H13

Perylene
20 21

MEH-PPV CN-MEH- PPV

17
e

Figure 9. Major donor polymers and acceptors used in the organic solar cells.
4.1.6.1 Single layer organic solar cell

The cell was made by sandwiching an organic material between the two metal
conductors having high work function such as ITO and v work function such as aluminum,
magnesium or calcium (Figure 10). The organic material absorbs the light which excites the
electrons the LUMO and leaves holes in the HOMO. The potential created by the different
work functions of the metals splits the exciton pair. The electrons move to the positive

electrode and holes to the negative electrode. The magnesium phthalocyanine (MgPc) used in

the single layer solar cell (Al/MgPc/Ag) produces 0.01% efficiency.
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Figure 10. (a) Schematic diagram for single layer organic solar cell (b) Energy level diagram
for organic solar cell.

The single layer cell using poly-3-methyl thiophene gave 0.15% power conversion
efficiency.’” Another single layer cell using the conjugated polymer polyacetylene gave 0.3%
efficiency.™ These types of cells produces low quantum efficiency (<1%) and less than 1%
power conversion efficiency.
4.1.6.2 Bilayer or Planar donor-acceptor heterojunction

Bilayer cells are constructed by sandwiching two different layers contains donor and
acceptor between two conductive electrodes (Figure 11 a). The difference in electron affinity
and ionization energy of two layers could generate the electrostatic forces at the interface. The
layers having high electron affinity and ionization energy are called as electron acceptor and
electron donor, respectively. g et al. investigated copper phthalocyanine (CuPc) as an

electron donor and perylene tetracarboxylic derivative as an acceptor in two layer organic cell

which gave 1% power conversion efficiency.
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Figure 11. (a) Schematic diagram for Bilayer organic solar cell (b) Energy level diagram for
bilayer organic solar cell.

Perylene amide derivatives are chemically stable and have high electron affinity.
Saricifici and co-workers reported® that the use of Coo/MEH-PPV in double layer cell gave
0.04% power conversion efficiency. Here, Cso acts as an acceptor and ly (2-methoxy-5-(2°-
ethylhexyloxy- 1.4-phenylene-vinylene), MEH-PPV as a donor. The bilayer cell with donor
polymer poly (p-phenylenevinylene), PPV and acceptor Ce produces around 9% power
conversion efficiency. *!
4.1.6.3 Bulk heterojunction solar cell

In organic photovoltaics the layer thickness is important for effective absorption of
light. The increase of layer thickness creases the exciton diffusion pathway in the donor-
acceptor interface. The exciton has shorter life time and it recombines before reaching the
clectrodes if thickness of the layer is more. In bulk-heterojunction cell, the exciton diffusion

pathway is minimized by placing a mixture of electron donor and acceptor blend and it also

increases the light absorption efficiency. The light absorbing layer of bulk heterojunction
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solar cell consists a blend of donor and acceptor materials. In bulk heterojunction the donor

and acceptor are mixed together and deposited over the ITO electrode (Figure 12a).
b)
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Figure 12. (a) Schematic diagram for Bulk heterojunction solar cell (b) Use of buffer HTL
and ETL layers

The active layer consists of conjugated donor and fullerene based acceptor. The
efficiency of polymer photovoltaic cell (single layer cell) was improved by the introduction of
fullerene based derivatives in bulk heterojunction. The cell with blend polymer MEH-PPV
donor and fullerene acceptor as the heterojunction was reported.*? The device using Ca/MEH-
PPV/PCBM/ITO gave 2.9% power conversion efficiency. It was reported that the introduction
of poly (3-octylthiophene) P3OT in place of polymer MEH-PPV improved the quantum
efficiency as well as power conversion efficiency.

Recently. it was reported* that the higher power conversion efficiency of 11% was
obtained using thiophene based PTB7-Th polymer and PC7:BM as an acceptor. The use of
donor MEH-PPV polyn;r and acceptor CN-PPV polymer in polymer/polymer blend

25

heterojunction cell gave power conversion efficiency of 1% under monochromatic light.** It

was found that the cell efficiency improved by incorporating hole conducting material such as
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PEDOT:PSS.*® The organic bulk heterojunction was further improved by sandwiching the
active layer between the electron and hole transport material.*”*®

We have decided to examine the possibility of constructing an organic electrochemical
cell with ground state electron transfer using readily accessible donor amines and acceptor
quinones. The radical cation - radical anion intermediates formed in the reaction could lead to
generation of electric current. To construct the cell, we have chosen the readily accessible

aluminum foil (Al) and stainless steel or graphite as electrodes/current collectors.
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4.2 Results and Discussion

Organic charge transfer complexes and electron transfer reactions from organic
donors and acceptors were known for more than 60 years.*’ In recent years, attention was
turned towards mostly solid state high conductivity or superconductivity of organic charge
transfer salts. For instance, the highly conductive donor-acceptor complex of TTF-TCNQ
was called as organic metal.’” Recent reports reveal that these complexes have interesting
and important semiconductor properties useful in the construction of electronic devices.”!

The charge transfer complexes formed from the donor and acceptor in solution
have entirely different properties compared to that of the parent compounds. Mechanistic
schemes were proposed involving the formation of charge transfer (CT) complex followed
by equilibrium involving formation of radical cation and anion pairs, dissociated ions in
such organic electron transfer reactions (eq. 1).>** The electron transfer kinetics were
reconciled with an electron transfer process and formation of paramagnetic intermediates
(eq. 2) without involving initial formation of a CT complex in a manner analogous to self-
exchange (SE) of the D/D and A/A~ based on two state model. >?>¢ Formation of radical
cation and anion pairs followed by slow formation of CT complex was also considered in
polar solvent (eq. 3).** The epr spectroscopic results obtained in present work (chapter 3)
are in accordance with the initial formation of paramagnetic intermediates followed by

formation of diamagnetic CT complexes (eq. 3).
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In 1966, it was reported®® that conductometric titration could be carried out by
titrating a donor solution with an acceptor and the conductivity pass through a maximum
when the donor and acceptor were present in the stoichiometry required for the formation
of the CT complex.

Surprisingly, there was no attempt on the development of an electrochemical
device based on transport of charges in these radical cation and anion pair species to the
electrodes and regenerating the donor and acceptor for further electron transfer reaction. If
the electron transfer from the amine donor to the quionone acceptor could happen
reversibly, then the device would be useful in converting the heat around it continuously to
electricity. Therefore, we have decided to construct the electrochemical cell using p-
chloranil acceptor with amine or amide donors.

4.2.1 Construction of Donor and Acceptor Electrochemical Cell

We have selected the readily accessible acceptor quinones and donor amines to
construct the electrochemical cell which can produce electricity from the surrounding heat
without using visible light (Figure 13). We have already discussed that a variety of readily
accessible, inexpensive and simple tertiary amine donors react with quinone acceptors like

1,4-benzoquinone, p-chloranil, 1, 4-naphthoquinone and 2.3-dichloro-1.4-naphthoquinone

to give paramagnetic intermediates.
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Figure 13. Donors and acceptors used in the electrochemical cell studies.

We have sclected the highly electron deficient p-chloranil 2 as acceptor for
detailed studies as it acts as an acceptor even with tertiary amides (Figure 13). Also. we
have selected the donors like N,N'-tetramethyl-1,4-phenylenediamine (TMPDA) 22,
triphenylamine  (TPA) % 1,4-diazabicyclo[2.2.2]octane (DABCO) 24, N, N-
diisopropylethylamine (DIPEA) 25 and N N-diisopropylbenzamide (DiPrBA) 26 for the
construction of the clectrochemical cell (Figure 13).
4.2.1.1 Two Layer Cell Configuration

After extensive experimentation, we have found that the cells can be easily
constructed by making donor and acceptor pastes using TiOs. polyethylene oxide (PEO)
and propylene carbonate (PC) for 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). Initially, a simple two layer cell was constructed using Al and SS foils. The mixture
of TiO., p-chloranil, PC, EC and PEO was coated on Al foil and the mixture of TiOa,
amines, PC, EC and PEO was coated on SS foil. The foils were then sandwiched to

construct the electrochemical cell. The configuration of this two layers electrochemical
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cell is almost similar to the bi-layer in organic solar cel

13* but the electron transport would

have contributions from both ionic conduction and also through exchange reactions

involving D/D" and A“/A with formation of corresponding charge transfer complexes (CT

1, CT 2 and CT 3). The current (I) and voltage (V) characteristics observed for the cells

using different amines are summarized in the experimental section in Table ES1 (ES:

Experimental Section), entries 1-3.
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Figure 14. (a) Schematic diagram of cell with two layer configuration (b) Representative
IV curve for the two layer cell (Table ESI, entry 1, DIPEA donor). (c¢) Tentative
mechanism for electron transport via D/D and A/A exchange reactions.
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The representative IV curve for this cell is shown in Figure 14b for the cell in
(Pmax = 0.756 mW, FF=0.263). Similarly, the cells prepared using amines DABCO and
TPA with p-chloranil gave power output of 0.665 mW with FF=0.233 and 0.306 mW with
FF=0.254, respectively.

However, visible holes were formed on the SS foil indicating corrosion, probably
due to the formation of Fe*'-amine species by the reaction of SS foil with the amine
radical cation present in the reaction mixture. We then constructed the cell with similar
configuration using Al foil (0.2mm x 5cm x 5cm) anode and graphite (0.4mm x Scm x
5cm) cathode. The results obtained are summarized in the experimental section in Table
ES1, cntrics 4-6. The cells constructed did produce power in these cases (Table ESI,
Figure 14), but there was only very little or no power output after 24 h. A possibility is
that ionic conduction may lead to the deposition of the radical ion pairs on the respective
electrodes which may not dissolve back into the solution preventing reversible equilibrium
necessary for continued power generation. Also, the formation of amine-p-chloranil CT
complex to more extent may lead to reduction in power output, especially if this complex

precipitates out of the PC solution.

4.2.1.2 Multi-layer Cell Configuration

We have then decided to construct multi-layer cell to improve the performance of
the cell. Recently, there were several reports™®' that the stability of the solar cells
improved by coating additional buffer layers or electrode interfacial layer using metal
oxides like TiOa.

Accordingly, we have constructed the cells in two different configurations (Figure
15a and 15b) by coating TiO2/PEQ on both electrodes. followed by coating of Cl4BQ/PEO

on TiO2/PEO/Al and TiO2/PEO/Gr. Then, the Cl4BQ/Amine/PC/PEO (Figure 15a) or
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ClsBQ/Amine/PC/TiO2/PEQ pastes (Figure 15b) coated above the Cl4BQ/PEQ layers. The

results are summarized in Table ES2, entries 1-10.
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167

Gr e A

SEs w~[ 0 1 [ c.] oo/

/ \°

J ﬁf;n
\CT‘I

(e)

Figure 15. (a) Schematic diagram of multi-layer with Cl4BQ/donor/PC/PEO configuration
and (b) Schematic diagram of multi-layer with ClaBQ/donor/PC/TiO2/ PEO configuration
(c) Representative IV curve for the cell (Table ES2, entry 3. DABCO donor) after 48 h
packing (d) Representative IV curve for the cell (Table ES2, entry 9. DIPEA donor) after
48 h packing (e) Tentative mechanism for electron transport to the electrodes via D/D.+
and A-/A exchange reactions.

The IV-data were recorded after 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 are converted to the corresponding charge transfer complex (CT 1)
(Figure 15¢). The mplexes CT 2 and CT 3 may also contribute to the conduction. The
data for the cells with similar configuration with additional TiO: in PC layer (Figure 15b)
are summarized in Table ES2, entries 6-10.

The data (Table ES2) indicate that increase in the temperature of the cell (from 28
°C to 40 °C) increases the power output due to increase the rate of electron transfer
between the donor-acceptor and also dissociation of formed charge transfer complexes
into radical ion pairs. Also, the increase in temperature would help in crossing the

activation energy barrier for transport of ions to the electrodes and hence would improve

the conductance.
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affinities of 4.8¢V and 5.1eV, respectively.®?*® It was also reported that the TiO: surface
could donate or accept clectrons depending on the nature of the adsorbed molecules.®*
Accordingly, it was of interest to us to examine whether the donors used in the cell
experiments could produce power by interaction with TiO, without using p-chloranil.
Indeed. this was observed and diisopropylbenzamide gave slightly higher power upon

interaction with TiOz (Figure 16). Presumably, the interactions outlined in Figure 16¢c may

The TiOs rutile and TiO: and anatase were reported to have very high electron

also play arole in the reaction and transport of charge carriers using p-chloranil.
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N

Figure 16. (a) Schematic diagram of multi-layer cell with TiO2/donor without ClsBQ (b)
Representative IV curve for the cell (Table ES3. entry 4, DiPrBA donor) (c) Tentative
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Figure 17. (a) Schematic diagram of multi-layer cell with metal oxide in edge layers (b)
multi-layer cell with metal oxide in edge layers and also in PC layer (¢) Representative IV
curve for the cell (Table ES4, entry 1. TiO> donor) (d) Representative IV curve for the cell
(Table ES4, entry 4, TiO; donor) (e) Tentative mechanism for electron transport.
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Previously. there were also reports on the formation paramagnetic intermediates
when p-chloranil was adsorbed on the surface of TiO2.° Such intermediates may play a
role in the electron transport at the interfaces, thus improving the performance of the
device. The TiOz sample used in the present studies did not give paramagnetic species
with p-chloranil. However, we have also constructed the cell without using other donors.
Interestingly, the cells constructed using the metal oxides TiO2. Al:Os; and ZnO in the
configurations shown in Figure 17a and 17b without using donor amines or amide did
produce power with TiO2 giving higher power when it is present in the middle PC layers
(Figure 17b). The results indicate that the metal oxides transfer electron to p-chloranil as
visualized in Figure 17¢. This may also play a role in the transport of charges in the cells
using donors.

We have observed that in the cells constructed using different donors and p-
chloranil acceptor (Figure 15 and Figure 17), the power output decreases with time.
Possibly, the chloranil radical anion may get deposited on the Al electrode and the p-
chloranil may not fully dissolve back in the PC solvent (only 0.03 g p-chloranil soluble in
1 mL PC), thus preventing the reversible formation of amine or amide radical cation and
p-chloranil radical anion.

The p-chloranil has a very high electron affinity (EA) of 2.78¢V.** Interestingly, it
was reported that anion radicals of molecules with lower electron affinity are solvated to
more extent.®* Therefore, we have carried out experiments using p-benzoquinone (BQ)
which has lower clectron affinity (EA=1.91¢V) to examine whether the chloranil anion
radical can transfer electron to BQ to form the corresponding radical anion for further
electron transport to the Al electrode. Also, the BQ is more soluble in PC solvent (0.1 g

BQ soluble in 1 mL PC) which may be also helpful. We have carried out experiments by




constructing the cell in two different configurations, Figure 18a and 18b. Some
improvements were observed in the power outputs, but still the Pmax values decreased
with time (Figure 18a and 18b). Presumably, the more soluble BQ accepts electrons from
p-chloranil anion radical effectively for transporting to the Al electrode improving the

power output to some extent. The results of cells 18a and 18b are summarized in Table ES

5. entries 1-10.
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48 h after packing

Donor Pmax(mW)/FF(40 °C) Donor Pmax(mW)/FE(40 °C)
TMPDA 1.205/0.273 TMPDA 1.299/0.263
TPA 1.216/0.240 TPA 0.728/0.219
DABCO 3.023/0.399 DABCO 3.776/0.434
DIPEA 2.074/0.231 DIPEA 8.338/0.394
DiPrBA 1.534/0.258 DiPrBA 1.411/0.243
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Figure 18. (a) Schematic diagrams of multi-layer cell using BQ along with p-chloranil
without TiOz in PC layer (b) multilayer cell using BQ along with p-chloranil with TiO; in
PC layer (c) Representative IV curve for the cell (Table ES5, entry 3, DABCO donor) and
(d) Representative IV curve for the cells (Table ESS, entry 9, DIPEA donor) (¢) Tentative
mechanism for electron transport to the electrodes via D/D.+ and A-/A exchange
reactions.
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As discussed in Chapter 3, epr spectral studies indicated that the radical ions are
transformed to charge transfer complexes with time. This could account for the reduction
of current and Pmax values with time as the concentration of radical ions would be lesser
with time. One way to prevent the formation of such charge transfer complexes is to
remove the charges from the radical ions by using the cells to charge a rechargeable
battery. The results obtained on the performance of the cells while charging a rechargeable
Ni-Cd battery is summarized in Table 1.

The performance of the cells with configurations as in Figures 18a and 18b using

BQ improved when the cells were used for charging batteries (Table 1, entries 3 and 4)

compared to cells with configurations without using BQ (Figures 15a and 15b, Table 1,
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entries 1 and 2) indicating that the BQ may transport the electron from the p-chloranil
radical anion as it is formed thus preventing the formation of the corresponding CT
complex which otherwise would reduce the concentration of radical ions with time. The
electron acceptor BQ would accept electron from the p-chloranil radical anion as the
corresponding anion radical formed from these compounds with lower EA are expected to
interact with solvents to more extent, preventing the formation of CT complex. In case of
DABCO (Table 1, entry 5) there was not much power output was observed. This may be
due to the formation of stronger charge transfer complex with p-chloranil thus preventing
the reversible reaction for charge transport. The donor DIPEA gives higher power output
for longer time in these configurations compared to other donors. This may be due to the
formation of more amount of radical ion pairs in case reaction of DIPEA with p-chloranil
as revealed by epr spectroscopic studies. Further, it is sterically hindered and hence
formation of CT 1 complex may be also difficult.

Table 1. Performance of Cells by Charging Ni-Cd Battery after packing.®

entry Figure/Donor Pmax/mW/FF at | Pmax'mW/FF at | Pmax/mW/FF at
40°C/1h 40°C/48 h 40°C/144 h
1 15(a)/ DIPEA 8.988/0.300 2.893/0.473 1.738/0.391
2" 15(byDIPEA/T10: 7.626/0.286 2.911/0.437 2.027/0.366
3 18(a) DIPEA/BQ 17.49/0.189 13.46/0.239 14.57/0.260
4¢ 18(b)/DIPEA/BQ/T10: 13.21/0.172 12.77/0.270 10.65/0.277
3* 18(b)yDABCO/BQ/T10; 4.022/0.413 2.733/0.310 1.291/0.160
6° 18(b)/TMPDA/BQ/Ti0O, 1.883/0.279 0.620/0.249 0.373/0.248
7 18(b) TPA/BQ/T10; 0.985/0.255 0.855/0.231 0.698/0.218
8¢ 18(b)/DiPrBA/BQ/T10; 2.606/0.238 1.660/0.234 0.592/0.223

*After packing the cell was connected immediately to charge a Ni-Cd battery through Zener diode and
disconnected while carry out the I'V-curve measurement (Table ES6 and ES7). The battery connection was
removed from the cell after 48 h. "Configuration without BQ. “Configuration with BQ.
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Also, charging the rechargeable battery would lead to removal of charges from the
radical ions, resulting in the recycling of the neutral species for continuous reactions. The
donors TMPDA, TPA and DiPrBA which are relatively weak donors and also produce
lower power output as concentration of radical ion formed may also be lower (Table 1,
entries 6, 7 and 8).

In recent years, there have been several reports on the conversion of low-grade
waste heat (<130 ‘C) to electricity by thermally regenerative electrochemical cycles.®**® A
thermoelectrochemical device based on ferrocene-iodine redox couple was also reported.
but the device produced only pW/m? power with respect to the electrode surface area.®**
The power density of the cell in this case was calculated by using the amount of power
produced with respect to the electrode surface area. The cell constructed from the donor
DIPEA (Table I, entry 3) gave power density at 40 °C was 0.5384 mW/cm? or 5.384
W/m? (13.46 mW (Pmax)/25 cm? (electrode surface area)). The methods reported in the
literature for construction of the devices are very complex compared to methods described
here. In the present case, the device utilizes very inexpensive materials that are already
manufactured in large scale. Further, since there are established methods are available for
heating air at even below 0 C to 40 'C using solar radiation and methods available for
storing solar heat in simple chemicals like aq. NaOH. CaCl> and methods are also
available for using these solar heat stored materials for heating the air to 40 "C to 60 "C.%
the present low/ambient heat harvesting electricity producing cell device has potential for

use 24x7 in all seasons, day and night.
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4.3 Conclusions

We have developed a simple method and device for constructing the electrochemical
cell based on ground state electron transfer reaction of amine or amide donor and p-chloranil
acceptor in various configurations. These low/ambient heat harvesting electricity producing
and air cooling cells can be readily stacked.

The present case, the device utilizes very inexpensive materials and hence has
potential for household, automobile and large scale applications. However, long term
performance of this cell device remains to be established and there is plenty of scope for
further research and developments to improve the performance of this device. Accordingly,
the low/ambient heat to electricity converting electrochemical system disclosed here has the
potential to meet the increasing energy requirements without having to burn fossil fuels.
Further systematic studies on improve the stability of the cells with different electron donors
and acceptors e expected to lead to the discovery of cost effective stable electrochemical

cells.
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