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Abstract

Two categories of verdazyl radical functionalized oligothiophenes have been prepared:
1,5-diisopropyl-6-oxoverdazyl radical directly linked to terthiophene (2.6), and 1,5-
diisopropyl-6-oxoverdazyl radical attached to terthiophene through a m system bridge,
e.g., pyridine (2.11).

Compound radical 2.6 was prepared by a two step process starting with the condensation
of terthiophene carboxaldehyde and 2,4-diisopropylcarbonhydrazide bis-hydrochloride to
give the tetrazane 2.5, which was subsequently oxidized chemically to give the
corresponding verdazyl radical grafted at the 3° position of the terthiophene moiety. The

latter displays excellent stability toward organic solvents and moisture.

The electropolymerization of radical 2.6 resulted in the formation of its polymer
(poly(2.6)), which was characterized by cyclic voltammetry and infrared spectroscopy.
The electrochemical oxidation of the tetrazane, 2.5, yielded surprisingly a
poly(terthiophene) bearing verdazyl radical, with similar electrochemical and infrared
properties of those found for the polymer produced in the electro-oxidation of the
terthiophene bearing verdazyl radical (poly(2.6)). Moreover, the electrochemical
oxidation of 2.5 (beyond its oxidation potential of the tetrazane motif) affords the radical

2.6.

A similar strategy has been used for the synthesis and the characterization of tetrazane

2.10 and its corresponding verdazyl 2.11.
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Chapter 1. General Introduction

1 Stable Free Radicals

Radicals are compounds that have one or more unpaired electron(s), i.e. they have fewer
bonds than expected. Radicals that are sufficiently long lived to be observed by
conventional spectroscopic techniques are defined as persistent, while a stable radical can
be isolated as a pure compound, and they are unreactive in air and water.'” Stable free
radicals have been known for over a century. However, they are still new in many
chemical communities. There are various families of stable radicals, which have been

described for decades.!

1.1 Hydrocarbon-Based Radicals

1.1.1 Triphenylmethyl and Related Radicals

Gomberg discovered the first organic free radicals of triphenylmethyl chloride in 1900.’
Triphenylmethyl, 1.1, and its derivatives cannot be isolated, so they are characterized as
persistent rather than stable radicals. In dilute and deoxygenated solution, 1.1 is in
equilibrium with the dimer 1.2, Scheme 1.1." The intra-dimer bond of species 1.2 is weak

with a bond dissociation enthalpy of 11 kcal mol™.*

Qo QOO
SIS e

1.1

Scheme 1.1 Equilibrium of the triphenylmethyl radical with its dimer

It is suggested that the unpaired electron does not exist on the central carbon, but is
delocalized on the ortho- and para- phenyl positions (1.1a-¢ in Scheme 1.2). This
delocalization is consistent with EPR studies that show larger hyperfine coupling

constants for ortho- and para-hydrogens than for meta-hydrogens.*



0 QU0 OO
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1.1b 1

1.1a 1c

Scheme 1.2 Delocalization of unpaired electron on ortho- and para- phenyl positions of
triphenylmethyl radicals

The stability of triphenylmethyl radicals can be enhanced by blocking the para-phenyl
positions involved in the dimerization. Derivatives with para-substituents (1.3) are

monomeric in solution, even though they are sensitive to oxygen (Scheme 1.3).°

The perchlorinated derivative, 1.4, Scheme 1.3, is not sensitive to oxidation. Indeed, this
radical is chemically inert compared to the parent compound, except when it is subjected

to harsh reaction conditions.’

cl cl
c R c Cl
3 3
B a”,,c

Scheme 1.3 Para- substituted (1.3) and the perchlorinated (1.4) derivatives of the
triphenyl radical

Other polychlorinated triphenyl radicals such as 1.5 and 1.6 (Scheme 1.4) have been
studied. They display excellent stability.® Moreover, it has been reported that triphenyl

radicals with chlorine atoms on the ortho-position 1.7 are also very stable.’

Cl Cl Cl Cl
c Cll c l c 1
3 3 3
cl cl cl Cl
15 1.6 17

Scheme 1.4 Polychlorinated triphenyl radicals



1.1.2 Phenalenyl and Related Radicals

The first example of a phenalenyl radical (1.8) was reported in the 1950s. The phenalenyl

10-12

radical (1.8), resulting from the oxidation of phenalene, was prepared by Reid et al.'’

and detected by Calvin et al.'' Radical 1.8 is very sensitive to oxygen and is in

equilibrium with a o-bond dimer 1.9 (Scheme 1.5).

1.

Scheme 1.5 Equilibrium of phenalenyl radical with its dimeric species

The unpaired electron in phenalenyl radicals is delocalized over the six a-carbons, and a
small spin density was found in the central and B-carbons, Scheme 1.6. Moreover, the

molecular orbital calculations show no spin density on the central carbon."

[y
i

SaNKs
sSaxe

¢
(O O
0 O;Q
O 0
D

Scheme 1.6 Delocalized resonance over the six a-carbons in phenalenyl radicals

1.1.3 Phenoxyl Radicals

Phenoxyl radicals (1.10) have been widely studied and are still extensively used.” In
order to prevent radical decomposition, para- and ortho-substituents must be present.
Peroxide dimers of phenoxyl radicals (1.11) are not ordinarily detected for three reasons:

(1) the presence of bulky ortho-substituents (e.g. R = Me, Bu, or OMe), (ii) the lone pair



repulsion between oxygen atoms, and (iii) the delocalization of the radical on the aryl

ring.
S
R R R R
R 0-0 R
R' R R
1.10 1.11

Scheme 1.7 Phenoxyl radical 1.10 and its peroxide dimers 1.11

The unpaired electron in the phenoxyl radicals is delocalized through resonance (1.10a-c
in Scheme 1.8). The oxygen atom carries slightly more spin density than the ortho- and

14
para-carbons.

o 0 o ]
R R R R R R
- -
R' R' R

1.10a 1.10b 1.10c

Scheme 1.8 Delocalization of the unpaired electron over ortho- and para-carbons in
phenoxyl radical

In association with phenoxyl radicals, the galvinoxyl radical 1.12a (Coppinger’s
radical)" has received special attention due to its unusual magnetic properties and its
stability, i.e., it is insensitive to oxygen and can be isolated.'® Computational studies
show that, like common phenoxyls, the galvinoxyl radical has substantial spin density on
the para-carbon atoms as shown in Scheme 1.9 (1.12a, b), implying that the radical has

some allyl character."’

1.12a 1.12b

Scheme 1.9 Delocalization of the unpaired electron in galvinoxyl radical



1.2 Radicals with Spin Density on Nitrogen and Sulfur
“Thiazyls”: Thioaminyl Radicals

Thioaminyl radicals (1.13) have been extensively studied by Miura et al.'"™* These
radicals are usually persistent. They are in equilibrium with hydrazine-like dimers (1.14)
in solution (Scheme 1.10)*° resulting from a o-bond formation between the nitrogen
atoms of two different thioaminyl radicals. Bulky substituents such as triphenylmethyl,'®
2,4,6-trisubstituted phenyl,*’ and substituted pyrenyl” attached to the N atom of the

thioaminyl radical, render the radical stable enough to be isolated and prevent

dimerization.
S R
~
o) R N
N R' N R'
2 . 2 \
R s
113 1.14

Scheme 1.10 Combination of two thioaminyl radicals results in a 6-bond formation
between two nitrogen atoms
1.3 Radicals Based on Nitrogen and/or Oxygen: Nitroxide and
Nitronyl-Nitroxide Radicals

Nitroxide (1.15) is a major class of stable radicals where R is an alkyl or aryl groups.”
Fermy’s salt (1.16)** was discovered over 150 years ago. After radical 1.15, the first

synthetized organic derivative was radical 1.17 (Scheme 1.11).%

HN
R R SOK NH
|
PN o M NS X
0”7 "R o7 " "R 07 sox N ONH
|
Qe
115 1.16 117

Scheme 1.11 Examples of nitroxide and nitronyl-nitroxide radicals

The spin density of nitroxide radicals resides on the nitrogen and oxygen atoms. o-
Dimers of nitroxides have not been seen, which therefore demonstrates their high
stability. Due to the lone pair repulsion associated with the N-O-O-N heteroatom

sequence, the peroxide bond is very weak.?



The stability of nitroxide radicals depends on the substituents on the nitrogen atom.
Nitroxides with alkyl substituents possessing a-hydrogen atoms, e.g., 1.18, can abstract
an o-hydrogen atom from a second radical resulting in the formation of a nitrone (1.19)

and hydroxylamine (1.20) as shown in Scheme 1.12.
H;L J<H ,”>L J\ + ”>L..J<“
2 N ’?Il/ l}l
o. 0o OH

1.18 1.19 1.20

Scheme 1.12 Decomposition of nitroxide radical

Nitroxides with substituents on nitrogen atom that do not include a-hydrogen atoms are
stable in the presence of air and moisture. Consequently, many derivatives are
commercially available, e.g., di-z-butyl nitroxide (1.21) and (2,2,6,6-tetramethylpiperidin-
1-yl)oxy (TEMPO, 1.22)*’ (Scheme 1.13).

e Ak

121 122

Scheme 1.13 Structure of di-#-butyl nitroxide (1.21) and TEMPO (1.22)

1.4 Verdazyl Radicals

Verdazyl radicals (1.23) are a new family of radicals that have attracted a lot of interest
since their discovery in the 1960s. The family of verdazyl radicals is stable and can be
isolated, stored, and handled without any decomposition. The main backbone of verdazyl
radicals is a six-membered ring having four nitrogen atoms at positions 1, 2, 4, and 5

(Scheme 1.14).%*

6
R 5
AN /x\ /R
N Ns
| | X = C=0, C=S, B(OAC),
2N N4 R1,R% = alkyl, aryl
\ L]
\C{ R3 =H, alkyl, aryl
%
RS
1.23

Scheme 1.14 Verdazyl backbone with known modifications
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The stability of verdazyl is due to the delocalization of the spin density over the four

. 29-32
nitrogen atoms. >3

In addition, it is protected by steric hindrance of the R groups at

positions 1, 3, and 5. A broad range of synthetic methods has been reported for the

synthesis of verdazyl radicals with a variety of structures.*>>> The color of the verdazyl

radicals range from green, the color of the first verdazyl radical discovered,” to reddish

orange,”* and purple.”” The origin of the name verdazyl stems from the French word for

green, i.e., vert. Their conformation can be non-planar (1.24) or planar (1.25) depending

on the substituent groups that are attached (Scheme 1.15).%°

Ph
1.24

Ph\

N
|
N

0]

M

AN

Ph
1.25

/Ph

N
|
N

Scheme 1.15 Structure of a non-planar (1.24) and planar (1.25) verdazyl radical

1.4.1 Synthesis of Triaryl Verdazyl Radicals

Kuhn and Trischmann (1963) discovered the first verdazyl radical in their effort to

alkylate formazan (1.26) (Scheme 1.16).> After that, many studies were focused on the

synthesis and characterization of verdazyl radicals.

R
|
Ph_ _CH, _Ph Ph
N B?M
¥ & | I —
\@o Y
& Ph
Ph, ° _Ph
NH N
| l
N N
Ph
126 Ph

Y
Ph

R=H, Ph

Scheme 1.16 Formazan alkylation attempt; the synthesis of triaryl verdazyl radical
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1.4.2 Synthesis of 6-Oxo- and 6-Thioxoverdazyl Radicals

The synthesis of 6-0xo and 6-thioxoverdazyl radicals was reported in 1983.%" In the first

step, hydrazines such as methyl- and benzyl-hydrazines are reacted with phosgene or

thiophosgene to form the bis-alkylhydrazides of carbonic acid or thiocarbonic acid,

respectively. The condensation of the bis-alkylhydrazine of carbonic acid or thiocarbonic

acid with an alkyl- or aryl- aldehyde (Scheme 1.17) results in the formation of 3-oxo or

3-thioxotetrazane (1.27).

HN/

4
NH,

X=0,8
R =Me, Bn
R' =H, alkyl, aryl

R X
+C|)J\CI

R
+ 2 \T“
NH,

X
R )]\ R

NH,

X -H,0 o)
R )J\ R /“\
T T R H
HN NH

he

R'
1.27

NH,

. 2HCI

Scheme 1.17 Synthesis of 3-oxo or 3-thioxotetrazanes

The 6-oxoverdazyl radical precursors (1.27, X=0), tetrazanes, are stable in organic

solvent and in the presence of air. With different oxidizing agents, tetrazanes can be

oxidized to the corresponding radicals. Potassium ferricyanide and periodates were

commonly used as oxidizing agents.”® During the oxidation, an intermediate,

leucoverdazyl, 1.28, forms which is subsequently oxidized by oxygen (Scheme 1.18) to

form the radical 1.29.

X
R )J\ R
N s
N N

I | ox

X
R\N /U\N R
\ Y&.
R'
1.29

| | oxX

(e}
Me,
H,

Bn
alkyl, aryl

Scheme 1.18 Oxidation of tetrazane through the intermediacy of leucoverdazyl, 1.28



1.4.3 Synthesis of 1, 3, 5-Triaryl-6-oxoverdazyl Radicals

In 1994, Milcent et al.*® reported the synthesis of 1, 3, 5-triaryl-6-oxoverdazyl radicals,
1.30, (Scheme 1.19). It was suggested that the addition of benzaldehyde to form the aryl-
hydrazone, 1.31, eliminates the undesired chemoselectivity of arylhydrazines. Addition
of phosgene, followed by a second mole of arylhydrazine results in the formation of
1,3,5-triaryl-6-oxotetrazane, 1.33. The oxidation of 1.33 gives the corresponding 1, 3, 5-
triaryl-6-oxoverdazyl radicals, 1.30.

0
R i R )K
R NH J\ SN cl
% o) |

HN cl cl |
| —+ J —_— N —_— N
NH, R J J

R, R'=anyl R'1.31 R 132 | ynR

"

1.30 1.33

Scheme 1.19 Synthesis of 1,3,5-triaryl-6-oxoverdazyl radical (1.30) from the
oxidation of the 1,3,5-triaryl-6-oxotetrazane (1.33)

1.4.4 Synthesis of 1, 5-Diisopropyl-6-oxoverdazyl Radicals

The synthesis of dialkyl 6-oxoverdazyl radicals was reported by Brook et al.*® (Scheme
1.20). The condensation reaction of t-butylcarbazate, 1.34, a protected derivative of
hydrazine, with ketones or aldehydes can give hydrazine 1.35. The reduction of 1.35 with
sodium cyanoborohydride affords z-butyl-2-isopropylhydrazinecarboxylate, 1.36.>° The
reaction of 1.36 with phosgene followed by the removal of the #~Boc group with acid,
produces the bis(1-alkylhydrazides) of carbonic acid, 1.38, which then undergoes
condensation reactions with different aldehydes to give 2,4-dialkyl-3-oxotetrazanes, 1.39.

The oxidation of the latter produces 1,5-dialkyl-6-oxoverdazyl radicals, 1.40.
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Scheme 1.20 Synthesis of 1,5-diisopropyl-6-oxoverdazyl radicals (1.40)

1.5 Oligo/Polythiophene Grafted Stable Radical

Due to their electronic and optical properties, m-conjugated polymers have attracted
considerable interest in many fields of science and industry.*” Poly(3-substituted
thiophene)s are an example of the m-conjugated polymers. It has been found that the 3-
radical-substitued polythiophenes can afford high spin and electrically conductive
polyradicals.*' There are a variety of radical groups that were introduced in the 3-position
of thiophene such as phenoxyl (1.41), TEMPO (1.42), and galvinoxyl (1.43) (Scheme
1.21). The thiophene derivatives were polymerized chemically to give poly(3-radical-
substituted thiophene)s. The oxidative polymerization was carried out with ferric chloride

as the oxidizing agent. However, some thiophene derivatives, i.e. amino-substituted

thiophenes, do not polymerize when are treated with this oxidizing agent.*'

[\

141

oe®

n

142

Scheme 1.21 Poly(3-radical-substituted thiophene)s
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1.5.1 Polythiophenes Bearing Phenoxyl Radicals

The polythiophene grafted phenoxyl radical was successfully synthesized in 2000 by
Miyasaka et al.* using the processes outlined in Scheme 1.22. The corresponding
monomer  3-(3’,5’-di-z-butyl-4’-acetoxyphenyl)thiophene, 1.44, was oxidatively
polymerized with 4 equivalents of ferric chloride in a dilute chloroform solution at
temperatures between -30 °C to room temperature. Poly(3-(3’,5’-di-t-butyl-4’-
acetoxyphenyl) thiophene), 1.45, a red-orange powder, was converted to the
corresponding hydroxyl polymer, 1.46, after the elimination of the protecting acetyl
group. The heterogeneous oxidation of 1.46 yielded polythiophenes bearing phenoxyl
radicals, 1.47.

OCOCHj; OCOCH; OH
aq KOH
4 FeCl
/ \ eCl 3 DMSO, THF / \
CHCI3 n
144

-30°Ctort. 145

4—@ / )
1.47

Scheme 1.22 Formation of polythiophenes bearing phenoxyl radicals (1.47)

It was found that the m-conjugated polythiophene bearing phenoxyl radical, 1.47,
possesses a ferromagnetic connectivity of the unpaired electrons. It has a spin quantum
number (S) value of 2/2 to 3/2, which indicates a high-spin ground state and an

intramolecular ferromagnetic spin coupling through the polythiophene backbone.*

1.5.2 Poly(3-Radical-Amino Thiophene)

In 2001, Miyasaka et al.*' reported the synthesis of new thiophene monomers substituted

in position 3 with amino-based radical precursors (Scheme 1.23).
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Scheme 1.23 Amino-substituted thiophenes

The dihydroxyimidazoline derivative, 1.48, was obtained by the condensation of the
aldehyde group of thiophene-3-carboxaldehyde with bis(hydroxyamino)dimethylbutane.
It was immediately oxidized to yield the nitronyl nitroxide, which could not be isolated.
On the other hand, it has been reported that an aromatic aldehyde produced the
corresponding tetrazanes with bis (1-methylhydrazide) 1.49.*

Unfortunately, the oxidative polymerization of the amino-substituted thiophenes, 1.48
and 1.49, with ferric chloride was not successful even with high concentration of the
oxidizing agents. Ferric chloride acts as a Lewis acid in the presence of the amine
derivatives to form adducts. The 3-substituted amino groups were oxidized to give their
corresponding radicals, but the oxidative polymerization of the amino-functionalized
thiophene was difficult due to the higher oxidation potential of the thiophene ring

compared to the amino group.*'

1.6 Applications and Uses of Stable Radicals

1.6.1 EPR Applications

Electron paramagnetic resonance (EPR) spectroscopy gives structural, dynamic, and

.. . . . 44 . .
reactivity information for stable radicals.”™ Radicals are used as molecular markers in
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techniques such as spin trapping, spin labeling, and EPR imaging. The spin trapping
technique includes the reaction of a diamagnetic molecule (radical trap) with a highly
reactive radical to produce a new persistent or stable radical.* Phenyl--butylnitrone
(1.50),*  2-methyl-2-nitrosopropane (1.51),* and 5,5-dimethyl-2-pyrroline-N-oxide

(1.52)* are the most common spin traps (Scheme 1.24).

Ak e S

1.50 1.51 1.52

Scheme 1.24 Examples of spin traps

Scheme 1.25 shows an example of using 1.52 as a spin trap, which illustrates the
generation of a new radical species, 1.53. It should be noted that spin trapping provides
indirect evidence of the existence of the trapped species. It provides little to no structural

information about the trapped species as it is observed indirectly.

% + R —>
N~ R
.

l\|l+
o~ o
1.52 1.53

Scheme 1.25 Radical trapping using 5,5-dimethyl-2-pyrroline-N-oxid (1.52)

A technique such as spin labeling has been used to study biological systems.* A stable
radical is introduced into a biological system allowing for EPR spectra to be recorded,
supplying information about the environment around the label (the radical), dynamic
processes, and hydrophobicity/hydrophilicity.”® Scheme 1.26 illustrates an example of the
lipophilic spin label, 2-(3-carboxypropyl)-4,4-dimethyl-2-tridecyl-3-oxazolidinyloxy
(SASL), used in a biological system by Vishnyakova et al.’' as a probe of membrane
structure. The hydrophilic part in these structures is the carboxyl group (Scheme 1.26).
The hydrophilic group of the spin labels is introduced into the polar headgroup region of

the membrane.
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SASL

Scheme 1.26 Chemical structure of spin label used in biological study

Unfortunately, the number of radicals that can be used in this technique is limited by their
compatibility with biological methods. Only few radicals are stable over broad ranges of

pH and temperature, and soluble in aqueous solutions.

1.6.2 Applications of Verdazyl Radicals

The applications of verdazyl radicals vary from being radical traps,”> molecular
magnets,” living radical polymerization mediators,”* organic synthesis substrates,” to

ultimately sacrificing their own backbones to create special heterocyclic structures.

NC
Ph\N/\N/Ph >(N:N)< Ph\N/\N/Ph Ph\N/\N/Ph
2| | LEN L 5 | heating | |+ —< == polymer
N\ N' -N2 N\ N N\ N' CN
Y \( 7%N Y
Ph Ph Ph
1.54 1.55 1.56

Scheme 1.27 Verdazyl-mediated stable free radical polymerization (SFRP) system

Researchers discovered the first applications of verdazyls as radical traps in kinetic
experiments. This was done by the determination of initiation rates of AIBN in methyl
methacrylate (MMA), acrylonitrile, styrene, and vinyl chloride polymerization.™
Verdazyl radicals have also been applied as targets in the analysis of polymer end-groups.

1°* tried to use verdazyls as mediating agents in living radical

Yamada ef a
polymerization processes (Scheme 1.27);”"* however, initial results were not productive.
Scheme 1.28 shows how verdazyl radicals can be used as substrates for organic synthesis.
In this study, the 1,5-dimethyl-3-phenyl-6-oxoverdazyl radical (1.57) is successfully used
as a precursor in forming the azomethine imine. The verdazyl radical undergoes
cycloaddition reactions in the presence of dipolarophiles to produce dihydrotetrazinone
heterocyclic structures 1.58.>° This study opened a new strategy to synthesize unique

bicyclic and tricyclic heterocyclic compounds with different structural design.
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Scheme 1.28 Formation of dihydrotetrazinone heterocyclic structures via
cycloaddition reactions

Scheme 1.29 shows an example of the use of verdazyl radical in a living-radical
polymerization process (LRP). Due to its steric and electronic properties, 1,5-dimethyl-3-

phenyl-6-oxoverdazyl radical (1.61) was successfully used as a mediating agent for

styrene and n-butyl acrylate stable free radical polymerization.™

(0] (0]
Me Me Me Me
o >ENj< \N)J\N/ o \N/U\N/
)J\ | 4 [1] llj ascorbic acid )J\ [!] [lj
o S =
Ph O/Y Ph o/\( h
Ph Ph Ph Ph
1.60 1.61 1.62
iine
R = CO,Bu, Ph R
O
Me\ )j\ /Me
i Y
)K NN
Ph o/\/l/\(lﬁ\( \(
Ph R R Ph
1.63

Scheme 1.29 Polymerization of styrene and n-butyl acrylate under LRP condition
in the presence of verdazyl unimer BSV
to its

The 1,5-dimethyl-3-phenyl-6-oxoverdazyl radical, 1.61, was converted

unimolecular initiator, benzoyl-styrene-1,5-dimethyl-3-phenyl-6-oxoverdazyl radical
(BSV), 1.62, via an exchange reaction with I1-benzoyloxy-2-phenyl-2-(2°,2°,6”,6’-
tetramethyl-1’-piperidinyloxy)ethane (BST), 1.60, and in the presence of ascorbic acid.
The polymerization of styrene and n-butyl acrylate under living-radical polymerization
conditions in the presence of verdazyl unimer BSV, 1.62, affords copolymer 1.63.

Furthermore, verdazyl radicals have a high stability, strong magnetic exchange with
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coordinated metal ions,”” and structural similarity to aromatic azine ligands such as
pyridine and pyrimidine. These properties make verdazyl radicals an appealing building
block for the synthesis of magnetic complex nanostructures.”’ Verdazyl coordination
compounds can be divided into two groups: coordination compound with copper (I)*'
(Scheme 1.30) and coordination compounds of other transition metals with

hexafluoracetylacetonate (hfac) ancillary ligands®*** (Scheme 1.31).
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Scheme 1.30 Formation of copper (I) complex 1.65
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Scheme 1.31 Formation of air-stable complexes, 1.67, using M(hfac),*2H,0O

Z—O

These are some studies that make such verdazyl radicals interesting, in addition to its

unique stability that is increased by:

1. The electronic stability provided by the delocalization of the unpaired
electrons over the four nitrogen atoms.

2. The steric protection resulting from the substituents at the 1, 3 and 5 positions.
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1.7 Objectives

Although there are many papers focused on the synthesis and the characterization of
verdazyl radicals, there are relatively few studies involving the synthesis of verdazyl
radical attached to highly conducting materials such as polythiophenes. The main
objective of this thesis, is to design new conducting materials bearing a verdazyl radical
(poly(1.68)), Scheme 1.32. The introduction of a radical on a polythiophene backbone
may change the optical, electrical and electrochemical properties of these new materials.
Moreover, the presence of the radical, that can be oxidized or reduced, may affect the

electrical conductivity of the polythiophenes.

R = Verdazyl radical

& —~ 40

1.68 Poly(1.68)

Scheme 1.32 The structure of an oligo/polythiophene bearing a stable radical

More specifically we are planning to prepare 1,5-diisopropyl-6-oxoverdazyl
functionalized oligo/poly(terthiophene) (poly(2.6)), and 1,5-diisopropyl-6-oxoverdazyl
functionalized oligo/poly(terthiophene) through pyridine bridge (poly(2.11)), Scheme
1.33.

Poly(2.11)

Poly(2.6) R = isopropyl

Scheme 1.33 The chemical structure of poly(2.6) and poly(2.11)

By combining chemical and electrochemical methods, we have been able to prepare

oligo/polythiophenes bearing verdazyl radicals. Moreover, we present the first synthesis
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of a verdazyl radical using electrochemical oxidation as outlined in Scheme 1.34. The
electrochemical oxidation method displays several advantages such as it is clean (no need

to use an oxidizing agent) and very selective.

O O
R R R =isopropyl R R
N )]\ / AN /
T T PUACN T T
HN YNH 0.526 V vs Fc*/Fc’ N N o
Ar Ar = terthiophene Ar

Scheme 1.34 Svynthesis of a verdazyl radical using electrochemical oxidation

Chapter 2 describes the synthesis and characterization of 1,5-diisopropyl-6-oxoverdazyl
radical  functionalized  oligothiophene = monomers 2.6 and 2.11. Their
electropolymerization using cyclic voltammetry affords the corresponding polymers
poly(2.6) and poly(2.11), which have been characterized with CV and FT-IR, (Chapter
3). The future work including the synthesis of new radical functionalized terthiophenes is

presented in Chapter 4.
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Chapter 2. Synthesis of Verdazyl Radical Functionalized
Terthiophene

2 Introduction

2.1 Nomenclature

The universally accepted nomenclature of organic and inorganic molecules is based on
the International Union of Pure and Applied Chemistry (IUPAC) rules. However, certain
compounds are better known by a semi-systematic approach utilized by the authors that
first introduced them to the scientific community. The nomenclature of thiophene,

bithiophene and terthiophene is presented in Scheme 2.1.

thiophene 2',5-bithiophene 2,2':5' 2" -terthiophene

Scheme 2.1 Nomenclature of thiophene, bithiophene and terthiophene

For thiophene monomers, numbering begins at the sulfur atom and is labeled position 1.
The 2 and 5 positions of thiophene monomers are known as a and o’, respectively, while
positions 3 and 4 are referred to B and B’, respectively. Then naming thiophene
derivatives with more than one thiophene ring, prefixes bi and ter are used to designate
two and three rings, respectively. The numbering scheme for bithiophene and

terthiophene is shown in Scheme 2.1.°%

2.2 Electrophilic Aromatic Substitution

Thiophene can undergo many reactions such as electrophilic aromatic substitution
reactions. It has been found that thiophene is more reactive than benzene due to the
presence of the heteroatom (sulfur atom). As a result, the electrophilic substitution

reaction occurs more easily in thiophene compared to benzene.®”’ The substitution reaction
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will occur at the carbons since the electron density on the carbon atoms is greater than on

sulfur as seen in Scheme 2.2.

=Pl
||

©

S
®

Scheme 2.2 Electron density on thiophene

There are two possible positions at which the substitution can occur: the a and B
positions. The a position is more favorable than the 3 position, which is explained using
the resonance structures, Scheme 2.3. Attack at the o position results in 3 different
resonance structures; however, when the attack is at the B position only two structures are
possible. Also, the substitution at the a position is preferred because stabilization through
resonance is much stronger. Although the substitution at o is favored, B is also activated,
but the yield of the B-substituted thiophene is smaller than that of the a-substituted
thiophene. Furthermore, the negative partial charge carried by the a-carbon is larger in

comparison to the p-carbon.®®

B’ B i ® — —
/ \ £ / E E E
o a—> - > a attack
s s” H s~ H s~ H
L ®
i E E
® / §H / §H
—E> / ® e / P B attack
L S S
®

Scheme 2.3 Electrophilic attack at a and 3 of a thiophene monomer
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2.3 Electron Paramagnetic Resonance

Electron paramagnetic resonance (EPR) is an important spectroscopic technique for the
study of compounds and ions that have unpaired electron(s). It is also known as electron
spin resonance (ESR). The radiation used in EPR spectroscopy is in the gigahertz range.
In EPR spectroscopy, the frequency of the radiation is held constant while the magnetic

field is varied in order to obtain an absorption spectrum.®’

The energy states of the electron, for a molecule with single unpaired electron in a

magnetic field, is given by equation 2.1:

E =gugB,Ms ==+ % gusB, Equation 2.1

where g is the proportionality factor (g-factor), ug is the Bohr magneton, B, is the

magnetic field, and Mg is the electron spin quantum number (Mg - =+ %).

From equation 2.1, two important factors are noticeable: 1) the two spin states have the
same energy in the absence of applied magnetic field, and 2) with increasing magnetic

field strength, the energy difference between the two spin states increases linearly.

The proportionality factor (g-factor) provides useful information and unique

identification of compounds. Using equation 2.2, the g-factor can be determined.”

hv
= Equation 2.2
g upB, 1

The value of the g-factor depends on the species. It is equal to 2.0023 for a free electron’’
and ranging from 1.99-2.01 for organic radicals. However, it is different for transition

metals (g = 1.40-3.00), due to the zero-field splitting and spin-orbit coupling.””

Another important parameter that can be determined in EPR is the hyperfine coupling
constant (a). It is resulting from the interactions between the unpaired electron and the
magnetic nuclei present in the molecule. These hyperfine interactions can be used to offer

information about the compound including data regarding the number and identity of
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nuclei in a complex, and the distance between the unpaired electron and the nuclei. This

interaction converts equation 2.1 to:

E = gugB,Mg + aMgsmy Equation 2.3

where a represents the hyperfine coupling constant and m; is the nuclear spin quantum

number of the neighboring nuclei.

The number of lines in an EPR spectrum can be determined using the (2NI + 1) formula.
N indicates the number of equivalent nuclei and I is the spin. From this formula, we can
know the number of lines in the spectrum, but not their relative intensities. The intensities

of the lines can be determined using a binomial distribution.”

2.3.1 EPR of Pyrimidine-Verdazyl Radical

The EPR spectrum of verdazyl radical linked to chelating species such as pyrimidine has
been reported by Hicks et al.”* Figure 2.1 shows the EPR spectrum of this verdazyl
recorded at 298 K. This radical has a g-value of 2.0037. The lines observed in this
spectrum are due to the hyperfine coupling of the unpaired electron of the pyrimidine-
verdazyl radical to the four nitrogen nuclei and six-methyl protons. The hyperfine
coupling constants found are: a(N»4) = 6.5 G (2N), a(N;5) =5.3 G (2N), a(CH3) =53 G
(6H).

Figure 2.1 EPR spectrum of pyrimidine-verdazyl radical taken from reference 74
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2.4 Synthesis of Radical Functionalized Terthiophenes

2.4.1 Synthesis of Verdazyl Radical Functionalized
Terthiophene

The multi-step synthesis outlined in Scheme 2.4 describes the formation of the 1,5-

diisopropyl-6-oxoverdazyl radical functionalized terthiophene 2.6.

SnBu3
90° Pd(PPh3)4
Toluene

R R
_ \N)\ 7| NaOAc
R = isopropyl | | EtOH
NH, NH,
R . 2HCI R
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Scheme 2.4 The synthetic routes of terthiophene bearing 1,5-diisopropyl-6-
oxoverdazyl radical (2.6)

In the first step, 2,5-dibromothiophene-3-carboxaldehyde, 2.2, is synthesized by reaction
of thiophene-3-carboxaldehyde, 2.1, with N-bromosuccinimide (NBS).”>’® Even though
there are various examples in the literature where thiophene monomers have been
brominated in positions 2 and 5 using NBS, there were few examples of this being done
with a thiophene substituted with electron withdrawing groups in position 3. It is worth

noting that compound 2.2 is commercially available.
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A Stille cross coupling reaction which involves treating the dibrominated thiophene
monomer (2.2) with the commercially available 2-tributylstannyl thiophene yields
terthiophene-3’-carboxaldehyde, 2.3.””"® The condensation of aldehyde 2.3 with bis(1-
alkylhydrazide)s of carbonic acid, 2.4, gives the corresponding 2, 4-diisopropyl-6-
terthiophene-3-oxotetrazane 2.5. The bis(1-alkylhydrazide) of carbonic acid used in this
study, 2,4-diisopropylcarbonhydrazide bis-hydrochloride (2.4), was prepared using the

procedure described by Brook er al*®

The final step involved the oxidation of the
tetrazane, 2.5, to form the radical 1,5-diisopropyl-3-terthiophene-6-oxoverdazyl, 2.6,
(Scheme 2.4). Many conditions have been studied for the oxidation of 3-oxotetrazanes to
6-oxoverdazyl radicals. Para-benzoquinone in toluene has been found to be effective in
the oxidation of 3-oxotetrazane. The benzoquinone is reduced to form hydroquinone
adducts that were precipitated from the reaction mixture as it cooled overnight. Filtration
and evaporation of the solvent gave 1,5-diisopropyl-6-oxoverdazyl radical functionalized
terthiophene, which was purified by silica gel column chromatography. The purified 1,5-
diisopropyl-6-oxoverdazyl radical functionalized terthiophene 2.6 was a red oil which
crystallized upon sitting at room temperature. This verdazyl radical is stable in air and

different organic solvents; it requires no special handling and can be stored for a long

time without decomposition.

The heterocyclic tetrazane, 2.5, has been characterized by "H/*C NMR and IR. The
peaks in the 'H NMR spectrum, Figure 2.2, assigned to the terthiophene and the
tetrazane, are summarized in Table 2.1. The aromatic proton peaks are as follow: a) a
doublet at 7.69 ppm with a coupling constant of 4.9 Hz represents the proton number 7,
b) a singlet at 7.60 ppm represents the proton number 4, c) a doublet at 7.56 ppm with a
coupling constant of 4.7 Hz represents the proton number 1, d) a multiplet at 7.30 ppm
represents the 2H protons 3 and 5 e) two doublet of doublet at 7.12 ppm and 7.18 ppm
with a coupling constant of 3.7 Hz correspond to proton 2 and 6, respectively. The 'H
NMR peaks of the tetrazane ring are: a) a doublet at 5.25 ppm (J = 11.5 Hz)
corresponding to the 2 N-H protons 12, b) a multiplet at 4.45 ppm corresponding to the 2
CH protons of the isopropyl group, c¢) a triplet at 4.56 ppm corresponding to the CH
proton linked to N atom (J = 11.5 Hz), and d) two doublets at 1.01 (/= 6.7 Hz) and 0.95
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ppm (J = 6.4 Hz) corresponding to the non-equivalent protons of the isopropyl methyl

groups.

Table 2.1 Assignments of "H NMR signals for compound 2.5

Proton 0 Multiplicity Integration J
number (ppm) (Hz)
1 7.56 doublet 1H 4.7
2 7.12 | doublet of doublet 1H 3.7
3,5 7.30 multiplet 2H -
4 7.60 singlet 1H -
6 7.18 | doublet of doublet 1H 3.7
7 7.69 doublet 1H 4.9
8,8’ 0.95 doublet 6H 6.4
9,9° 1.01 doublet 6H 6.7
10,10° 4.45 multiplet 2H -
11 4.56 triplet 1H 11.5
12,12° 5.25 doublet 2H 11.5

Table 2.2 Assignments of °C NMR signals for compound 2.5

Carbon number 0 (ppm)
1 128.2
2 133.0
3 124.6
4 124.0
5 128.0
6 135.6
7 135.5
8 131.9
9 126.2
10 127.6
11 134.2
12 128.5
13,13’ 18.7
14,14° 19.5
15,15’ 46.7
16 153.0
17 67.5
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Figure 2.2 500 MHz "H NMR spectrum of compound 2.5 in DMSO
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In addition to '"H NMR, >C NMR confirms the structure of 2.5, in Figure 2.4 and Table
2.2. The carbonyl group carbon has a chemical shift of 153.0 ppm. The chemical shifts
between 124.0 ppm and 135.6 ppm correspond to the CH and C carbons of the
terthiophene. The peak at 67.5 ppm corresponds to the C-N carbon of the tetrazane. The
carbons of the isopropyl group are at 46.7 ppm (CH), 19.5 ppm (CHj3), and 18.7 ppm
(CHs). '"H NMR and C NMR values are in agreement with the NMR values found in the

71,78

literature for the terthiophene and the heterocyclic tetrazane™.

It has been reported that the isopropyl substituents make the verdazyl radical more stable
in comparison to the methyl and phenyl groups.” This stability is due to the
conformation of these radicals. Surprisingly, the two isopropyl methyls are not equivalent
and are placed above and below the plane of the verdazyl ring, providing a steric
protection for the verdazyl ring.*® This can be confirmed by the '"H NMR in which two
doublets have been observed for the methyls of the isopropyl group (Figure 2.3), whereas
one peak has been observed for the two methyls in the '"H NMR of 2.4.”® Moreover, two

CHj; peaks has been detected in °C NMR (Figure 2.4).

\ .
/ \ / \
J N N

—

T T T
1.06 1.04 1.02 1.00 0.98 096 094 092 090 0.88

Figure 2.3 500 MHz "H NMR expansion of CHj region of compound 2.5
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Figure 2.4 500 MHz ">C NMR spectrum of compound 2.5 in DMSO
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Figure 2.5 shows the IR spectra of compounds 2.5 (dashed) and 2.6 (solid) and
confirms the successful conversion of tetrazane 2.5 to verdazyl radical 2.6. After
oxidation, the presence of the NH stretching absorption at 3250 cm™ in the spectrum
of tetrazane 2.5 disappears for verdazyl 2.6. Moreover, the C=0 stretching absorption
shifts from 1607 cm™ in the case of tetrazane 2.5 to 1680 cm™ for the verdazyl radical
2.6. The 73 cm™ shift corresponds to the presence of an unpaired electron that makes

the carbonyl stretching occur at a higher wavenumber.

Furthermore, to validate the presence of the radical, the EPR spectrum of 1,5-diisopropyl-
6-oxoverdazyl radical functionalized terthiophene, 2.6, has been recorded at room
temperature (Figure 2.6). The top trace represents the experimental spectrum and the
bottom trace represents the simulated spectrum obtained using the WINSIM program.™
The multi-lined spectrum, centered at g = 2.0020 is due to the hyperfine coupling
between the unpaired electron with four nitrogen atoms and the methane two hydrogen
atoms of the isopropyl groups. The best agreement between the experimental and
simulated spectrum occurred in using the following coupling constants a(N»4) = 6.5 G
(2N), a(N;5) = 5.3 G (2N) and a(CH) = 1.3 G (2H). These values are almost identical to

those reported for other isopropyl substituted-verdazyls.®'

In fact, the EPR magnetic
parameters of the isopropyl substituted-verdazyl radicals are all very similar with the
exception of the a(H). The value of a(H) is sensitive to the radical’s conformation.
Coupling between the methane hydrogen and the unpaired electron is a minimum when

the C-H twists in the plane of the verdazyl ring.

g = 0.7144775 * v (uHz)/H (G) Equation 2.4
g =2.0020
v=9143 pHz, H= 3263 G

Moreover, HRMS experimental data are in agreement with the theoretical value found

for the radical 2.6 and its precursor 2.5 (Table 2.3)

Table 2.3 HRMS data for compounds 2.5 and 2.6

Compound Formula HRMS caled. HRMS found
2.5 C20H24N4O8S; 433.1190 433.1186
2.6 C20H21N4O8S; 429.0877 429.0870
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Figure 2.5 A) IR spectra of compounds 2.5 (dashed line) and 2.6 (solid line), B)
Expansion of C=0 region, and C) Expansion of NH region
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Figure 2.6 Experimental EPR spectrum of compound 2.6 recorded at room temperature
(v=9143 uHz, microwave power = 1 mw) (top) and simulated spectrum (bottom)
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2.4.2 Synthesis of Verdazyl Radical Functionalized
Terthiophene Bridged by Pyridine

Building of molecule-based materials, which possess more than one property such as
electrical conductivity and magnetic interactions, is currently a challenging objective.®**
Such an interesting goal lead us to synthesize molecules where the verdazyl radical and
terthiophene units are connected through cross-conjugation via heterocyclic aromatic
linkers, such as pyridine. This ligand is interesting because of its ability to be complexed
with transition metals.”*** As reported recently, it is anticipated that the transition metal
complexes of verdazyl radicals will lead to new molecular magnetic materials, which
might show a combination of properties.*® The properties of these materials could be
affected by the metal-radical interactions, which are being studied for its use in “hybrid”
magnetic materials.®” Introducing such a linker between the n-donor and n-radical (i.e.
terthiophene and verdazyl, respectively) (2.11) may affect the electrochemical and optical

properties of the corresponding deposited polymer poly(2.11) (Scheme 2.5).

R = isopropyl

211 Poly(2.11)

Scheme 2.5 Verdazyl radical-oligo/polythiophene cross-conjugated via pyridine

The synthetic route used to prepare the 1,5-diisopropyl-6-oxoverdazyl radical
functionalized terthiophene bridged by a pyridine moiety 2.11 is described in Scheme
2.6.

The dibromination at the a, o’ positions of the thiophene ring in 2.7 was successfully
achieved, with a 50% yield, using NBS in dimethylformamide (DMF) at room
temperature. The by-product that was observed from the TLC could be the bromination
of pyridine; however, it possesses a low yield compared to the bromination of the

thiophene ring.

32



- Q
NBS SnBu3

/ \
DMF 90 Pd(PPh3),
Br

Toluene

R = isopropyl

1,4-Benzoquinone

Toluene, reflux

Scheme 2.6 Synthetic route of terthiophene-3’-pyridine bearing verdazy radical, 2.11

The 'H NMR spectrum of compound 2.8 displays characteristics of the thiophene,
pyridine rings and the aldehyde group (Figure 2.7), which are summarized in Table 2.4.
The singlet at 10.02 ppm corresponds to CHO proton number 5. The doublet peak at 8.08

ppm with a coupling constant of 5.0 Hz corresponds to pyridine proton number 4, and the

multiplet at 7.90 ppm corresponds to pyridine protons 2 and 3. The one proton attached to

thiophene ring is a singlet peak at 7.47 ppm.

Table 2.4 Assignment of 'H NMR signals for compound 2.8

Proton 0 Multiplicity | Integration | J (Hz)
number | (ppm)
1 7.47 singlet 1H -
2,3 7.90 multiplet 2H -
4 8.08 doublet 1H 5.0
5 10.02 singlet 1H -
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In the *C NMR spectrum (Figure 2.8), the peak at 193 ppm corresponds to the carbonyl
of aldehyde group and peaks between 110 and 160 ppm correspond to aromatic C and
CH carbons of the thiophene and pyridine rings. The ?C NMR chemical shifts of 2.8 are
presented in Table 2.5.

Table 2.5 Assignment of ?C NMR signals for compound 2.8

Carbon number 0 (ppm)
111.9
126.7
139.8
110.2
152.4
131.9
137.6
120.3
152.6
193.2

O (R (I[N [h (RN |-

ok
<

The following step was the Stille cross coupling reaction of the dibromothiophene, 2.8,
with two equivalents of the commercially available 2-tributylstannyl thiophene and
Pd(PPh;)4 as the catalyst. Terthiophene-3’-pyridine aldehyde (2.9) was obtained after
purification with a yield of 58 %.

There are two main group of peaks in the 'H NMR spectrum of 2.9 (Figure 2.9): the
singlet at 10.65 ppm corresponding to the aldehydic proton, and the peaks with a
chemical shift between 7.0 and 8.0 ppm which correspond to 10 aromatic protons (7 from
terthiophene and 3 from pyridine). The position and multicipility of terthiophene protons
was previously mentioned. For the pyridine ring, the doublet peak at 7.92 ppm
corresponds to CH proton number 10, and the doublet of doublet at 7.81 ppm corresponds
to the proton labeled 9. For the CH peaks (number 8) of pyridine and CH (number 4) of
terthiophene are at the same chemical shift thus producing a complex signal. Table 2.6
shows the assignments of '"H NMR signals for compound 2.9. Moreover, the °C NMR
spectrum of 2.9 (Figure 2.10) consists of 18 carbons corresponding to 1 aldehydic carbon
(194 ppm) and 7 C and 10 CH carbons of terthiophene and pyridine (120-160 ppm). A

summary of the ?C NMR assignments for compound 2.9 is given in Table 2.7.
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Figure 2.8 500 MHz >C NMR spectrum of compound 2.8 in CDCl;
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Table 2.6 Assignment of 'H NMR signals for compound 2.9

Proton | o (ppm) Multiplicity Integration | J (Hz)
number
1 7.12 doublet 1H 5.0
2 7.04 doublet of doublet 1H 5.0
3,5 7.30 multiplet 2H -
4,8 7.60 multiplet 2H -
6 7.08 doublet of doublet 1H 5.0
7 7.33 doublet 1H 5.0
9 7.81 doublet of doublet 1H 10.0
10 7.92 doublet 1H 10.0
11 10.65 singlet 1H -

Table 2.7 Assignment of '>*C NMR signals for compound 2.9

Carbons d (ppm)
1 125.1
2 126.1
3 127.0
4 132.9
5 137.3
6 128.0
7 128.1
8 137.6
9 134.4
10 124.3
11 127.8
12 127.6
13 155.0
14 136.3
15 120.0
16 136.8
17 154.6
18 193.4
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Figure 2.10 500 MHz "*C NMR spectrum of compound 2.9 in CDCl;
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Once the terthiophene pyridine aldehyde, 2.9, had been synthesized, the next step was the
formation of the tetrazane using the same procedure that was used for the synthesis of
2.5. The heterocyclic tetrazane, 2.10, was prepared with a yield of 43 %. Figures 2.11
and 2.12 show the 'H and >C NMR of tetrazane, 2.10, respectively.

The 'H NMR spectrum (Figure 2.11) shows multiple peaks between 7.0 and 8.0 ppm,
which correspond to the 7 protons of terthiophene (similar to terthiophene protons in
compounds 2.5 and 2.9) and 3 protons of pyridine (similar to pyridine proton in
compound 2.8 and 2.9). The chemical shifts of the heterocyclic tetrazane and the
isopropyl are identical to those of compound 2.5. To confirm the structure of 2.10, °C
NMR spectrum was recorded (Figure 2.12). Table 2.10 summarizes the C, CH and CHj3

carbons of the new compound 2.10.

The final step was the oxidation of tetrazane 2.10 to its corresponding verdazyl radical
2.11, which was obtained with a yield of 70 %. Radical 2.11 is a red crystal obtained

upon sitting for a few days.

Like 2.6, this verdazyl radical is stable in air and organic solvents allowing us to
characterize it without decomposition. Formation of 2.11 is supported by IR spectroscopy
since the C=0 stretching vibration is shifted from 1626 cm™ to 1686 cm™ as shown in
Figure 2.13. The dashed line corresponds to tetrazane 2.10 and the solid line corresponds
to the verdazyl 2.11. Moreover, in the verdazyl there is an absence of NH stretching

above 3200 cm™ in comparison to the tetrazane that has a broad band in this region.

HRMS experimental data are also in agreement with the theoretical value found for

all new prepared compounds 2.8, 2.9, 2.10 and 2.11 (Table 2.8).

Table 2.8 HRMS data for compounds 2.8 to 2.11

Compound Formula HRMS caled. HRMS found
2.8 Ci0HsBr,NOS 345.8536 345.8529
2.9 CisH11NOS;3 354.0081 354.0076
2.10 Cy5H27N508; 510.1456 510.1455
2.11 Cy5H24N508S; 507.1221 507.1247
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Table 2.9 Assignment of '"H NMR signals for compound 2.10

o Proton | o (ppm) Multiplicity Integration J
)\zizﬁ\q number (Hz)
1. 1,6 7.10 multiplet 2H -
g 2 7.04_ | doublet of doublet 1H 5.0
' 3,5 7.30 multiplet 2H -
N 4 7.55 singlet 1H -
7 7.34 doublet 1H 5.0
8 7.44 doublet 1H 10.0
9 7.81 doublet of doublet 1H 5.0
10 7.51 doublet 1H 10.0
11 4.80 singlet 1H -
12,12° 4.70 multiplet 2H -
13,13’ 1.25 doublet 6H 10.0
14,14° 1.35 doublet 6H 10.0

Table 2.10 Assignment of >°C NMR signals for compound 2.10

Carbon number | 6 (ppm)
1 125.2
2 126.8
3 125.1
4 133.3
5 136.1
6 127.5
7 134.7
8 137.0
9 138.6
10 124.3
11 125.5
12 124.1
13 126.0
14 127.9
15 122.1
16 128.0
17 126.9
18 70.8
19,19° 47.7
20,20° 18.7
21,21° 19.5
22 153.1
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Figure 2.13 A) IR spectra of compounds 2.10 (dashed line) and 2.11 (solid line), B)
Expansion of NH region, and C) Expansion of C=0 region
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The EPR spectrum of 1,5-diisopropyl-6-oxoverdazyl radical functionalized terthiophene
through pyridyl linker (2.11) recorded at room temperature centered at g = 2.0010 is
depicted in Figure 2.14. We expected a multi-lined spectrum similar to that found for
verdazyl 2.6 in Figure 2.6. However, the broad lines observed in the EPR spectrum of
2.11 are due to: 1) unsuccessful solvent degassing during the sample preparation, or ii)
unresolved H (two hydrogen atoms in the isopropyl groups) hyperfine interaction. The
interaction between the unpaired electron and the two hydrogen atoms (in isopropyl
methane) is very small, i.e. ay < 1.3 G. Spectral simulation afforded hyperfine coupling
constants as follows: a(N»4) = 6.5 G (2N), a(N;5) = 5.3 G (2N). As mentioned, the EPR
spectra of the isopropyl substituted verdazyl radicals are all similar, and the g-value is

comparable to the values found in literature.®*?

ﬂ Experimental

Simulated

3200 3210 3220 3230 3240 3250 3260 3270 3280 3290

Field (G)

Figure 2.14 Experimental EPR spectrum of compound 2.11 recorded at room temperature
(v=9086 pHz, microwave power = 1 mw) (top) and simulated spectrum (bottom)
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2.5 Summary

All radical precursors have been characterized using classical analytical techniques such
as 'H, ?C NMR, FT-IR, and mass spectroscopy (see experimental section). Verdazyl
radicals 2.6 and 2.11 have been successfully prepared in a good yield and characterized
using EPR and FT-IR spectroscopies. These radicals are very stable in air and in the

presence of organic solvent.

The electrochemical behaviour of verdazyl radicals 2.6 and 2.11, and their precursors will

be examined in Chapter 3.
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2.6 Experimental Section

2.6.1 Generalities

Unless stated otherwise, all reactions and manipulations were carried out under an argon
atmosphere. Solvents were dried over activated molecular sieves (4 A), and distilled
under an atmosphere of argon prior to use. All reagents were purchased from Sigma-
Aldrich and used as received. 'H proton (and °C carbon) NMR spectra were recorded on
a 200 MHz Varian NMR spectrometer and 500 MHz Bruker spectrometer. The NMR
samples were prepared by dissolving 20 mg of product in 1 mL of deuterated solvent
(DMSO-d¢ or CDCls). IR spectra were recorded as KBr pellets using a Bruker Fourier-
transform infrared spectrophotometer. EPR spectra were recorded using a Varian E109
EPR Spectrometer. The EPR samples were subjected to a number of freeze-thaw cycles
on a vacuum line prior to analysis. The EPR spectra were simulated using the WINSIM
program. HRMS experiments were recorded on an Agilent 1260 Infinity liquid
chromatograph/6530 accurate mass Q-TOF in high resolution mode in 70:30

acetonitrile/water using positive mode electrospray ionization (HPLC grade solvents).

2.6.2 Synthesis of 2, 4-diisopropyl-6-terthiophene-3-oxotetrazane (2.5)

0.499 g (1.8 mmol) of 2, 4-diisopropylcarbonohydrazide bis-hydrochloride (2.4) and
0.382 g (1.8 mmol) of 2,2”:5°,2”’-terthiophene-3’-carboxaldehyde (2.3) were dissolved in
10 mL of dry ethanol. To this mixture was added 0.295 g (3.8 mmol) of sodium acetate in
ethanol. The solution was left standing at room temperature. The reaction was followed
by TLC after 24 hours. The mixture was filtered and evaporated to get the crude product.
The purification of the residue by a silica gel column chromatography with 40 % ethyl
ether and 60 % CH,Cl, as eluent gave the tetrazane (2.5) (Rr = 0.43) as a yellow solid
(0.305 g, 0.71 mmol). Yield: 40 %; "H NMR (DMSO-dg, 500 MH); 8(ppm) = 0.95 (d, J
= 6.4 Hz, 6H, -C(CHs),), 1.01 (d, J = 6.7 Hz, 6H, -C(CHj3),), 4.45 (m, 2H, CH(CH3),),
4.56 (t,J=11.5 Hz, 1H, CH-N), 5.25 (d, J = 11.5 Hz, 2H, NH), 7.12 (dd, J = 3.7 Hz, 1H,
Th-H), 7.18 (dd, J = 3.7 Hz, 1H, Th-H), 7.29-7.35 (m, 2H, Th-H), 7.56 (d, J = 4.7 Hz,
1H, Th-H), 7.60 (s, 1H, Th-H), 7.69 (d, J = 4.9 Hz, 1H, Th-H). >C NMR (DMSO-ds,
500 MHz): o(ppm) = 18.7, 19.5, 46.7, 67.5, 124.0, 124.6, 126.2, 127.6, 128.0, 128.2,
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128.5, 131.9, 133.0, 134.2, 135.5, 135.6, 153.0. IR (KBr pellet); v(cm™) = 1607 (CO
ketone). HRMS (ESI) for C0H24N4OS3 [MH']: caled. 433.1190; found 433.1186.

2.6.3 Synthesis of 1,5-diisopropyl-3-terthiophene-6-oxoverdazyl (2.6)

0.100 g (0.23 mmol) of 2, 4-diisopropyl-6’-terthiophene-3-oxotetrazane (2.5) and 0.037 g
(0.345 mmol) of benzoquinone were refluxed in 5 mL of toluene. The reaction was
followed by TLC after 3 hours. The mixture was cooled, filtered and the solvent removed
by evaporation to get the crude product. Pure 2.6, a red oil, was obtained by eluting the
residue through a silica gel column using 100% CH,Cl, (Rr = 0.43) as the eluent. Yield:
70 %; IR (KBr pellet); v(cm™) = 1680 (CO ketone). HRMS (ESI) for C2H2N40S; [M]:
calcd. 429.0877; found 429.0870.

2.6.4 Synthesis of 6-(2,5-dibromo-thiophene-3-yl)pyridine-2-carboxaldehyde (2.8)

0.371 g (1.9 mmol) of 6-(3-thienyl)pyridine-2-carboxaldehyde (2.7) was dissolved in 5
mL of N,N-dimethylformamide (DMF) in a round bottom flask. Under low light, 1.325 g
(7.44 mmol) of N-bromosuccinimide (NBS) was added to the mixture. The mixture was
left at room temperature and the progression of the reaction was followed by TLC. After
3 hours, 100 mL of dichloromethane (CH,Cl,) was added to the mixture. The organic
layer was washed 6 times with 100 mL of distilled water and extracted. The organic layer
was then dried with magnesium sulfate (MgSQO,). The solvent was evaporated using a
rotary evaporator. The product was purified by silica gel column chromatography using
CH,Cly (Rr = 0.68) as the eluent. After evaporation of the solvent, the product was a
white solid. Yield: 50 %; "H NMR (CDCls, 500 MHz); 8(ppm) = 7.47 (s, 1H, Th-H), 7.90
(m, 2H, Py-H), 8.08 (d, J = 5.0 Hz, 1H, Py-H), 10.02 (s, 1H, CHO). *C NMR (CDCl;,
500 MHz): d(ppm) =110.2, 111.9, 120.3, 126.7, 131.9, 137.6, 139.8, 152.4, 152.6,
193.2. IR (KBr pellet); v(cm™) = 1704 (CO aldehyde). HRMS (ESI) for C1oHsBr,NOS
[MH']: calcd. 345.8536; found 345.8529.

2.6.5 Synthesis of 6-[2, 2°: 5°, 2”]terthiophen-3’-ylpyridine-2-carboxaldehyde (2.9)

0.615 g (1.77 mmol) of 6-(2,5-dibromo thiophene-3-yl)pyridine-2-carboxaldehyde (2.8),
1.980 g (5.31 mmol) of 2-tributylstannyl thiophene, 0.265 g (0.23 mmol) of
tetrakis(triphenylphosphine)palladium(0) Pd(PPhs)s were added to 15 mL of toluene,
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which had been dried over molecular sieves and degassed for 1 hour with Nj,. The
mixture was allowed to stir for 24 hours at 100°C. The progression of the reaction was
followed by TLC. After 24 hours, the reaction mixture was filtered through celite (Si0,)
to remove the catalyst. 100 mL of CH,Cl, was added to the mixture and then washed two
times with 100 mL portions of a cesium fluoride solution (5%), and five times with 100
mL portions of distilled water. The organic layer was dried over magnesium sulfate
(MgSO,4) and the CH,Cl, was removed using a rotary evaporator. The product was
purified by silica gel column chromatography using a solvent system of 20 % of pentane
and 80 % of CH,Cl; (Rg = 0.46). The yellow fluorescent product was obtained after
evaporation of the solvent. Yield: 58 %; '"H NMR (CDCls, 500 MHz); 8(ppm) = 7.04 (dd,
J=15.0 Hz, 1H, Th-H), 7.08 (dd, J = 5.0 Hz, 1H, Th-H), 7.12 (d, J = 5.0 Hz, 1H, Th-H),
7.25-7.31 (m, 2H, Th-H), 7.33 (d, J= 5.0 Hz, 1H, Th-H), 7.55-7.61 (m, 2H, Th-H & Py-
H), 7.81 (dd, J = 10.0 Hz, 1H, Py-H), 7.92 (d, J = 10.0 Hz, 1H, Py-H), 10.65 (s, 1H,
CHO). °C NMR (CDCl;, 500 MHz): §(ppm) = 120.0, 124.3, 125.1, 126.1, 127.0,
127.6, 127.8, 128.0, 128.1, 132.9, 134.4, 136.3, 136.8, 137.3, 137.6, 154.6, 155.0,
193.4. IR (KBr pellet); v(cm™) = 1716 (CO aldehyde). HRMS (ESI) for C;sH;1NOS;
[MH]: caled. 354.0081; found 354.0076.

2.6.6 Synthesis of 2, 4-diisopropyl-6-terthiophene-3’-pyridine-2-yl-3-oxotetrazane
(2.10)

0.200 g (0.560 mmol) of 2, 4-diisopropylcarbonohydrazide bis-hydrochloride (2.4) and
0.119 g (0.560 mmol) of 6-[2, 2’: 5°, 2”]terthiophen-3’-ylpyridine-2-carboxaldehyde
(2.9) were dissolved in 10 mL of ethanol. To this mixture 1.13 mmol of sodium acetate in
ethanol was added. The solution was allowed to stand at room temperature. The reaction
was followed by TLC. After 24 hours, the mixture was filtered and evaporated to get the
crude product as a yellow solid. The residue was purified by a silica gel column
chromatography. Tetrazane was eluted with a 30 % diethyl ether and 70 % CH,Cl, (Rr =
0.58) solvent mixture. Yield: 43 %; "H NMR (CDCls;, 500 MHz); 8(ppm) = 1.25 (d, J =
10.0 Hz, 6H, -C(CHs),), 1.35 (d, J= 10.0 Hz, 6H, -C(CH3),), 4.70 (m, 2H, -CH(CHs)»),
4.80 (s, 1H, CH-N), 7.04 (dd, J = 5.0 Hz, 1H, Th-H), 7.05-7.10 (m, 2H, Th-H), 7.25-7.30
(m, 2H, Th-H), 7.34 (d, J= 5.0 Hz, 1H, Th-H), 7.44 (d, J=10.0 Hz, 1H, Py-H), 7.51 (d,
J=10.0 Hz, 1H, Py-H), 7.55 (s, 1H, Th-H), 7.81 (dd, J = 5.0 Hz, 1H, Py-H). C NMR
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(CDCl3,500 MHz): 6(ppm) = 18.7, 19.5, 47.7, 70.8, 122.1, 124.1, 124.3, 125.1, 125.2,
125.5, 126.0, 126.8, 126.9, 127.5, 127.9, 128.0, 133.3, 134.7, 136.1, 137.0, 138.6,
153.1. IR (KBr pellet); v(cm™) = 1649 (CO ketone). HRMS (ESI) for C,sH,/N50S;
[MH']: calcd. 510.1456; found 510.1455.

2.6.7 Synthesis of 1,5-diisopropyl-3-terthiophene-3’-pyridine-2-yl-6-oxoverdazyl
(2.11)

0.050 g (0.098 mmol) of 2,4-diisopropyl-3-terthiophene-3’-pyridine-2-yl-3-oxotetrazane
(2.10) and 0.016 g (0.147 mmol) of benzoquinone were refluxed in 5 mL of toluene. The
reaction was followed by TLC. After 3 hours, the mixture was cooled, filtered and
evaporated to give the crude product. The purification of the residue by a silica gel
column chromatography with 100 % CH,Cl, (Rr = 0.47) as the eluent produced 2.11 as a
red oily product. Yield: 70 %; IR (KBr pellet); v(cm™) = 1686 (CO ketone). HRMS (ESI)
for CosH24N5OS3; [MH ]: caled. 507.1221; found 507.1247.
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Chapter 3. Electropolymerization of Terthiophene Bearing a

Verdazyl Radical
3 Introduction

3.1 Cyclic Voltammetry

Cyclic voltammetry (CV) is a powerful electroanalytical technique that provides
extensive thermodynamic and kinetic information on redox processes. Moreover, CV has
the ability to elucidate mechanisms of electrochemical/chemical reactions occurring at
the surface of the electrode. A CV experiment is performed in a three-electrode cell,
which involves a working electrode (WE), a counter electrode (CE), and a reference
electrode (RE) (Figure 3.1). An external potential is applied to the cell. Using a
potentiostat combined with a three-electrode system, the potential of the working
electrode is controlled relative to the reference electrode and the current is measured

between working electrode and the counter electrode.

1 2 3
1=CE
2=RE
3=WE
- Supporting
L —, electrolyte/solvent

Figure 3.1 Components of an electrochemical cell

The supporting electrolyte (commonly alkali or tetraalkylammonium salts with
perchlorate or hexafluorophosphate) is dissolved in a non-aqueous organic solvent such

as CH3;CN, CH,Cl,, and DMF.*®

The redox system can be reversible, quasi-reversible, and irreversible. In a reversible

system, the oxidized and reduced species at the electrode surface must be found at
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concentrations required by the Nernst equation.*” The peak current (ip) 1s given by the

Randles-Sevcik equation for a redox reaction at 25°C.”""!

ip = (2.69x10°) n*?ACD"*v'"? Equation 3.1

where n is the number of electrons, A is the surface area of the electrode (cm?), C is the
concentration (mol/cm®), D is the diffusion coefficient (cm?/s), and v is the scan rate
(V/s).
The main characteristics of a reversible system in CV are:

1. The ratio of anodic and cathodic peak currents is equal to one.

2. The separation between the peak potentials has to be 59/n mV per

number of electron as shown in equation 3.2.

AE=E,;" - E;"=59/n mV Equation 3.2

For a one electron reversible system, the theoretical peak separation value is 59 mV;
however, the experimentally accepted separation of peak potentials for a reversible

system lies between 60 and 70 mV (Figure 3.2).%

The standard potential of a reversible redox couple can also be determined from CV

between the anodic and cathodic peak potentials (equation 3.3).

E'=(E,"+E,)/2 Equation 3.3

Reactions with slow electron transfer (quasi-reversible, Figure 3.3) or those that are
coupled with a chemical reaction (irreversible, Figure 3.4) do not exhibit the same
characteristics as a reversible redox system. In the case of a quasi-reversible process, the
difference between the peak anodic and cathodic potential is greater than 59 mV for a
mono-electronic system, at room temperature. For an irreversible system, a single peak
potential in the CV is observed, where the electron transfer is extremely slow or coupled

. . . 2
with a chemical reaction.’
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Figure 3.2 Cyclic voltammetry of a reversible system
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Figure 3.3 Cyclic voltammetry of a quasi-reversible system
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Figure 3.4 Cyclic voltammetry of an irreversible system

3.2 Electropolymerization

The mechanism of the electropolymerization process of thiophene oligomers is explained
by an EC reaction,” which involved an initial electron transfer (E), followed by a
chemical reaction (C). In the electrochemical polymerization process several EC cycles

are required for the formation of the final polymer.”

The monomer is oxidized at the electrode surface to form the corresponding radical
cation, which is further dimerized to form a product (Dimer). It is a chain reaction
process that affords a dimer, trimer, tetramer, etc, leading to the final corresponding

polymer.**

The electropolymerization mechanism of heterocyclic compounds was suggested by Diaz

1.” based on their work on the oxidation of pyrrole. The mechanism is known as the

eta
radical cation - radical cation (RC-RC) coupling mechanism and is depicted in Scheme

3.1 for thiophene.
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Scheme 3.1 General mechanism of electropolymerization via radical cation-
radical cation (RC-RC) coupling

In this mechanism, the first step is the oxidation of thiophene to give the radical cation.
This reactive radical cation reacts with another radical cation in the solution to form a
dimer dication, which subsequently losses two protons to form the stable neutral dimer.
This neutral dimer can also be oxidized to produce the corresponding radical cation dimer
that can couple with another radical cation in solution to give a trimer. This process

continues until the external potential is removed.”

3.3 Electrochemical Properties of Stable Radicals

As mentioned in Chapter 1, the families of stable radicals are used in many applications
associated with their unpaired electron(s). The redox properties of stable radicals are

96-98

related to their use: 1) in electron-transfer chemistry, i1) as building blocks for single-

99-101 102-108

component molecular conductors, and 1ii) their use in organic-based batteries.
The electrochemical properties of open shell molecules are different than closed shell
molecules. In closed shell molecules, the oxidation process involves the loss of an
electron from the highest occupied molecular orbital (HOMO), while the reduction
process involves the addition of an electron to the lowest unoccupied molecular orbital
(LUMO). However, in the open shell molecules, oxidation and reduction processes
involve the loss or gain of an electron from the singly occupied molecular orbital

(SOMO) as shown in Scheme 3.2.'%
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HOMO SOMO LUMO

Scheme 3.2 Oxidation and reduction of neutral radical

3.4 Electrochemistry of Verdazyl Radical

We prepared monomers 2.3, 2.5, 2.9 and 2.10 and the two 6-oxoverdazyl radicals
functionalized terthiophenes 2.6 and 2.11 as shown below. In this chapter, we will
investigate the electrochemical behavior of these monomers, along with the
characteristics of the resulting films. The redox properties of all monomers were studied
using cyclic voltammetry. Table 3.1 summarizes the oxidation peak potentials of the
prepared monomers and their corresponding polymers. These oxidation potentials were

calculated versus an internal reference (ferrocene/ferrocenium redox couple).

R
\ 0
N—<
/
HN N—
/

CHO NH

R

R = isopropyl
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Table 3.1 Electrochemical properties of prepared terthiophene monomers and
their corresponding polymers in ACN. [Scan rate of 0.1 V/s, WE = Platinum
electrode, RE = Silver wire, and CE = Platinum wire]

Compound \% vsFlF[;%c[;E ;]/(ﬂoz \% % VSFZFPCP/FFSE::%],M \Y
2.3 - 0.80%
2.5 0.52% 0.97*
2.6 [0.16]** 0.87*
2.9 - 0.72%*
2.10 0.78* 0.92%
2.11 [0.25]%* 0.73*
Poly(2.3) — Pt - [0.63]**
Poly(2.5) — Pt [0.15]%* [0.73]**
Poly(2.6) — Pt [0.28]%* [0.76]**
Poly(2.9) — Pt - [0.61]**
Poly(2.10) — Pt ; _
Poly(2.11) — Pt ; _

Elp: Oxidation peak potential of tetrazane/verdazyl radical component
Ezp: Oxidation peak potential of terthiophene component
* First scan

** Reversible system
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The reasons behind using terthiophenes rather than monothiophenes are:
1. Terthiophene has a lower oxidation potential.
il.  Their corresponding polymers are more stable.

iii.  Their corresponding polymers are highly conducting.

Efforts were made to oxidatively electropolymerize all monomers in a 1 M n-
BusNPF¢/ACN solution. This was done through repeated CV cycling beyond the
oxidation peak potential of the terthiophene component of each monomer. All monomers
2.3, 2.5, 2.6, 2.9, 2.10, and 2.11 were successfully deposited on the surface of the
platinum electrode. The electrochemical behaviors of poly(2.5) and poly(2.6) were also
studied using CV. However, poly(2.10) and poly(2.11) were not stable enough on the
surface of the platinum electrode preventing their characterization with CV. The 20 scan
electropolymerization CVs of terthiophene-3’-carboxaldehyde species, 2.3 and 2.9 are
depicted in Figure 3.5 and Figure 3.6, respectively. During the oxidation process the peak
current increases with each successive scan, which indicates the formation of a polymer
film on the surface of the platinum electrode. In both curves the first scan is irreversible
and in the second scan a new peak starts to develop at a lower oxidation potential, which
corresponds to the oxidation potential of the polymer. The oxidation potential of the
polymer occurs at lower oxidation potential than its corresponding monomer due to the

increase in its length of conjugation.

0.00060

0.00040

0.00020

1(A)

0.00000

-0.00020 A1

-0.00040 ' ' v ' ' ' '
0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 16
E(V)

Figure 3.5 A 20 scan electrochemical oxidation of 2.3 in ACN. [Scan rate =0.1 V/s, WE
= Platinum electrode, RE = Silver wire, and CE = Platinum wire]

58



0.00030

0.00020 H

0.00010

<
0.00000
-0.00010 A
-0.00020 T T T T T T T
0.0 0.2 0.4 0.6 0.8 1.0 1.2 14 1.6
E(V)

Figure 3.6 A 20 scan electrochemical oxidation of 2.9 in ACN. [Scan rate =0.1 V/s, WE
= Platinum electrode, RE = Silver wire, and CE = Platinum wire]

The electrochemical oxidation of terthiophene bearing 2,4-diisopropyl-3-oxotetrazane,
2.5, was carried out in a 1 M n-BuyNPF¢/ACN solution. The first CV scan of tetrazane
2.5 is depicted in Figure 3.7. Once the anodic potential is applied, both terthiophene and
tetrazane are oxidized. From this CV, there are two irreversible peaks in the initial scan.
The first peak at 0.52 V (vs. Fc'/Fc) corresponds to the oxidation of tetrazane to its

radical.

0.00030

0.00020

1(A)

0.00010

0.00000

-0.00010 T T T T T T T

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 16
E(V)

Figure 3.7 The first CV scan of 2.5 in ACN. [Scan rate = 0.1 V/s, WE = Platinum
electrode, RE = Silver wire, and CE = Platinum wire]
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The peak potential, 0.52 V (vs. Fc'/Fc), (Figure 3.7) is very broad because there are many
electrochemical and chemical reactions occurring at this potential. Until now the
mechanism has not been investigated. The second peak at 0.97 V (vs. Fc'/Fc)

corresponds to the oxidation of terthiophene to form poly(terthiophene) (see Scheme 3.3).

ACN/Pt
S3HY —————

Er=0.52V

R = isopropyl

Er =097V

Er=0.97V

Poly(2.5) = Poly(2.6)

Scheme 3.3 Electrochemical oxidation of terthiophene bearing 2,4-
diisopropyl-3-oxotetrazane 2.5

The mechanism of the electrochemical oxidation of amines has been previously

investigated.''*!'* According to the literature, a general mechanism for the oxidation of

111

amines to its radical is presented in Scheme 3.4." " The first step shows the oxidation of

the amine to form its radical cation. The radical cation is deprotonated to produce a

radical.

R R_ o+ R
SNHO SNH O, N
S
i.e
R R®
SN " SNH
g
Scheme 3.4 Mechanism of the oxidation of aliphatic amines
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Figures 3.8 shows a 10 scan electropolymerization of the tetrazane 2.5. It has been
successfully oxidatively electropolymerized to form its corresponding polymer,
poly(2.5). This CV displays an increase in peak current during the oxidation process, with
each successive scan indicating the formation of a polymer film on the surface of the
platinum electrode. As mentioned before (Figure 3.7), there are two main irreversible
peaks in the first scan of monomer 2.5. However, during the oxidation process, (i.e.
electropolymerization of monomer 2.5), a new reversible peak was observed at 0.15 V
(vs. Fc'/Fc). This reversible oxidation peak (in Figure 3.8) corresponds to the formation
of verdazyl radical by the electrochemical oxidation of tetrazane. During the oxidation
process of monomer 2.5, the tetrazane is converted to verdazyl radical 2.6 (it was not
isolated) through the electrochemical oxidation reaction at 0.52 V (vs. Fc'/Fc). Scheme
3.3 explains the conversion of tetrazane to verdazyl radical by the electrochemical

oxidation reaction.

0.00040

0.00025 1

1(A)

0.00010 T

-0.00005 1

-0.00020 r r r r r r '
0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6
E(V)

Figure 3.8 A 10 scan electrochemical oxidation of 2.5 in ACN. [Scan rate =0.1 V/s, WE
= Platinum electrode, RE = Silver wire, and CE = Platinum wire]

The electrochemical properties of the verdazyl radical 2.6 were studied using a 1 M n-
BusNPF¢/ACN solution. The cyclic voltammogram (CV) of 2.6 is depicted in Figure 3.9.
The first CV scan displays two peaks. The first reversible peak at about 0.16 V (vs.
Fc'/Fc) corresponds to the oxidation of verdazyl radical and it is in agreement with

values reported in literature.'”® The reversibility of this peak shows the stability of the
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cationic species 2.6n (see Scheme 3.5). The second irreversible peak at 0.87 V (vs.

Fc'/Fc) corresponds to the oxidation of terthiophene to form the corresponding polymer.
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Figure 3.9 The first CV scan of 2.6 in ACN. [Scan rate = 0.1 V/s, WE = Platinum
electrode, RE = Silver wire, and CE = Platinum wire]
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Scheme 3.5 Electrochemical oxidation of verdazyl 2.6

The electropolymerization of the 1,5-diisopropyl-6-oxoverdazyl radical functionalized
terthiophene monomer 2.6 was successfully done in a 1 M n-BusNPF¢/ACN solution
through repeated CV cycling as depicted in Figure 3.10. Through the oxidation process of
the verdazyl 2.6, the peak current increases with each consecutive scan resulting in the

formation of the polymer film on the surface of platinum electrode (see Scheme 3.6).
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Figure 3.10 A 10 scan electrochemical oxidation of 2.6 in ACN. [Scan rate = 0.1 V/s,
WE = Platinum electrode, RE = Silver wire, and CE = Platinum wire]

As the number of scans increases, there are many things to notice (Figure 3.10):

1.

The formation of new peak at lower oxidation potential (0.76 V vs. Fc'/Fc) than that
of the monomer (0.87 V vs. Fc'/Fc), which corresponds to the oxidation potential of
the poly(terthiophene).

The reversible peak at 0.16 V (vs. Fc'/Fc), related to the oxidation of verdazyl
radical, shifts to higher oxidation potential (0.28 V, vs. Fc'/Fc) than the initial scan.
This positive shift is due to the geometry of the poly(terthiophene) backbone no
longer being planar. The loss of the planarity in doped polymer improves the
localization of the spin on the heterocyclic tetrazane, which explain the positive shift

of the oxidation potential of verdazyl in poly(2.6)-Pt.

R\ o
N
/ \{
N /N —r

R = isopropyl Poly(2.6)

Scheme 3.6 Formation of poly(terthiophene) bearing verdazyl radical
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CV and IR were used to characterize the corresponding polymers poly(2.5) and poly(2.6).
Figures 3.11 and 3.12 illustrate the first CV scan of poly(2.5) and poly(2.6), in a
monomer-free solution. Both CVs exhibit two reversible oxidation peaks. The first peak
at 0.15 V for poly(2.5) and 0.28 V for poly(2.6) (vs. Fc'/Fc) corresponds to the oxidation
potential of the verdazyl radical and the second peak at 0.731 V for poly(2.5) and 0.76 V
for poly(2.6) (vs. Fc'/Fc) relates to the oxidation potential of poly(terthiophene). Due to
the increase in the length of conjugation (electronic delocalization of the m-system), the
oxidation potential of the poly(terthiophene) (0.73 V and 0.76 V) is lower than the
monomer (0.97 V and 0.87 V).""*'® Moreover, the broad irreversible peak of the
tetrazane has disappeared (Figure 3.11), (i.e. no irreversible peak at 0.52 V), which
confirms that the tetrazane is completely oxidized to form the verdazyl radical. From this
result, we conclude that the polymers formed from the electrochemical oxidation of

tetrazane 2.5 and verdazyl radical 2.6 have the same structure.
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Figure 3.11 One scan CV of poly(2.5) in monomer free solution using ACN. [Scan rate =
0.1 V/s, WE = Platinum electrode, RE = Silver wire, and CE = Platinum wire]
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Figure 3.12 One scan CV of poly(2.6) in monomer free solution using ACN. [Scan rate =
0.1 V/s, WE = Platinum electrode, RE = Silver wire, and CE = Platinum wire]

To validate the structure of poly(2.5) and poly(2.6), infrared spectra (IR) of the polymers
formed on the surface of a platinum electrode were recorded. The IR spectra of poly(2.5)
(dashed line) and poly(2.6) (solid line) are presented in Figure 3.13. The polymer films
were removed from the electrode surface, washed several times with CH,Cl, and dried to
remove the solvent. A KBr pellet containing poly(2.5) or poly(2.6) was prepared.
Looking at the carbonyl (C=0) stretching region, the C=0O stretching mode for both
polymers are identical (1640 cm™). However, this value is lower than that obtained from
the verdazyl monomer (1680 cm™). This 40 cm™ shift is due to the strong interaction
(electron-donating) of the doped form of the resulted m-conjugated polymer and the
verdazyl radical in poly(2.6). A similar result has been observed when verdazyl radical

was chelated to a redox active metal such as ruthenium (Ru),'”

where the carbonyl
stretching of verdazyl was shifted by 25 cm™. This was due to the interaction of the dn
orbital of the Ru with ©* orbital of the verdazyl radical. In our case, the interactions of =-
conjugated system of the polymer and the n* orbital of the radical are very strong, which
explain the 40 cm™ shift. Furthermore, the strongest peak in the IR spectra at about 840
cm™ corresponds to the PF¢ anion that was incorporated into the polymer during the

. : 11
electropolymerization process.'"
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Figure 3.13 IR spectra of poly(2.5) (dashed line) and poly(2.6) (solid line)

From the characterization of poly(2.5) and poly(2.6) using CV and IR techniques, it has
been shown for the first time that the verdazyl radical can be formed by electrochemical
oxidation. The synthesis of verdazyl radical can be done either by chemical (as

mentioned in chapter 2) or electrochemical oxidations of tetrazane.

The electrochemical oxidation of tetrazane 2.10 was also studied. Figure 3.14 illustrates
the first CV scan of 2.10 using a 1 M n-BusNPF¢/ACN solution. From this CV, there are
two main irreversible peaks; the first peak at about 0.78 V (vs. Fc'/Fc) corresponds to the
oxidation of tetrazane to its radical. As mentioned for tetrazane 2.5, this 0.78 V peak is
also very broad due to the electrochemical and chemical reactions occurring at this
potential. The second irreversible peak at about 0.92 V (vs. Fc'/Fc) corresponds to the

oxidation of terthiophene to form poly(terthiophene) as depicted in Scheme 3.7.
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Figure 3.14 The first CV scan of 2.10 in ACN. [Scan rate = 0.1 V/s, WE = Platinum
electrode, RE = Silver wire, and CE = Platinum wire]
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Scheme 3.7 Electrochemical oxidation of tetrazane 2.10 to its radical 2.11
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Figure 3.15 shows the electropolymerization of the tetrazane 2.10 using a 1 M n-
BusNPF¢/ACN solution. It has been successfully oxidatively electropolymerized to form
its corresponding polymer, poly(2.10). This CV shows an increase in peak current during
the oxidation process, with each successive scan indicating the formation of a polymer
film on the surface of the platinum electrode. The electropolymerization of 2.10 also
shows the formation of a new reversible peak at about 0.64 V (vs. Fc'/Fc), which relate
to the oxidation of verdazyl radical. As a result, the tetrazane, 2.10, is converted to
verdazyl radical 2.11 through the electrochemical oxidation reaction at 0.78 V (vs.
Fc'/Fc), Scheme 3.7. Unfortunately, poly(2.10) was not stable enough on the surface of

the platinum electrodes to allow its characterization with CV and IR.

0.00025
0.00015 1
< 0.00005 -

-0.00005 A

-0.00015 r r . . r r r
0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6
E (V)

Figure 3.15 The electropolymerization of 2.10 in ACN. [Scan rate = 0.1 V/s, WE =
Platinum electrode, RE = Silver wire, and CE = Platinum wire]

The electrochemical properties of the verdazyl radical 2.11 were also studied using a 1 M
n-BusNPF¢/ACN solution. The first CV scan of 2.11 is depicted in Figure 3.16. This CV
displays two main peaks. The first reversible peak at about 0.25 V (vs. Fc'/Fc)
corresponds to the oxidation of verdazyl radical. The reversibility of this peak shows the
stability of the cationic species 2.11xn, Scheme 3.8. The second irreversible peak at 0.73 V
(vs. Fc'/Fc) corresponds to the oxidation of terthiophene to form the corresponding

poly(terthiophene).
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Figure 3.16 The first CV scan of 2.11 in ACN. [Scan rate = 0.1 V/s, WE = Platinum
electrode, RE = Silver wire, and CE = Platinum wire]
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Scheme 3.8 Electrochemical oxidation of verdazyl 2.11

Figure 3.17 shows a 10 scan electropolymerization of verdazyl radical 2.11 using a 1 M

n-BusNPF¢/ACN solution. During the oxidation process, the peak current increases with

each successive scan, which shows the formation of a polymer film on the surface of

platinum electrode (Scheme 3.9). Unfortunately, poly(2.11) was also not stable enough

on the surface of the platinum electrode. Its characterization with CV and IR could not be

carried out.
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Figure 3.17 A 10 scan electrochemical oxidation of 2.11 in ACN. [Scan rate = 0.1 V/s,
WE = Platinum electrode, RE = Silver wire, and CE = Platinum wire]
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Scheme 3.9 Formation of poly(2.11) at the surface of platinum electrode
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3.5 Summary

The electropolymerization of all monomers 2.3, 2.5, 2.6, 2.9, 2.10, and 2.11 were
successfully achieved in a 1 M n-BusNPF¢/ACN solution. For all monomers, the peak
current increase with each successive scan indicating the deposition of the polymer on the
surface of the platinum electrode. Furthermore, the oxidation potential of the polymer
appeared at lower oxidation potential than its corresponding monomer due to the increase

in the length of conjugation of terthiophene.

For the first time, we were able to synthesize the verdazyl radical using the
electrochemical oxidation of tetrazane at 0.52 V. This was confirmed by the
characterization of the resulting polymers (poly(2.5) and poly(2.6)) using both CV and IR

spectroscopy.
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3.6 Experimental Section

3.6.1 Generalities:

All voltammetric experiments were done in acetonitrile (ACN) containing 1M n-
BusNPFe. A platinum working electrode was used (diameter 1.6 mm). Platinum wire was
used as an auxiliary (counter) electrode and silver wire was used as a reference electrode.
All oxidation peak potentials/oxidation potentials were reported versus an internal
reference ferrocene/ferrocenium redox. The working electrode (Pt) was polished on
alumina before use. Infrared spectra (IR) of samples prepared as KBr pellets were

measured with a BOMEM Fourier-transform infrared spectrophotometer.

3.6.2 Electrochemical oxidation of all new monomers

In a cell, (1.935 g, 5 mmol) of supporting electrolyte, n-BusNPF¢swas dissolved in 5 mL
of dry acetonitrile (ACN). A platinum electrode was used as the working electrode (WE).
Platinum wire was used as a counter electrode (CE) and silver wire was used as a
reference electrode (RE). The Pt electrode (WE) was polished with alumina before use.
Also, all three electrodes were cleaned very well with distilled water, and acetone and
were placed in the glassy cell. The background scan was run. After that, 20 mg of the
monomer was added to the cell. The anodic potential was applied to perform the

electrochemical oxidation.

3.6.3 Infrared spectroscopy (IR) of the polymers

All polymers were taken off the electrode surface. They were then washed with CH,Cl,
and dried under vacuum. The KBr pellet was prepared by mixing a minimum amount of
the polymer with KBr powder. A portion of the mixture was placed in a KBr press to
form a pellet. The IR of the KBr pellet was recorded using a BOMEM Fourier-transform

infrared spectrometer.
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Chapter 4. Conclusions and Future Work

4 Conclusions

The family of verdazyl radicals has been extensively studied due to their efficiency as
ligands for transition metals, spin labels, as well as components of magnetic and
conducting materials. Most examples of stable radicals were discovered by accident, and
some effort has been placed towards the design of stable radicals. The family of verdazyl
radical is the only class of organic radicals that have high stability comparable to

nitroxides.

Materials with multiple properties have attracted a great deal of attention for their wide
application in several fields such as photovoltaic cells, magnetic materials and energy
storage. We are interested in the preparation of new conducting materials, which combine
properties of stable free radicals and polythiophenes. So, two 1,5-diisopropyl-6-
oxoverdazyl radical functionalized terthiophenes have been successfully prepared 2.6 and

2.11 (Scheme 4.1).

N

R
/
—N
/ >:O
—N
\
R

(ox)/Pt (ox)/Pt R = isopropyl

N

R
/
—N
/ >:o
N—N
\
R

Scheme 4.1 Verdazyl radical functionalized oligo/polythiophenes
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Radical functionalized terthiophenes 2.6 and 2.11 are very stable in the presence of air
and organic solvents. Their oxidation using electrochemical methods affords the
corresponding poly(2.6) and poly(2.11). Poly(2.6) has been characterized by CV and IR.

The characterization of poly(2.11) is underway.

Surprisingly, the electrochemical oxidation of the radical precursors (6-membered
heterocyclic ring) yields the verdazyl radical. To the best of our knowledge, it is the first
synthesis of verdazyl radical using electrochemical method (Scheme 4.2). It is a new

green synthetic route for verdazyl radicals.

0 (0]

R R R =isopropyl R R
N )k / AN /
T "|‘ PYACN T T
HN YNH 0.526 V vs Fc*/Fc' NYN °
Ar Ar = terthiophene Ar

Scheme 4.2 Electrosynthesis of verdazyl radicals

In addition to IR and CV, further characterizations of poly(2.6) and poly(2.11) using
EPR, UV-vis and molecular orbital calculations are currently underway. Furthermore,
magnetic properties of these polymers may find a great interest in the preparation of

magnetic materials.

Attempts to prepare new radical functionalized oligo/polythiophene as described in
Scheme 4.3 are currently in progress. In this type of verdazyl radical, the formazan has
to be formed to give the verdazyl radical. The synthesis of formazan can be done
according to literature procedures'"” under biphasic conditions through the coupling

reaction of an aryldiazonium chloride salt with arylhydrazones in the presence of a base.
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Appendix 1 'H NMR spectrum expansion of compound 2.5 in DMSO
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Appendix 2 °C NMR spectrum expansion of compound 2.5 in DMSO
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Appendix 3 "H NMR spectrum expansion of compound 2.8 in CDCl;
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Appendix 4 °C NMR spectrum expansion of compound 2.8 in CDCl;
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Appendix 5 "H NMR spectrum expansion of compound 2.9 in CDCl;
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Appendix 6 °C NMR spectrum expansion of compound 2.9 in CDCl;
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Appendix 7 "H NMR spectrum expansion of compound 2.10 in CDCl;
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Appendix 8 °C NMR spectrum expansion of compound 2.10 in CDCl;



