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"Quand vous avez éliminé limpossible, ce qui reste, méme improbable,
doit étre la vérité.”
Sherlock Holmes

Le signe des quatre, Sir Arthur Conan Doyle
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CHAPTER 1

Introduction

Abstract

This introduction deals with two different concepts that can appear
unrelated to the unadvertised reader. Indeed, self-assembly of block copo-
lymers and batteries seem at first unrelated. Although, this thesis focuses
on the development of new cathodic organic materials, based on block
copolymer self-assemblies, for the development of a mew generation of
nanostructured secondary batteries. Consequently, in a first part, the
focus is made onto block copolymers: from their synthesis, which has be-
come more accessible thanks to the development of controlled radical poly-
merization techniques, to the self-assembly properties of such high value
materials. Indeed, block copolymers can self-assemble in thin films and
mn solution, leading to the formation of nanostructured materials. These
properties have been widely employed in a wide range of applications from
nanotechnologies to life sciences. In a second part, the development of
primary and secondary batteries over the past decade is briefly reviewed.
Indeed, chemical storage appears to be the most efficient way to obtain
nomad electrical energy.
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1.1 Polymers and block copolymers

The Ozford dictionary on-line defines a polymer as "A substance
which has a molecular structure built up chiefly or completely from a
large number of similar units bonded together." Therefore a polymer is
a macromolecule made of the repetition of smaller molecules covalently
linked together and named monomers. Polymers are characterized by a
degree of polymerization (DP) corresponding to the number of repeating
units forming the polymer. The DP can be determined by dividing the
molar mass of the polymer by the molar mass of the repeating unit.!
Since a polymeric sample is usually constituted of a distribution of chains
with different lengths, a molar mass distribution is used in order to
describe the relation between the number of moles of each polymer chain
length (N;) and the molar mass (M;) of that species. Depending of the
used statistical method, different average molar masses can be obtained:
number average molar mass (M,,), weight average molar mass (M) and
7 average molar mass (M.) (Equations 1.1). The ratio between M,, and
M,, gives the molar mass dispersity Djs,' measuring the distribution of
molar masses in a polymer sample. A Pj; = 1 corresponds to the ideal
case where all polymer chains have the same size. Proteins are a natural
example of a polymer with a P of 1.

— > M;N; i - S MZN; i — S MEN;

M, = = = 1.1
" STN; Y ST M;N; °S M2N; (1.1)

A homopolymer is constituted of only one monomer species and a
copolymer is composed of two or more different monomer species. Dif-
ferent types of copolymer exist depending on the monomer species ar-
rangement along the chain: statistical (or random) copolymers, gradient
copolymers, alternating copolymers and block copolymers, correspond-
ing to copolymers where the monomer species are respectively disposed:
randomly, with a gradient, alternatively and sequentially (Figure 1.1).

Block copolymers can take different architectures depending on block
disposition (Figure 1.2).l*l Due to the covalent bond between the blocks
constituting the copolymer, block copolymers present several advantages
over other copolymer types. When the constituting blocks are immisci-
ble, a phase separation limited in space occurs, giving block copolymers
the possibility to form ordered nanostructures (Section 1.3). Due to they
self-assembly properties, block copolymers have attracted a great interest

! According to TUPAC, the term dispersity and its symbol P should be preferred
over the term polydispersity index and its acronym PDI. ]
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00 &6 000

Statistical copolymer

Alternating copolymer

Gradient copolymer

Block copolymer

Figure 1.1: Types of copolymers with two different monomer species. Il

over the past decade. In bulk, block copolymers can be used as thermo-
plastic elastomers. In thin films, the range of applications spans from
filtration membranes to nanotemplates.®! Self-assembly can also occur
in solution by using a selective solvent to form micelles and vesicles. (6]
Micelles and vesicles are used in medicine as drug delivery vehicles and
in chemistry as nano reactors.!>”) The variety of shapes and structures
available for block copolymers added to the variety of monomer species
with radically different properties allow block copolymers to be used in
a wide range of applications. 1489

e VY ~ N\
AB linear diblock ABC linear triblock
AN ~\/ '\ A
AB graft copolymer ABA linear triblock

M

5

AB cyclic AB star AB four arms
diblock triblock copolymer

Figure 1.2: Typical architectures of block copolymers.
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1.2 Synthesis of block copolymers

Block copolymers were initially produced by living anionic polymer-
ization, which consists of adding monomers to an anionic chain carrier.
Anionic polymerization, as cationic polymerization, is a living polymer-
ization belonging to the chain growth polymerization class. The Inter-
national Union of Pure and Applied Chemistry (IUPAC) defines a living
polymerization as "A chain polymerization from which chain transfer and
chain termination are absent."!l (Figure 1.3) i.e. monomers will add to
the reactive chain end until their full consumption. Moreover, the ad-
dition of monomers to the system will restart and continue the chain
growth. Usually, living systems also present a fast initiation step com-
pared to the propagation, allowing all chains to grow at the same time.
Unfortunately, living anionic polymerization presents some drawbacks
such as the extreme reactivity of the anionic species toward interfering
electrophiles, making the technique difficult to handle. [*0]

- Initiation

I— P

P +M PM
- Propagation
PM + M PM;
PMz +nMm PMasn
- Termination
PM, * PM, PMa,
- Transfer

PMp * T——— pM, + T

*

™

T+ M

TM +nM TMp4q

*

Figure 1.3: Chain growth polymerization steps. Where * is an active

center e.g. a cation, an anion or a radical. Reproduced from Ref. [l

In the 1990’s controlled radical polymerization (CRP) techniques
were developed, allowing the synthesis of well-defined polymers and block
copolymers with a wide range of architectures.['2l A controlled radical
polymerization presents a radical chain carrier. CRP is similar to liv-
ing polymerization but presents minimized steps of chain transfer and
chain termination (Figure 1.3). Of course, radicals are highly active
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species and can side react during the polymerization process. Moreover
transfer and termination processes compete with the propagation step,
leading to uncontrolled polymer size with broad dispersity. In order to
limit these undesired steps, CRP are based on an equilibrium between
active species, i.e. growing radicals, and dormant species, i.e. the re-
versibly deactivated propagating radicals (Figure 1.4). Such equilibrium
is largely displaced to the dormant form, leaving a very low concentration
of radical species at a given time. Indeed, the kinetic equations reveal
that the propagation rate is proportional to the radical concentration
in the system (Equation 1.2). On the other hand, the termination rate
is proportional to the square of the radical concentration in the system
(Equation 1.3). Therefore, a decrease of the radical concentration at
a given time will proportionally decrease the propagation rate but will
decrease more dramatically the termination rate.

+X
P, — P,—X
e
M
Active Dormant

Figure 1.4: CRP main equilibrium between an active radical (P,*) and
its dormant form (P, —X). M stands for monomers and X stands for the
controlling agent.

Ry = kp[M][P] (1.2)
Rter = kter [PHP]
Different methods of CRP have been developed depending on the

implementation of the active/dormant equilibrium. The mostly used
methods are:

e NMP: nitroxide mediated polymerization.
e RAFT: reversible addition-fragmentation chain transfer.

e ATRP; atom transfer radical polymerization.

Both NMP and ATRP are based on a reversible encapsulation of
the active radical. The cap is a stable nitroxide radical in NMP and
an halogen in ATRP. RAFT is based on a free radical polymerization
mechanism (FRP), usually initiated by Azobisisobutyronitrile (AIBN),
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where a chain transfer agent (CTA) is added to the system. The active
radical undergoes a degenerative transfer to the CTA, forming a dormant
chain and releasing another polymer chain, previously added to the CTA,
which will come back to its active form (Figure 1.5).

X Xo XX X X

Pi \+ Y Pn —= P Py —= P74+ 4 Pnm

Figure 1.5: RAFT main equilibrium. An active chain add to the CTA,
forming a dormant species and releasing a dormant chain previously
added to the CTA.

1.2.1 Atom transfer radical polymerization

ATRP is a powerful and widely used CRP technique, allowing the
polymerization of a wide range of monomer types such as styrenic, acry-
late, methacrylate, acrylamide and methacrylamide and the formation
of a wide range of architectures.['?l

Simultaneously developed in 1995 by Professor Krzysztof Matyjas-
zewskil"*716] and Professor Mitsuo Sawamoto,[!”) ATRP is based on the
establishment of a reversible equilibrium between an active and a dor-
mant species. This equilibrium is based on the reversible reduction of the
halide chain end, generating the propagating radicals. The reduction is
catalysed by a metal-ligand complex formed by the association of copper
bromide (CuBr) or copper chloride CuCl salt with a bidentate or triden-
tate nitrogen ligand e.g. bipyridine (bpy). Several transition metals are
available but copper is the most widely used due to its efficiency in term
of cost and versatility. 8]

Figure 1.6 shows the mechanism of ATRP catalysed by a copper
halide (Cu'X). The initiation step consists in the formation of a free
radical (R®) via the reduction of an initiator i.e. an alkyl halide (R—X).
The reduction is catalysed by a CuIX/ L metal ligand complex. During
the catalysis, the metal Cu' is oxidized into Cu*! and the halogen is trans-
ferred from the initiator to the metal-ligand complex, forming Cu!Xy /L.
The free radical R® reacts with the first monomeric unit, initiating the
polymerization. During the propagation step, the active chain is grow-
ing by adding monomers. CuXy/L transfers an halogen to the growing
chain, leading to the dormant species R,,—X and the Cu' catalyst form.
The inactive dormant chain is reduced by the Cu'X/L, regenerating the
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active growing chain and allowing the monomer addition. Such oxydo-
reduction cycles continue all over the polymerization process, allowing a
control of the polymerization reaction by drastically decreasing the ter-
mination and transfer reactions thanks to the reduced concentration of
radicals present in solution.

This section presents the bagis of the ATRP and the interested reader
is encouraged to take a look in the literature to understand all the factors
influencing the control in ATRP and all the potential of this technique
for well-defined polymer synthesis. 131921l

M,—X My—X
CuX/L < CuX/L >
CUXz/L . CUXZ/L .
> RM, »RM,
M M
Propagation

[
>

Dormant

Initiation O

ml

Active

Figure 1.6: Mechanism of ATRP catalysed by copper halides. X stands
for an halogen, usually a bromide or a chloride.

Over the years, Matyjaszewski has developed different variants of the
ATRP process. In reverse ATRP, a conventional free radical initiator is
used in combination with a Cul complex, generating in situ the I-X
initiator and the Cu' complex.[??) In AGET-ATRP,? a classical ATRP
initiator and a Cu! complex are added to the reaction. The Cul com-
plex is generated in situ by adding a non-radical forming reducing agent,
e.g. ascorbic acid, to the solution.[?>?l Both reverse-ATRP and AGET-
ATRP present the advantage to generate in situ the more air sensitive
Cu'. ARGET ATRP? is similar to AGET-ATRP but in ARGET-ATRP
the reducing agent constantly regenerates the Cu' species from Cul'l
species irreversibly formed during termination processes. 25,26] Therefore,
in ARGET-ATRP the copper catalyst concentration can be decreased to
a few ppm and the reaction can be performed in the presence of air.[24
eATRP consists in using an electric current to reduce Cu'! in Cu' and
vice versa. 7]

% Activator Generated by Electron Transfer (AGET).
3 Activator ReGenerated by Electron Transfer (ARGET).
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1.2.2 SARA-ATRP or SET-LRP?

A last variant of ATRP consists in using a mix of Cu’ and Cu'! as cat-
alytic system. Since 2006, Professor Matyjaszewski (SARA-ATRP)[28:29]
and Professor Haddleton (SET-LRP)[B%31 are under discussion about
the involved mechanism. 323l

In supplementary activator and reducing agent atom transfer radical
polymerization (SARA-ATRP), Professor Matyjaszewski postulates that
Cu® acts as a supplemental activator and a reducing agent of Cu'l via
an inner-sphere electron transfer (ISET) mechanism, (re)generating the
main activator Cu' through comproportionation (Figure 1.7.a).[34l

In single-electron transfer living radical polymerization (SET-LRP),
Professor Haddleton postulates that alkyl halides are activated by Cu’
via an outer-sphere electron transfer (OSET) process, generating Cul
species. Cu! is instantaneously disproportionated into Cu® and Cu'! and
doesn’t participate to the alkyl halides activation. The dormant species
are activated by Cu’ and active species are deactivated by Cu'l. A min-
imal amount of comproportionation maintains a suitable concentration
of Cu® activator (Figure 1.7.b).[36-38]

Since both mechanisms are similar and differ only about the species
involved into the alkyl halides activation, we will not take part into
the discussion about the correct mechanism and the generic term of
copper(0) mediated reversible-deactivation radical polymerization (Cu®-
RDRP) will be employed for both SET-LRP and SARA-ATRP processes.
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a. SARA ATRP
P,-X P,-X
Activation Activation
e 1 SR I
Cu Deaclivation CuXiL " Deactivation Cu XZIL
I A Py 4 P, A ‘
Disproportionation
Compraportionation
b.
SET-LRP
Pn‘x Pn‘x
Activation Activation
Cu’ === = culXIL < ee——= CuX,/L

Deactiyation

S Il

L L L L L L L T T dem e s e s n s r s e E e .- -
Disproportionation
Comproportionation

Figure 1.7: The mechanism of SARA-ATRP (a) and SET-LRP (b). Bold
arrows indicate major reactions contributing to the polymerization pro-
cess. Solid arrows indicate supplemental reactions. Dashed arrows in-
dicate unessential reactions that can be neglected. Reproduced from

Ref. [37]

1.3 Self-assembly of block copolymers

As previously mentioned, block copolymers can self-assemble in solid
state and in solution to form periodic nanostructures. IUPAC defines
self-assembly as "spontaneous and reversible organization of molecular
entities by noncovalent interactions".[3%] They clarify that "self-assembly
is a process in which a system of pre-existing components, under specific
conditions, adopts a more organized structure through interactions be-
tween the components themselves". In the case of block copolymers, the
phase separation occurs due to the mutual immiscibility of the blocks.
Since the blocks are linked together the phase separation process is lim-
ited in space, leading to a microphase separation, i.e. the formation of
periodic nanostructures. Therefore a wide range of nanostuctures can be
observed as illustrated in Figure 1.8. These self-assembly properties of
block copolymers have been widely studied over the past decades leading
to applications in a variety of fields from medicine, 74041 to engineer-
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ing, [12:43]

Spherical

Cylindrical, C, and C;,

<

amellar,

Cylindrical micelle

Block copolymer Vesicle

Figure 1.8: Typical self-assembled structures obtained from block copo-
lymers in bulk, thin film and solution. In bulk: body centered cubic
packed spheres (BCC), hexagonal packed cylinders (HEX), gyroid, sim-
ple lamellar (LAM). In thin films: lamellar perpendicular (L ) or parallel
(Ly) to the surface, cylindrical perpendicular (C ) or parallel (C)) to the
surface and spherical. In solution: spherical micelles, cylindrical micelles
and vesicles. Reproduced from Ref. [+

1.3.1 Self-assembly in bulk

Phase separation in bulk has been widely studied.['2:45-53] Phase sep-
aration behavior of block copolymers in bulk is governed by the xN
parameter. Y is the Flory-Huggins interaction parameter and N is the
total degree of polymerization. Roughly, N represents the entropy of the
system and y the enthalpic contribution to the phase separation.

1
— 1.4
X o (1.4)
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Indeed, from a thermodynamic point of view, the phase separation
will be spontaneous when the free energy of mixing (AG,,) is disadvan-
taged, i.e. AGy, > 0 with:

AG,, = AH,, — TAS,, (1.5)

where AH,, is the enthalpy of mixing and AS,, is the entropy of
mixing.[54]

In a mixing, the entropy is generally favored since the mixing in-
creases disorder (AS,, > 0). On the opposite, the enthalpy term does
not favor the mixing (AH,, > 0). Consequently phase separation is fa-
vored, i.e. the mixing is unfavored (AG,,), when the entropic gain of
mixing (AS,, > 0) doesn’t balance the enthalpy of mixing term (AH,,):

TAS, < AH,, (1.6)

This is often the case for polymers, since the constrains on chain
configurations imply a low entropic contribution. Therefore, phase sep-
aration in block copolymers is favored when the DP increases and when
the temperature decreases (equation 1.4).

Another factor influencing the phase separation in block copolymers
is the composition of the polymer, i.e. the volume fraction f4 of the
blocks. For a block copolymer A-B, f4 corresponds to the volume frac-
tion of A. In consequence f4 = 0 corresponds to a homopolymer of B
and f4 = 1 corresponds to a homopolymer of A. The xyN value at which
phase separation occurs for a given f corresponds to the order-disorder
transition (ODT). By plotting xN as a function of f4 a phase diagram
predicting the different accessible morphologies is obtained. The theoret-
ical phase diagram of PS-b-PI block copolymers is illustrated in Figure
1.9. When both blocks have the same volume fraction, i.e. fq = 0.5,
a lamellar structure is observed. f4 = 0.5 corresponds to the minimum
value of YN where the ODT occurs (y N = 10.5 in this example). Below
that value the blocks are miscible. Above that value the phase separa-
tion occurs. Three regimes of phase separation exist depending on the
value of Y N:[47-49,53]

e YN =~ 10 — 12 Weak segregation limit (WSL).
e 12 < xN <100 Intermediate segregation limit (ISL).

e YN > 100 Strong segregation limit (SSL).
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Figure 1.10 represents the evolution of structure and composition
profiles from a WSL to a SSL regime. For a xN < 10 no phase sep-
aration is observed and the composition profile is homogeneous. For a
SSL with xN > 10, the phase separation is well defined and the com-
position profile corresponds to a strongly microphase segregated pattern.

120

T T ' L] ¥ I T T T ' Ll ¥ I L) i
100 | ‘I'l ]

g LAM . -
scc 80 HEX (37-50, 50-63%) HEX g BCC
(0-21%) r ) (79-100%)
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xN 60 - ]
40 [ j

i Gyroid h

i (33-37%, 1

o0 | 63-67%) h
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Figure 1.9: Theoretical phase diagram of PS-6-P1I block copolymers with
the main morphologies accessible and the corresponding volume frac-
tions (f). BCC, HEX and LAM stand respectively for body centered
cubic packed spheres, hexagonal packed cylinders and simple lamellaes.
Adapted from Ref.[55-57]

Depending on the regime, the domain size at equilibrium can be
predicted. 58]

e For SSL regime: Dy ~ N2/31/6,
e For WSL regime: Dy ~ N1/2y0.

Symmetric block copolymers (f4 ~ 0.5) form lamellar structures,
alternating the layers of the constituting blocks. When the block copo-
lymers become asymmetric, other morphologies are obtained in order to
minimize the interaction surface. Since curved surfaces are energetically
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XN <<10 xN<10 xN210 xN>>10

Disordered————>ODT

Figure 1.10: Evolution of structure with the combined parameter yN
for a symmetric diblock copolymer with f = 0.5. When yN ~ 10, small
variations in system entropy (~ N~!) or energy (~ ) lead to ordered
(xN > 10) or disordered (xyN < 10) states. A homogeneous composition
profile ¢4 versus r results when entropic factors dominate (xN < 10),
whereas a strongly microphase segregated pattern characterizes the lim-
its where energetic factors prevail (YN > 10). Adapted from Ref.[>!l

more favorable, curved phases are formed. For 0.2 < f4 < 0.3 cylin-
drical structures (cylindrical micro-domains of A inside a matrix of B)
are obtained. For lower values of f4 spherical micro-domains of A inside
a matrix of B are observed. Of course by increasing f4 the opposite
structures are achieved, i.e. micro-domains of B inside a matrix of A
(Figure 1.9). Therefore, the morphology can easily be tuned by chang-
ing the composition and the chain length of block copolymers, leading
to tailor-made nanostructured materials. [+1:5658-64]

Finally, it’s generally admitted that a narrow dispersity is manda-
tory for obtaining long-range ordered microphase separation. However
this thought begins to be re-examined. %° For example Mahanthappa et
al. have obtained microphase separation with lamellar and cylindrical
morphologies for PS-b-PMMA presenting a broad dispersity up to 1.7.[66]

1.3.2 Self-assembly in thin films

Thin films can be obtained using various techniques such as spin-
coating, dip-coating or drop casting. The self-assembly of block copoly-
mer in thin films is similar to the self-assembly in solid state excepted
that the thickness of the polymer layer is lower than 1 um. Impor-
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tant factors such as the Flory-Huggins parameter y, the total degree of
polymerization N and the volume fraction f4 are still influencing the
self-assembly process. However, due to the film thickness, some factors
negligible in bulk are playing an important role in thin films.

Interface effects

One additional factor which plays a role in thin film self-assembly is
the interfacial interaction. Two interfacial interactions are distinguished:

e Film/substrate interface, corresponding to the interfacial tension

VYsubstrate-

e Film/air or film/superstrate interface, corresponding to the inter-
facial tension g and Ysuperstrate-

Usually micro-domains are oriented parallel to the surface due to the
preferential interaction of one block with one interface (Figure 1.11.a).[1%l
[67.68] T order to obtain micro-domains perpendicular to the surface
the interactions of both blocks with the surface need to be the same.
This requirement can be met as the interfacial tensions () between the
blocks and the surface are equal (Figure 1.11.b). This phenomenon has
been demonstrated by Hawker et al.9 They demonstrate that without
control of the film/air interface a parallel orientation of lamellar micro-
domains is obtained. Indeed, the PS block interacts preferentially with
the air due to its lower surface energy. However by deposing a non pref-
erential surface on the top of the polymer film, the lamellaes are oriented
perpendicular to the surface. A surface coated with a random copolymer
using the same monomeric units than the self-assembled block copoly-
mer was used as non preferential surface.

How to control the phase separation of block copolymer thin
films

Techniques used for the formation of thin films generally imply a
kinetic process leading to nanostructured thin films with defects and
a lack of long-range ordering. In some cases no nanostructuration is
observed after thin film formation. In order to increase the phase sep-
aration, reduce the defects and improve the long-range order, different
techniques of annealing are employed. Indeed, the annealing process al-
lows the polymer chains to move and reorganize, enabling them to reach
a more stable state, and a better phase separation. The main annealing
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a) b) Superstrate
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Figure 1.11: Influence of the interfaces on the orientation of lamellar
micro-domains for an AB diblock copolymer. a. with preferential in-
teractions, b. without preferential interactions. v = interfacial tension.
Reproduced from Ref. [70]

processes employed are thermal annealing and solvent annealing. Ther-
mal annealing consists in heating the sample above the T, and below
the Topr of the constituents.[™!l Solvent annealing consists in swelling
the polymer film with solvent vapors or super critical COs9 in order to
allow polymer chains to reorganize.["? Ober et al. have reported sol-
vent annealing of poly(2-hydroxyethyl methacrylate)-block-poly(methyl
methacrylate) (PHEMA-b-PMMA) by using mixtures of selective sol-
vents. 3]

The thickness of the swollen film is a key parameter for controlling the
thin film morphology. Indeed, as demonstrated by simulations and ex-
periments, an incommensurability between the natural period of the co-
polymer and the film thickness rises the chain stretching that can induce
an orientation of the microdomains perpendicular to the surface.[7478l
Thanks to this, perpendicular oriented domains can be obtained even in
the presence of preferential interfacial interactions.["”l Knoll et al. have
solvent annealed a triblock copolymer of polystyrene-b-polybutadiene-
b-polystyrene (SBS) in chloroform. The annealing process introduces
variations in the film thickness and atomic force microscopy (AFM) pic-
tures reveal a variation of morphology as a function of the film thickness
(Figure 1.12).167]

Another factor influencing the final morphology during a solvent an-
nealing is the solvent evaporation rate.[79-81 Indeed, the solvent evap-
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Figure 1.12: Influence of the film thickness onto the morphology. a,b:
tapping-mode AFM phase pictures of two SBS films with different initial
thickness after solvent annealing. A change of morphology as a function
of film thickness is observed (c). d. Simulation profile of the same
triblock copolymer film. Reproduced from Ref.[67]

orating from the swollen film induces a gradient of concentrations into
the film (Figure 1.13). The gradient goes from the most concentrated,
i.e. the substrate, to the less concentrated, i.e. the surface. The transi-
tion from the disordered to the ordered state is driven by the decrease
of solvent concentration. This transition extends through the film to the
substrate following the opposite direction of the solvent gradient, leading
to a perpendicular orientation of the micro-domains.

Some more exotic processes have been developed in order to ame-
liorate the phase separation and increase the micro-domains ordering of
block copolymer thin films:

e Electric field: thanks to the difference of dielectric constant of the
copolymer blocks, the micro-domains orient parallel to the electric
field lines. [82:83]

o Templated self-assembly onto nanopatterned surfaces: a structured
substrate orients the morphology thanks to the preferential chem-
ical affinity of one block to the template. [4:56:8%85]

e Epitaxy: In the case of copolymers with a crystallizable sequence,
domain orientation is driven by the preferential interaction of the
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Solvent
Evaporation

DISORDERED ORDERED

Figure 1.13: Schematic representation of micro-domains ordering via the
application of a solvent concentration gradient onto a block copolymer
thin film. 7 is the film thickness and ¢ the solvent gradient. Reproduced
from Ref.[80]

crystal growth onto the surface of another crystal. The growth fol-
lows one crystallographic direction of the crystalline substrate. [86]
Applications

Block copolymer thin films have been widely studied in academic and
industrial areas due to they many interesting features such as:

e Self-assembly properties leading to a variety of morphologies.
e Small amount of material required for their fabrication.
e Physical properties different from the material bulk properties.

Block copolymer thin filins are used in a wide range of applications
like filtration membranes, #1878 nanotemplates[43:26:59:90911 41 d mem-

92 Their range of applications has already largely been de-
5,41,56,59]

ory devices.
scribed into different reviews. |

1.3.3 Self-assembly in solution

The self-assembly of block copolymers in solution is driven by the
affinity of the polymer to the solvent. A distinction is made between a
non-selective and a selective solvent. A non-selective solvent corresponds
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to a solvent in which all the blocks constituting the copolymer are sol-
uble. Then the polymer chains adopt a random-coil conformation and
no phase separation is observed. A selective solvent is a thermodynami-
cally good solvent of one block and a precipitant of the other one. The
dissolution of the block copolymer into a selective solvent leads to the
formation of micelles. The insoluble blocks associate to form the core
of the micelle while the soluble ones form the corona, surrounding and
stabilizing the core in solution (Figure 1.14).[6:93-96] Another method al-
lowing the preparation of micelles consists of dissolving the copolymer
into a non selective solvent. The selective solvent is then added dropwise
to the solution, inducing the precipitation of one polymer block. Finally
the non selective solvent is removed from the solution.

g ,\/\,\ Selective solvent
/ ——————————————
\ B e —
. Non selective solvent

unimer

Micelle

Figure 1.14: Schematic representation of a micelle in solution. Repro-
duced from Ref. [**]

In solution, micelles are generally in dynamic equilibrium with the
unimers. So a polymer chain can transit from one state to the other
depending on the core polymer characteristics. When the core is made
of a poorly solvated block, e.g. polystyrene, a suppression of the equi-
librium is observed and the micelle is kinetically frozen. Another way to
kinetically freeze the micelle is by cross-linking of the polymer core or

corona. [94:97:98]

An important factor influencing the micellization of block copoly-
mers is the polymer concentration. The critical micellization concentra-
tion (CMC) is the minimal concentration of copolymers in solution, at a
given temperature, where the first micelle is formed. Below the CMC co-
polymers are present as unimers in solution and no micelles are observed.
Above the CMC, the concentration of unimers stays constant and the
formation of micelles is observed (Figure 1.15). This definition of the
CMC is theoretical since it is almost impossible to precisely determine
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the exact concentration at which the first micelle is formed. In practice,
the CMC corresponds to the concentration at which a sufficient number
of micelles is formed in order to be detected by a given method.[%] By
increasing the concentration, the formation of a micellar gel can be ob-
served. At this point, the micelles are ordering themselves into lattices.
The critical gel concentration (CGC) is consequently the minimal con-
centration of copolymer in solution, at a given temperature, where the
gel is observed. As previously mentioned, the micellization and there-
fore the CMC are temperature dependent. Indeed, the unimers/micelles
equilibrium is a thermodynamic equilibrium and is for that reason in-
fluenced by the temperature. Likewise to CMC a critical micellization
temperature (CMT) can be defined as the temperature, at a given poly-
mer concentration, where micelle formation is observed.

S I )
leoo

000
000
000

C<CMC CMC<C<CGC C>CGC

Figure 1.15: Schematic representation of the critical micelle concentra-
tion (CMC) and the critical gel concentration (CGC) in a block copoly-
mer solution. Reproduced from Ref. 100l

As expected the block copolymer composition has an influence over
the structure of micelles. Depending on the length of the block consti-
tuting the core two limiting cases may be observed:

e Star-like micelles with a small core compared to the corona (Figure
1.16.a).

e Crew-cut micelles with a large core compared to the corona (Figure
1.16.b).

The micellization process is characterized by important parameters. The
aggregation number (Z) indicates the aggregation of a given number of
block copolymer chains. The core is defined by a radius R., and the
overall micelle by a radius Ry, (Figure 1.16.b). Other ways to define the
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dimensions of micelles are the radius of gyration Ry, which character-
izes the mass distribution of the micelles around the mass centre of the
particles, and the hydrodynamic radius Ry, which corresponds to "the
radius of an equivalent sphere, experiencing during its Brownian motion
mn solution a friction f identical in magnitude to that of the scattering
particle analysed in dynamic light scattering".[101:102]

Figure 1.16: Schematic representation of: a. "starlike" micelle, b. "crew-
cut" micelle. R, and R,, are indicated in b. Reproduced from Ref. [6]

Similarly to the self-assembly in solid state, key parameters that con-
trol R¢, Ry, and Z are the degree of polymerization of the polymer blocks
N4, Np and the Flory-Huggins parameters x. Indeed, the free energy
of a micelle is determined by three factors:

e The interfacial energy of the core/shell interface.
e The stretching energy of the block chains.

e The repulsion among coronal chains.

Micellization in organic solvents

According to excellent reviews on micelles formed in organic media,
the micellization in organic solvents can usually be considered as an
enthalpy-driven process.[98:103,104]

In organic solvents, compared to aqueous media, two types of block
copolymers can be employed. Those with two hydrophobic blocks and
those with one hydrophobic block and one hydrophilic block, forming
respectively "classic" micelles and "reverse" micelles, i.e. micelles with
a hydrophilic core surrounded by a soluble hydrophobic corona. In or-
ganic media the more general terms solvophilic and solvophobic can be
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employed to designate respectively a block soluble in the solvent and a
block insoluble in the solvent.

Double-hydrophobic block copolymer micelles are mainly controlled
by the solvent and its interactions with the copolymer. Therefore, chang-
ing the organic solvent make possible to tune the micellization of such co-
polymers. For that reason Ry, R., Z and other parameters are expected
to drastically change in function of the solvent employed, as demon-
strated by Pitsikalis et al. for PS-0-PMMA block copolymers dissolved
into ethylacetate or methylacetate. Both solvents are selective solvents
of the PS block. However, unimolecular micelles were observed in ethy-
lacetate whereas larger aggregates were observed in methylacetate. [97]

Self-assembly of amphiphilic block copolymers into organic solvents
leads to reverse micelles. The corona is made of hydrophobic blocks
and the core is made of the hydrophilic ones, e.g. PEO,PMMA and
PAA [98,105-108]

Morphologies of micelles

Similarly to the self-assembly in the solid state, micelles can take
different morphologies: spherical micelles, cylindrical micelles and poly-
mersomes (vesicles). A simple approach allowing the prediction of self-
assembled structures has been proposed by Discher et al. and is based
on the mass fraction of the hydrophilic block (fhydrophitic) to the total
mass of the copolymer: (109

Spherical micelles: frydrophitic > 45%.

Cylindrical micelles: frydrophitic < 50%.

Polymersomes (vesicles): frydrophitic ~ 35%.

Inverted microstructures (e.g. large compound micelles):
fhydrophilic < 25%

Of course numerous factors such as the preparation method, the pres-
ence of salts inside the solution, the starting selective solvent and others
can influence the micellization. As a consequence this general rule should
be seen as a trend-line.

Micelles are mainly used in solution as drug delivery systems for
medical purpose!"40:93110-113] Other applications are nanoreactors!'l
and templates for nanoparticles synthesis. [90-115,116]



1.4. Batteries 23

1.4 Batteries

The industrial and technological development of the past century has
brought new needs for energy production. Energy is usually powered via
electricity, mainly obtained by converting fossil fuel or nuclear energy
into heat. The heat is next converted into electrical energy and sent
through the grid in order to supply all needing devices and equipments.
This process, beside its low energy efficiency, involves a permanent con-
nection to the grid. Therefore two main reasons to store energy come

up:
e The energy produced now needs to be available later.
e The energy needs to be carried up with you.

Examples of the former include storing energy produced by green
and renewable processes, e.g. wind powered and sun powered energy.
Examples of the latter include portable applications like computer, cell
phones, electric cars and pacemakers. Over the past decades electro-
chemical power sources have appeared to be the most efficient way to
store energy. [117]

An electrochemical power source is a system capable of producing
electrical energy from chemical energy. Two kinds of electrochemical
cells can be distinguished: the galvanic cell and the electrolytic cell. A
galvanic cell involves a spontaneous reaction, i.e. AG < 0, when the
electrodes are connected via a conductor. An electrolytic cell involves a
non-spontaneous reaction, AG > 0, and an external potential needs to
be applied in order to drive the electrochemical reaction.

Electrochemical cells are divided into two compartments composed
of an electrode immersed into an electrolyte solution, kept apart by a
separator. The electrodes are the sites where the chemical reactions oc-
cur. They are sorted into two types: the anodes (-), giving up electrons,
and the cathodes (+), receiving electrons. The electrolyte is a solution
containing dissolved chemical species with a net electrical charge called
ions. The compartments are kept apart by a separator which allows ion
mobility. During the discharge, the electrons move spontaneously from
the anode (-) to the cathode (+). By convention the current flows in
the opposite direction than the electrons. The reaction occurring at the
cathode is the reduction, i.e. electrons are added to an atom or molecule.
The reaction occurring at the anode is the oxidation, i.e. electrons are
removed from an atom or molecule. A molecule that is reduced is called
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an oxidant and a molecule that is oxidized is called a reductant. The re-
actions occurring at the electrodes are named half redox reactions. Each
half redox reaction possesses an electrochemical potential (E) which mea-
sures the tendency of the the chemical species to acquire electrons, i.e.
to be reduced. It is measured in volts (V) relatively to the hydrogen ions
to hydrogen potential (H' /Hz). Indeed H' /Hs was chosen as a reference
and it’s half-cell potential was set at 0.00 V by convention. The Daniel
cell is a good example of an electrochemical cell (Figurel.17). It is based
on the redox reactions between copper and zinc for a standard potential
of 1.1 V (0.34 — (—0.76)) (Equation 1.7).

Zn — Zn®t 426 Eg 2+ jzn = —0.76V vs H /Ha (L.7)
Cu?t +2¢~ — Cu E%u2+/cu = +0.346V vs HT /Hy (1.8)

A simple galvanic cell usually produces a low cell voltage from 0.5
to 4 V. By plug-in several cells together a battery is obtained. Galvanic
cells connected in series increase the voltage of the battery and galvanic
cells connected in parallel increase the capacity of the battery. Two
types of battery are available: primary and secondary batteries. Pri-
mary batteries are non rechargeable, i.e. the electrochemical reaction is
irreversible. Therefore the battery is useless after discharge and can not
be reused. On the opposite, secondary batteries are based on reversible
electrochemical reactions and can be reused several times. By applying
an external electrical energy, the electrochemical process involved is re-
versed and energy is stored into the cell.

1.4.1 The history of batteries

On 20 March 1800, professor Alessandro Volta wrote a letter to the
prestigious Royal Society of London, describing the first primary battery.
It was made of alternating disks of zinc and silver paired together and
separated by a leather moistened with an aqueous solution of sodium
chloride. A superposition of one zinc disk, one leather with electrolyte
and one silver disk corresponds to one galvanic cell. Therefore the Volta
battery is constituted of zinc-electrolyte-silver elementary cells connected
in series (Figure 1.18). Since the dynamo will be invented by Gramme
70 years later, the Volta battery is the historically first sustained source
of electrical current. In 1834 Faraday proposed the battery science ter-
minology still in use today: electrode, anode, cathode, electrolyte, ion,
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Figure 1.17: Schematic representation of the Daniel cell. The active
components, i.e. zinc metal and copper ions, are separated. Reproduced
from Ref.[118]

anion and cation. The Daniel cell was developed in 1836 and marks the
beginning of modern battery technology.

One big advance in primary technology was the development of al-
kaline cells, i.e. alkaline electrolyte in place of aqueous one. They have
been developed and improved from 1881 with the zinc-copper oxide wet
cell invented by Felix Lalande and Georges Chaperon to 1912 when alka-
line zinc-manganese dioxide dry cells were described. However they were
not commercially available since 1949. Alkaline zinc-manganese diox-
ide finally found an important commercial success when Union Carbide
Corporation started to produce them in the standard cylindrical shapes
and sizes still used today. Figure 1.19 retraces the key developments in
primary batteries until nowadays. 118l

1.4.2 Secondary batteries

Rechargeable batteries are really interesting devices since they can be
employed multiple times before being discarded. One of the most known
example of secondary battery is the lead acid one, developed in the late
nineteenth and still in use today (Scheme 1.1, chemical reaction 1.9). As-
tonishingly, lead acid batteries have allowed the development of electric
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Figure 1.18: Schematic representation of the Volta silver zinc battery, A
stands for silver and Z for zinc. Reproduced from Ref.[118]
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Figure 1.19: Primary battery evolution. Reproduced from Ref.[118]

cars. In 1900, 40% of automobiles where powered by batteries since the
gasoline cars were considered unreliable and noisy. It is interesting to no-
tice that gasoline cars have been developed over one century for finally
coming back to electrically powered cars these days. Nickel-cadmium
(NiCd) batteries (Scheme 1.1, chemical reaction 1.10) have widely been
employed during the nineties, before being almost completely replaced
by nickel metal hydride (NimH)(Scheme 1.1, chemical reaction 1.11) and
Li-ion batteries. 129 NiCd batteries present two drawbacks: the presence
of an important memory effect* and the use of toxic cadmium metal.
During the last decade, despite a higher price, Li-ion batteries have

*A memory effect is the situation in which a battery loses its maximum capacity
when it is repetitively charged after being only partially discharged.
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overwhelmed NiCd and NimH batteries due to a higher energy density
(Figure 1.20). Indeed, lithium is the lightest and less dense metal and
presents the lowest redox potential (E%iJr/Li = —3.05V vs H' /Hy).

dischar
Pb + PbOs + 2 HyS04 ———= 2 PhSO, + 2H, O (1.9)

charge

discharge
Cd + 2Ni(0)OH + 2 HyO ———2 Cd(OH)s + 2Ni(OH),  (1.10)

charge

discharge
MH + Ni(O)OH ———— M + Ni(OH)s (1.11)

charge

Scheme 1.1: Battery reactions of different secondary batteries lead-acid,
nickel-cadmium and nickel-metal-hydride.
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Figure 1.20: Comparison of the different battery technologies in terms of
volumetric and gravimetric energy densities. Reproduced from Ref. [120]

Li-ion Batteries

The characteristic features of Li-ion batteries is that lithium is used
on both electrodes of the battery for electrochemical reactions. Li-ion
primary batteries, using lithium metal as anodic material, were initially
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developed due to they high energy density. However, their development
was a challenging task. Indeed, lithium metal tends to form dendrites
during charging, leading to a loss of active lithium (i.e a loss of capac-
ity), short-circuits and a risk for fire (1.21, a).['' In order to overcome
these limitations, lithium metal has been replaced by carbon materi-
als. Lithium ions intercalate into the carbon, taking advantage of the
lithium high density while avoiding limitations and safety concern of
lithium metal. Indeed, graphite anodes present a potential of 0.1 — 0.2V
vs Lit /Li.[122

Li-ion positive electrodes are constituted of lithium containing metal
oxides or phosphate compounds. Different types of positive electrodes

are available: [123:124]

e Lithium-cobalt oxide (LiCoOg).
e Lithium-manganese oxide (LiMnyOy).
e Lithium-iron phosphate (LiFePOy).

e Lithium-mixed metal oxides (LiNipgCog202,
LiNig.33Co00.33Mng 3302, LiNig.gCog.15Alp.502).

Li-ion electrolytes are lithium salt (e.g. LiPFg) dissolved into a mix-
ture of carbonated solvents (ethylene carbonate (EC), dimethyl carbon-
ate (DMC)). 11257127 Li-ion batteries are based on intercalation/extraction
processes. Lithium ions (Li") switch and intercalate from one electrode
to the other one during the charge/discharge process (1.21, b). The ex-
ample of a Li-ion battery made of a carbon anode and a LiCoOs cathode
will be discussed in more details.

During the electrochemical reduction of the negative electrode (charge
process), Li" ions are reduced to form metal lithium intercalated into
graphitic layers (Scheme 1.2, chemical reaction 1.12). An amount of x
Li intercalates per Cg unit of carbon. The value of x is included between
0 and 1. During the discharge process, i.e. the electrochemical oxida-
tion of the negative electrode, the reverse process occurs: Li is extracted
from the carbon electrode and Li" ions are released into the electrolyte
solution. [127:128]

A similar process occurs at the positive electrode. During charging
Li" ions exit LiCoOs and intercalate during discharging (Scheme 1.2,
chemical reaction 1.13). The value of x is comprised between 0 and 1.
LiMnsO4 and LiFePO4 present a three-dimensional structure in place



1.4. Batteries 29

+

Positive

Negative
(Li, Host 1)

(Lithium)

Non-aqueous
liquid electrolyte

b o\
W
+ -
Jeitive Non-aqueous Negative
(Li, Host 1) liquid electrolyte (Li, Host 2)

Figure 1.21: Schematic representation of Li-ion batteries. a. Recharge-
able lithium metal battery. The negative electrode shows a SEM picture
of growing dendrites. b. Li-ion battery. 0 < z < 1. Reproduced from
Ref.[120]

of a layered structure. However the intercalation process is similar and
Li" ions intercalate into the space available between the atoms of the
structure. [127:128]

Even if Li-ion batteries have dominated the market over the past
decade, they are facing issues such as the cost, safety, environmental
concern and raw materials availability.117121:126] Tndeed cathode mate-
rials, especially rare earth metals such as cobalt, need to be obtained
from ores by mining natural resources. Therefore, extraction and manu-
facture of raw materials require an increasing amount of energy. From an
environmental point of view, more renewable batteries are needed since
actual Li-ion batteries present a high carbon footprint and their recy-
cling is a challenging task.['29:13] In order to overcome these limitations,
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anode

Ce+xLi" +ze” —— Li,Cg

cathode
LiCoOy m——— Lij_, + Li;_,C0o09 + 2 LiT + z e~

charge
Cg + LiCoOy ——— Li,Cg + Li;_,Co0O9
discharge

Scheme 1.2: Redox reactions occurring in Li-ion Batteries. From top
to bottom: negative electrode reaction, positive electrode reaction and
overall battery reaction. With 0 < z < 1.

different alternatives such as Li-air, aluminum-air, sodium-ion, and or-
ganic radical batteries are currently investigated, each system presenting
several advantages over the current Li-ion batteries.

Organic batteries

Organic batteries based on polymeric materials are currently de-
veloped as alternatives to Li-ion batteries. Using organic compounds
as electrode materials presents several advantages over their inorganic
counterparts such as their flexibility, rapid charge/discharge processes,
the absence of resources-limited transition metal compounds and the
potentially unlimited organic resources available. Moreover, they are
potentially low cost and recyclable. Unlike inorganic electrodes, a high
temperature annealing is not required. Therefore a low CO5 footprint is
expected. The concept of an organic battery is not new and the basis
of polymer battery research can be tracked back in the 70s with the dis-
covery of the reversible oxidation of poly(acetylene).[1*1] The successful
development of intercalation materials in Li-ion batteries combined to
the slow development of conductive materials as rechargeable cathodes
has convoluted the interest over these materials.

Organic batteries can be classified into three major classes:
¢ Organosulfur compounds.
e Carbonyl compounds.

e Stable radical compounds.
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Organosulfur compounds Organosulfur compounds are molecules
bearing disulfide bonds which undergo electrodimerization /scission fol-
lowing the redox reaction:

RSSR + 2e~ +2Li" «+— 2LiSR

The first class of organosulfur compounds consists of polymers bear-
ing disulfide bonds in the backbone (Figure 1.22, 1-3). By varying the
organic backbone from electro-donating alkyl groups (Figure 1.22, 1) to
electron-withdrawing aryl groups (Figure 1.22, 2,3), the open circuit volt-
age varies from 2.3 to 3.0 V vs Li" /Li. Such systems are capable of de-
livering high energy density but require high temperatures (up to 80-130
°C) to operate due to the low redox reaction rate. Blends of organosul-
fur polymers with electrocatalysts, e.g. polyaniline (PAn), allow room
temperature operation. The biggest drawback facing main-chain disul-
fides polymers is the solubility in common electrolytes of thiolate ions
obtained after the thiolate reduction. In consequence, most systems use
solid or gel electrolytes. [132-134]

In order to overcome dissolution problems, a second generation of
organosulfur electrodes with disulfide bonds on the side chain of the
polymer was developed (Figure 1.22, 4,5).113% In order to increase the
capacity by increasing the sulfur content in the polymer, a third genera-
tion called polysulfides was developed. Such polymers bear polysulfides
bonds (Figure 1.22, 6,7). They are synthesized via elemental sulfur or
inorganic polysulfide salts. They present a non-stoichiometric character
and need elemental analysis in order to determine the sulfur content.
Since the reduction of organopolysulfides generates S, anions, a rapid
capacity fading in ether electrolytes is observed. However contrary to
elemental sulfur, organopolysulfides exhibit a good capacity retention in
carbonated electrolytes. [132:133,136,137]

Finally, a fourth class of organosulfur compounds has recently been
developed (Figure 1.22; 8 9). Thioethers (p-type organosulfur polymers)
form stable cationic radical species via a reversible electron-extraction
process:

RSR + X~ +— RSTRX™ + e~

Where X~ is the counter ion provided by the electrolyte. They present
the advantage to not undergo disulfide bond cleavage.[132:133,138,139]
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Figure 1.22: Examples of organosulfur polymer structures.

Carbonyl compounds Carbonyl compounds are common organic func-
tions. In the presence of the appropriate stabilizing group (R), the car-
bonyl can undergo a reversible one-electron reduction, leading to the for-
mation of a radical mono-anion (Figure 1.23). Small molecules bearing
carbonyl groups present the same drawback than other organic battery
materials, i.e. the solubility in the electrolyte. One approach to over-
come this limitation is to enhance their polarity via the formation of
salts (Figure 1.24, molecules 10-14). Another approach to reduce solu-
bility of small molecules bearing carbonyl groups is the use of polymeric
carbonyl compounds (Figure 1.24, molecules 15-18). Depending on their
structures, carbonyl compounds can be divided into three main classes:

e Quinones: quinones and their derivatives are reduced in the range
of 3to 2V vs. LiT/Li and are employed as cathode, thanks to
their high redox potentials. The formation of polyquinones is diffi-
cult due to both the radical scavenging properties of quinones and
their electrophilic center. The appropriate polymerization tech-
nique needs therefore to be selected carefully.
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e Imides: polyimides are redox-active polymers based on the reduc-
tion of phthalimides to the corresponding anion radicals. Despite
a possible two electrons redox process, forming the dianion, only
the first redox stage is usually employed in charge storage appli-
cations. Indeed, the second reduction leads to the decomposition
of the redox-active structure whereas the first reduction is fully re-
versible. Imides are reduced in the range of 2 to 1.5 V vs. Li*/Li
and find application as cathode in lithium-ion or sodium batteries.

¢ Conjugated carboxylates: organic conjugated carboxylic acids
undergo a reversible two electrons redox reaction. A conjugated
aromatic system stabilizes the resulting dianion. Conjugated car-
boxylates are reduced in the range of 1 to 0.5 V vs. Lit/Li and
can be employed as anode in lithium-ion and sodium batteries.

Thanks to the variety of carbonyl structures available, the cell po-
tential can easily be tailored depending on the targeted application, as
illustrated in Figure 1.25. Their rapid reaction kinetics, their structural
diversity and their high theoretical capacity make carbonyl compounds
promising materials for organic lithium-ion batteries and sodium-ion bat-

teries. [132,133,140]
O +e, +Li" OLi
R R' - e-, _ LI+ R).\R'
.

i 'OLi OLi

+e, +Li* ' ve, + Lt

-e,-Li" O. e oLt
> d OLi

Figure 1.23: Mechanism for reversible reduction of general carbonyl com-
pounds (up) and quinone (down). Reproduced from Ref.[13%

Stable radical compounds Organic radicals are unstable highly ac-
tive molecules. However organic radicals can be stabilized, leading to
species presenting a long life time at ambient conditions. Stabilization
is achieved via sterical protection of the unpaired electrons or via reso-
nance structures involving unpaired electrons. Different structures pre-
senting stable organic radicals are now available, as illustrated in Figure
1.26.1'41 The stable radical can be centered onto different atoms such as
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Figure 1.24: Examples of carbonyl compounds.

carbon, nitrogen or oxygen. Polymer analogues of stable organic radicals
have been widely studied as active electrode materials for organic radical
batteries.[1*2] Indeed, these materials present interesting properties such
as stable cell voltage, good processability and short charging times. Or-
ganic radical batteries are essentially based onto polymers bearing stable
nitroxide functions and their particular case will be discussed in more
details in the next chapter (Chapter 2).



1.4. Batteries 35

3.5

3.0

25- Quinones

2.0+

Imides

1.5

1.0

Discharge potentail (V vs. Li‘/Li)

0.5

0.0 . . : . :
0 200 400 600 800

Capacity (mAh/g)

Figure 1.25: Overview of the discharge cell potential and the theoretical

capacity of the three major organic carbonyl material classes. Repro-
duced from Ref.[140]

15 16 17 18

OCH;

i O,N ‘N-N
N .
H5CO OCH,

19 20

Figure 1.26: Stable radical molecules.



36 Chapter 1. Introduction
Bibliography
[1] Jenkins, A. D.; Kratochvil, P.; Stepto, R. F. T.; Suter, U. W. Pure and Applied
Chemistry 1996, 68, 2287-2311.
[2] Stepto, R. F. T. Pure and Applied Chemistry 2009, 81, 351-353.
[3] Odian, G. Principles of polymerization, 4th ed.; John Wiley & Sons, Inc., 2004;
p 812.
[4] Bae, Y.; Cabral, H.; Kataoka, K. Block Copolymers in Nanoscience; Wiley-
VCH: Weinheim, Germany, 2006; pp 73-89.
[6] Hamley, I. W. Nanotechnology 2003, 14, R39-R54.
[6] Gohy, J.-F. Block Copolymers II; Springer-Verlag: Berlin/Heidelberg, 2005; pp
65-136.
[7] Kataoka, K.; Harada, A.; Nagasaki, Y. Advanced Drug Delivery Reviews 2001,
47, 113-131.
[8] Abetz, V., Ed. Block Copolymers I; Advances in Polymer Science; Springer-
Verlag: Berlin/Heidelberg, 2005; Vol. 189.
[9] Hadjichristidis, N.; Pispas, S.; Floudas, G. synthetic strategies, physical prop-
erties, and applications; John Wiley and Sons, 2003; p 419.

[10] Szwarc, M. Advances in Polymer Science; 1987; pp 1-177.

[11] Braun, D.; Cherdron, H.; Rehahn, M.; Ritter, H. In Polymer Synthesis: Theory
and Practice, 4th ed.; Spinger,, Ed.; Spinger, 2005; pp 1-385.

[12] Miiller, A. H. E.; Matyjaszewski, K. Controlled and Living Polymerizations,
wiley-vch ed.; Wiley-VCH Verlag GmbH & Co. KGaA: Weinheim, Germany,
2009; p 612.

[13] Matyjaszewski, K.; Xia, J. Chemical Reviews 2001, 101, 2921-2990.

[14] Wang, J.-s. S.; Matyjaszewski, K. Journal of the American Chemical Society
1995, 117, 5614-5615.

[15] Wang, J. S.; Matyjaszewski, K. Macromolecules 1995, 28, 7901-7910.

[16] Matyjaszewski, K.; Patten, T. E.; Xia, J. Journal of the American Chemical
Society 1997, 119, 674-680.

[17] Kato, M.; Kamigaito, M.; Sawamoto, M.; Higashimura, T. Macromolecules
1995, 28, 1721-1723.

[18] di Lena, F.; Matyjaszewski, K. Progress in Polymer Science 2010, 35, 959-
1021.

[19] Braunecker, W. a.; Matyjaszewski, K. Progress in Polymer Science 2007, 32,

[20]

93-146.

Davis, K. A.; Matyjaszewski, K. Springer Verlag; Springer Verlag, 2002; p 191.



Bibliography 37

21]

[22]
23]
[24]

[25]

[26]

27]

28]

[29]

[30]

31]

[32]

[33]

[34]

[35]

[36]

37]

[38]

[39]

Coessens, V. M. C.; Matyjaszewski, K. Journal of Chemical Education 2010,
87, 916-919.

Li, M.; Matyjaszewski, K. Macromolecules 2003, 36, 6028—6035.
Dong, H.; Matyjaszewski, K. Macromolecules 2010, 43, 4623-4628.
Pintauer, T.; Matyjaszewski, K. Chemical Society Reviews 2008, 37, 1087-97.

Kwak, Y.; Magenau, A. J. D.; Matyjaszewski, K. Macromolecules 2011, 44,
811-819.

Liu, S. J. Ezpress Polymer Letters 2014, 8, 862—-868.

Magenau, A. J. D.; Bortolamei, N.; Frick, E.; Park, S.; Gennaro, A.; Matyjas-
zewski, K. Macromolecules 2013, 46, 4346-4353.

Matyjaszewski, K.; Coca, S.; Gaynor, S. G.; Wei, M.; Woodworth, B. E. Macro-
molecules 1997, 30, 7348-7350.

Coca, S.; Gaynor, S. G.; Matyjaszewski, K. Improvements in atom or group
transfer radical polymerization. 1998; http://www.google.com/patents/
W01998040415A17cl=en.

Levere, M. E.; Willoughby, I.; O’Donohue, S.; de Cuendias, A.; Grice, A. J.;
Fidge, C.; Becer, C. R.; Haddleton, D. M. Polymer Chemistry 2010, 1, 1086.

Percec, V.; Guliashvili, T.; Ladislaw, J. S.; Wistrand, A.; Stjerndahl, A
Sienkowska, M. J.; Monteiro, M. J.; Sahoo, S. Journal of the American Chemical
Society 2006, 128, 14156-14165.

Konkolewicz, D.; Wang, Y.; Zhong, M.; Krys, P.; Isse, A. A.; Gennaro, A.;
Matyjaszewski, K. Macromolecules 2013, 46, 8749-8772.

Wang, W.; Zhao, J.; Zhou, N.; Zhu, J.; Zhang, W.; Pan, X.; Zhang, Z.; Zhu, X.
Polymer Chemistry 2014, 3533-3546.

Matyjaszewski, K.; Tsarevsky, N. V.; Braunecker, W. A.; Dong, H.; Huang, J.;
Jakubowski, W.; Kwak, Y.; Nicolay, R.; Tang, W.; Yoon, J. A.; Pennsyl, V.
Macromolecules 2007, 40, 7795-7806.

Konkolewicz, D.; Wang, Y.; Krys, P.; Zhong, M.; Isse, A. a.; Gennaro, A.;
Matyjaszewski, K. Polymer Chemustry 2014, 5, 4409-4431.

Wright, P. M.; Mantovani, G.; Haddleton, D. M. Journal of Polymer Science
Part A: Polymer Chemistry 2008, 46, 7376-7385.

Zhang, Q.; Wilson, P.; Li, Z.; McHale, R.; Godfrey, J.; Anastasaki, A.; Wal-
dron, C.; Haddleton, D. M. Journal of the American Chemical Society 2013,
135, 7355—63.

Levere, M. E.; Nguyen, N. H.; Leng, X.; Percec, V. Polymer Chemistry 2013,
4, 1635.

Jones, R. G.; Ober, C. K.; Hodge, P.; Kratochvil, P.; Moad, G.; Vert, M. Pure
and Applied Chemistry 2012, 85, 463-492.


http://www.google.com/patents/WO1998040415A1?cl=en
http://www.google.com/patents/WO1998040415A1?cl=en

38

Chapter 1. Introduction

[40]
[41]

[42]

[43]

[44]

[45]

[46]

[47]
[48]
[49]
[50]
[51]

[52]

[53]

[54]

[55]
[56]
[57]

[58]

[59]

[60]

[61]
62]

[63]

Rapoport, N. Progress In Polymer Science 2007, 32, 962—-990.
Jackson, E. a.; Hillmyer, M. a. ACS Nano 2010, 4, 3548-3553.

Rosler, a.; Vandermeulen, G. W.; Klok, H. a. Advanced Drug Delivery Reviews
2001, 53, 95-108.

Segalman, R. A. Materials Science and Engineering R: Reports 2005, /8, 191—
226.

Bertrand, O. Use of light to control the formation of functional nanostructures
in solution. Ph.D. thesis, Université catholique de Louvain, 2013.

Bates, F.; Fredrickson, G. Physics Today 1999, February, 32—-38.

Fredrickson, G. H.; Bates, F. S. Annual Review of Materials Science 1996, 26,
501-550.

Helfand, E.; Wasserman, Z. R. Macromolecules 1978, 11, 960-966.
Helfand, E.; Wasserman, Z. Macromolecules 1980, 13, 994-998.
Helfand, E.; Wasserman, Z. R. Macromolecules 1976, 9, 879-888.
Kenney, J. F. Polymer Engineering and Science 1968, 8, 216-226.
Bates, F. Science 1991, 251, 898-905.

Abetz, V.; Simon, P. F. W. Block Copolymers I; Springer-Verlag:
Berlin /Heidelberg, 2005; Vol. 189; pp 125-212.

Leibler, L. Macromolecules 1980, 13, 1602—-1617.

Atkins, P.; Paula, J. D. In Atkins’ Physical Chemistry 8e, 8th ed.; Press, O. U.,
Ed.; W.H. Freeman and Company, 2006.

Matsen, M. W.; Bates, F. S. Macromolecules 1996, 29, 1091-1098.
Park, C.; Yoon, J.; Thomas, E. L. Polymer 2003, 44, 6725-6760.
Darling, S. B. Progress in Polymer Science 2007, 32, 1152-1204.

Kim, J. K.; Yang, S. Y.; Lee, Y.; Kim, Y. Progress in Polymer Science 2010,
35, 1325-1349.

Luo, M.; Epps, T. H. Macromolecules 2013, 46, 7567-7579.

Zhang, X.; Tanner, P.; Graff, A.; Palivan, C. G.; Meier, W. Journal of Polymer
Science Part A: Polymer Chemistry 2012, 50, 2293-2318.

Hawker, C. J.; Russell, T. P. MRS Bulletin 2005, 30, 952-966.
Hamley, I. Progress in Polymer Science 2009, 34, 1161-1210.

Jiang, J.; Tong, X.; Morris, D.; Zhao, Y. Macromolecules 2006, 39, 4633-4640.



Bibliography 39

[64]

[65]

[66]

[67]

[68]

[69]

[70]

[71]

[72]

(73]

[74]

[75]

[76]

[77]

(78]

[79]

[80]

[81]

82]

Kim, S. O.; Kim, B. H.; Meng, D.; Shin, D. O.; Koo, C. M.; Solak, H. H;
Wang, Q. Advanced Materials 2007, 19, 3271-3275.

Hillmyer, M. a. Journal of Polymer Science, Part B: Polymer Physics 2007,
45, 3249-3251.

Widin, J. M.; Kim, M.; Schmitt, A. K.; Han, E.; Gopalan, P.; Mahan-
thappa, M. K. Macromolecules 2013, 46, 4472-4480.

Knoll, a.; Horvat, A.; Lyakhova, K. S.; Krausch, G.; Sevink, G. J. a.; Zvelin-
dovsky, a. V.; Magerle, R. Physical Review Letters 2002, 89, 035501.

Matsen, M. W. The Journal of Chemical Physics 1997, 106, 7781.

Huang, E.; Rockford, L.; Russell, T. P.; Hawker, C. J. Nature 1998, 395, 757—
758.

Schumers, J.-M. Development of Photocleavable Block Copolymers as Precur-
sors for Functional Nanomaterials. Ph.D. thesis, université catholique de Lou-
vain, 2010.

Welander, A. M.; Kang, H.; Stuen, K. O.; Solak, H. H.; Miiller, M.;
de Pablo, J. J.; Nealey, P. F. Macromolecules 2008, 41, 2759-2761.

Sinturel, C.; Vayer, M.; Morris, M.; Hillmyer, M. a. Macromolecules 2013, 46,
5399-5415.

Chavis, M. a.; Smilgies, D.-M.; Wiesner, U. B.; Ober, C. K. Advanced Func-
tional Materials 2015, 25, 3057-3065.

Lambooy, P.; Russell, T. P.; Kellogg, G. J.; Mayes, A. M.; Gallagher, P. D;
Satija, S. K. Physical Review Letters 1994, 72, 2899-2902.

Wang, Q.; Nealey, P. F.; de Pablo, J. J. Macromolecules 2001, 34, 3458-3470.

Knoll, a.; Horvat, A.; Lyakhova, K. S.; Krausch, G.; Sevink, G. J. a.; Zvelin-
dovsky, a. V.; Magerle, R. Physical Review Letters 2002, 89, 035501.

Cavicchi, K. a.; Russell, T. P. Macromolecules 2007, 40, 1181-1186.

Peng, J.; Kim, D. H.; Knoll, W.; Xuan, Y.; Li, B.; Han, Y. The Journal of
Chemical Physics 2006, 125, 064702.

Bang, J.; Kim, S. H.; Drockenmuller, E.; Misner, M. J.; Russell, T. P;
Hawker, C. J. Journal of the American Chemical Society 2006, 128, 7622—
7629.

Kim, S. H.; Misner, M. J.; Xu, T.; Kimura, M.; Russell, T. P. Advanced Mate-
rials 2004, 16, 226-231.

Lin, Z. Q.; Kim, D. H.; Wu, X. D.; Boosahda, L.; Stone, D.; LaRose, L.;
Russell, T. P. Advanced Materials 2002, 14, 1373-1376.

Thurn-Albrecht, T.; Steiner, R.; DeRouchey, J.; Stafford, C. M.; Huang, E.;
Bal, M.; Tuominen, M.; Hawker, C. J.; Russell, T. P. Advanced Materials 2000,
12, 787-791.



40

Chapter 1. Introduction

[83]

(84]

[85]

[86]

(87]

[88]

[89]

[90]
[91]

[92]

[93]

[94]

[95]

[96]

[97]

98]

[99]

[100]

[101]

Thurn-Albrecht, T.; Schotter, J.; Kastle, G. A.; Emley, N.; Shibauchi, T
Krusin-Elbaum, L.; Guarini, K.; Black, C. T.; Tuominen, M. T.; Russell, T. P.
Science 2000, 290, 2126-2129.

Li, M.; Coenjarts, C. A.; Ober, C. K. Block Copolymers II; Springer-Verlag:
Berlin/Heidelberg, 2005; pp 183-226.

Kim, S. O.; Solak, H. H.; Stoykovich, M. P.; Ferrier, N. J.; De Pablo, J. J;
Nealey, P. F. Nature 2003, 424, 411-414.

De Rosa, C.; Park, C.; Lotz, B.; Wittmann, J.-C.; Fetters, L. J.; Thomas, E. L.
Macromolecules 2000, 33, 4871-4876.

Escobar, I. C.; Van der Bruggen, B. Journal of Applied Polymer Science 2015,
132, 41683-41700.

Choi, Y. J.; Yamaguchi, T.; Nakao, S. Industrial & Engineering Chemistry
Research 2000, 39, 2491-2495.

Yu, H.; Stoffelbach, F.; Detrembleur, C.; Fustin, C. A.; Gohy, J. F. Furopean
Polymer Journal 2012, 48, 940-944.

Bastakoti, B. P.; Li, Y.; Kimura, T.; Yamauchi, Y. Small 2015, 11, 1992-2002.
Roth, S. V. et al. ACS Applied Materials & Interfaces 2015, 7, 12470-12477.

Naito, K.; Hieda, H.; Sakurai, M.; Kamata, Y.; Asakawa, K. IEEE Transactions
on Magnetics 2002, 38, 1949-1951.

Rijcken, C. J. F.; Soga, O.; Hennink, W. E.; Nostrum, C. F. Journal of Con-
trolled Release 2007, 120, 131-148.

Forster, S.; Abetz, V.; Miiller, A. H. E. Advances in Polymer Science 2004,
166, 173-210.

Hamley, I. In Block copolymers in solution: fundamentals and applications;
Sons, J. W. &., Ed.; Wiley, 2005.

Loh, W.; Campinas, U. E. D. 2002, 802-813.

Pitsikalis, M.; Siakali-Kioulafa, E.; Hadjichristidis, N. Macromolecules 2000,
33, 5460-5469.

Alexandridis, P., Lindman, B., Eds. Amphiphilic Block Copolymers Self-
assembly and Applications, elsevier ed.; 2000.

Quintana, J. R.; Janez, M. D.; Katime, I. Macromolecular Rapid Communica-
tions 1995, 16, 607-612.

Guillet, P. Metallo-supramolecular block copolymers : from synthesis to smart
nanomaterials. Ph.D. thesis, Université catholique de Louvain, 2008.

Schartl, w. In Light scattering from polymer solutions and nanoparticles disper-
sions; Verlag, S., Ed.; 2007.



Bibliography 41

[102]

[103]

[104]

[105]
[106]
[107]

[108]

[109]

[110]

[111]

[112]

[113]

[114]

[115]

[116]

[117]

[118]

[119]

[120]
[121]

[122]

Stepanek, P. In dynamic light scattering, brown w ed.; Brown, W., Ed.; Oxford
University Press, 1972.

Riess, G. Progress in Polymer Science 2003, 28, 1107-1170.

Hamley, I. The physics of block copolymers, 1st ed.; Oxford University Press,
1999.

Alexandridis, P.; Yang, L. Macromolecules 2000, 33, 3382-3391.
Samii, A. a.; Karlstrom, G.; Lindman, B. 1991, 1067-1071.

Moffitt, M.; Zhang, L.; Khougaz, K.; Eisenberg, A. In Solvents and Self-
Organization of Polymers; Webber, S. E.; Munk, P., Tuzar, Z., Eds.; Springer
Netherlands: Dordrecht, 1996; pp 53-72.

Forster, S.; Zisenis, M.; Wenz, E.; Antonietti, M. The Journal of Chemical
Physics 1996, 104, 9956-9970.

Discher, D. E. Science 2002, 297, 967-973.

Allen, C.; Maysinger, D.; Eisenberg, A. Colloids and Surfaces B: Biointerfaces
1999, 16, 3-27.

Wei, H.; Cheng, S. X.; Zhang, X. Z.; Zhuo, R. X. Progress In Polymer Science
2009, 34, 893-910.

Toughrai, S.; Malinova, V.; Masciadri, R.; Menon, S.; Tanner, P.; Palivan, C.;
Bruns, N.; Meier, W. Macromolecular Bioscience 2015, 15, 481-489.

Blanazs, A.; Armes, S. P.; Ryan, A. J. Macromolecular rapid communications
2009, 30, 267-77.

Vriezema, D. M.; Comellas Aragoneés, M.; Elemans, J. A. A. W.; Cornelissen, J.
J. L. M.; Rowan, A. E.; Nolte, R. J. M. Chemical Reviews 2005, 105, 1445—
1490.

Gil, E. S.; Hudson, S. M. Progress In Polymer Science 2004, 29, 1173-1222.

Rodriguez-Hernandez, J.; Checot, F.; Gnanou, Y.; Lecommandoux, S. Progress
in Polymer Science 2005, 30, 691-724.

Armand, M.; Tarascon, J. M. Nature 2008, 451, 652—657.

Root, M. An In-Depth Guide to Construction, Design, and Use; McGraw-
Hill/ TAB Electronics, 2010; p 352.

Products, G. Rechargeable Batteries Applications Handbook; Gates Energy
Products, 1997; pp 1-313.

Tarascon, J. M.; Armand, M. Nature 2001, 41/, 359-367.
Wen, J.; Yu, Y.; Chen, C. Materials Ezpress 2012, 2, 197-212.

Topics, C. In Lithium-ion Battery Materials and Engineering; Gulbinska, M. K.,
Ed.; Green Energy and Technology; Springer London: London, 2014.



42

Chapter 1. Introduction

[123]

[124]
[125]
[126]
[127]

[128]

[129]

[130]

[131]

[132]
[133]
[134]

[135]

[136]

[137]

[138]

[139]

[140]

[141]

[142]

Wakihara, M. Materials Science and Engineering: R: Reports 2001, 33, 109-
134.

Fergus, J. W. Journal of Power Sources 2010, 195, 939-954.

Daniel, C. JOM 2008, 60, 43-48.

Scrosati, B.; Garche, J. Journal of Power Sources 2010, 195, 2419-2430.
Nishi, Y. Journal of Power Sources 2001, 100, 101-106.

Yoshio, M.; Brodd, R. J.; Kozawa, A. Science and Technologies; Springer Ver-
lag, 2009; p 452.

Abreu Gongalves, M. C.; Garcia, E. M.; Taroco, H. a.; Gorgulho, H. F.;
Melo, J. O.; Silva, R. R.; Souza, A. G. Waste Management 2015, 40, 144—
150.

Zeng, X.; Li, J.; Singh, N. Critical Reviews in Environmental Science and Tech-
nology 2014, 44, 1129-1165.

Shirakawa, H.; Louis, E. J.; MacDiarmid, A. G.; Chiang, C. K.; Heeger, A. J.
Chemical Communications 1977, 578-580.

Liang, Y.; Tao, Z.; Chen, J. Advanced Energy Materials 2012, 2, 742-769.
Song, Z.; Zhou, H. Energy € Environmental Science 2013, 6, 2280—-2301.
Oyama, N.; Tatsuma, T.; Sato, T.; Sotomura, T. Nature 1995, 873, 598-600.

Deng, S.-R.; Kong, L.-B.; Hu, G.-Q.; Wu, T.; Li, D.; Zhou, Y.-H.; Li, Z.-Y.
Electrochimica Acta 2006, 51, 2589-2593.

Zhang, S. C.; Zhang, L.; Wang, W. K.; Xue, W. J. Synthetic Metals 2010, 160,
2041-2044.

Fanous, J.; Wegner, M.; Grimminger, J.; Andresen, A.; Buchmeiser, M. R.
Chemistry of Materials 2011, 23, 5024-5028.

Zhan, L.; Song, Z.; Shan, N.; Zhang, J.; Tang, J.; Zhan, H.; Zhou, Y.; Li, Z.;
Zhan, C. Journal of Power Sources 2009, 193, 859-863.

Zhan, L.; Song, Z.; Zhang, J.; Tang, J.; Zhan, H.; Zhou, Y.; Zhan, C. Elec-
trochimica Acta 2008, 53, 8319-8323.

Haupler, B.; Wild, A.; Schubert, U. S. Advanced Energy Materials 2015, 5,
1402034.

Nishide, H.; Suga, T. The Electrochemical Society Interface 2005, Winter, 32—
36.

Janoschka, T.; Hager, M. D.; Schubert, U. S. Advanced Materials 2012, 24,
6397-409.



CHAPTER 2

Nitroxide based organic radical batteries

Abstract

Stable nitroxides are a particular class of molecules. Thanks to their
stable unpaired electron, they present interesting and unique properties.
Nitroxzyl radicals are used for a wide range of applications from organic
chemistry synthesis to medicine. This chapter starts by presenting a
rapid overview of their applications. Next the focus is made onto the
development of organic radical batteries based on nitroxyl radicals. Then
the preparation of ORB is investigated. Afterwards the methods and
strategies for the synthesis of nitroxyl radicals containing polymers are
inwvestigated from PTMA homopolymers to more complex architectures
such as well defined block copolymers. Finally different applications of
organic radical polymers in the frame of energy are presented.
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2.1 Stable radicals

Nitroxides are radicals derived from hydroxylamines by removal of
the hydrogen atom from the hydroxy group and are most of the time
isolable.[!] They have the structure illustrated in Figure 2.1 where R1 and
R2 substituents can be primary, secondary or tertiary alkyl groups. How-
ever the presence of an a-hydrogen to the nitroxide should be avoided
since it results in a loss of stability due to a disproportionation reac-
tion, leading to the formation of a nitrone and a hydroxylamine (Fig-
ure 2.2). Organic radicals are usually really unstable and highly reac-
tive compounds. The stability of nitroxides comes from their resonance
structures and the steric hindrance brought by bulky substituent groups.
One of the most representative and studied nitroxide compound is the
2,2,6,6-tetramethyl-1-piperidinyloxy (TEMPO). TEMPO is a stable and
commercially available nitroxide presenting a remarkable persistence. In-
deed it can be stored as an orange solid powder for years. [

@ Q-
N -~ N

. +
R R, R R,

Figure 2.1: Nitroxide resonance structures.

Pathway a: hydrogen atom abstraction

R R Ri 4 R
R,—H Ho—R, Ro—H _ HO—R,
N-O°  "O-N —>  *N-O HO-N
R,—H Ho—R, R, Ho—R,

Ri Ry R, R
R—~ 0 )Re R—H ~ HO—R,
— *N=0 "O-N

N N
R,—~ O >R, R,—H H——R,
Pathway b: single atom electron transfer

Figure 2.2: Proposed disproportionation mechanisms for a-hydrogen ni-
troxides: a, direct hydrogen atom abstraction; b, single electron transfer
from head-to-tail dimer. Reproduced from Ref.



46 Chapter 2. Nitroxide based organic radical batteries

Nitroxide bearing molecules can not be characterized by 'H NMR
due to their paramagnetic character. Therefore three different methods
are usually employed in order to analyse organic molecules bearing stable
radicals: '"H NMR after quenching radicals via hydrazine[>6!, supercon-
ducting quantum interference device (SQUID) and electron spin reso-
nance (ESR). A SQUID is a very sensitive magnetometer used to measure
very low magnetic fields (as low as 5x10718T). ESR! is a spectroscopy
technique allowing to study materials bearing unpaired electrons. The
electron spins are aligned via a constant applied magnetic field in a sim-
ilar manner than nuclei in NMR. The magnetic moment of electrons
is larger than the one from nuclei in consequence of the electron-nuclei
mass difference. Therefore for an identical magnetic field, a higher elec-
tromagnetic frequency is required for ESR than NMR in order to obtain
a spin resonance absorption. ESR measurements are classically made
with microwaves in the range of 9-10 GHz for a constant magnetic field
of 3500 G.[710]

Nitroxides present two redox potentials. Nitroxyl radicals can be ox-
idized into oxoammonium cation or reduced into aminoxyl anion. The
former redox potentials is reversible and easily observed. The latter one
is less described in literature and not always observed. These redox
processes make stable nitroxide bearing molecules good candidates for
the fabrication of organic electrode materials, as it will be discussed later.

In addition to their redox properties and their use as electrode materi-
als, nitroxyl radicals present a wide variety of properties and subsequent
applications. 23l

e Organic chemistry:

= Organocatalyst for oxidation. 1116l

= Trapping of C-centered radicals.['719]

e Polymer synthesis

= Radical capping in NMP. [20-23]

e Biochemistry

= Spin probe for medical imaging. [24-27]

= Therapeutic drugs. The properties of nitroxide to modify ox-
idative stress and redox status of tissues allow them to be used

! Also named electron paramagnetic resonance (EPR)
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as treatment for a large variety of diseases such as cancer and
hypertension. [3:28:29]

2.2 Nitroxide bearing polymers as electrode ma-
terials

Despite their redox properties nitroxides are too soluble in battery
electrolytes to be used directly as electrode materials in organic radical
batteries. In order to overcome solubility issues, polymers bearing ni-
troxyl radical side groups were synthesized.

Poly(2,2,6,6-tetramethylpiperidinyloxy methacrylate) (PTMA) is a
methacrylate bearing a TEMPO group. It was first studied as cathode
material by Hasegawa at al. 39 and further developed in 2002 by Nishide
and Suga.l31:32l PTMA is used in blends with conductive carbons, e.g.
carbon black, and a binder, e.g. poly(vinylidene fluoride) (PVDF). The
system was originally studied with a lithium anode, leading to the first
organic radical battery (ORB) and is now a thoroughly studied standard
model.[39:32-45] Depending on the anode involved, different terminologies
can be employed: lithium organic batteries (Li-ORB) for a Li anode and
all organic radical battery (org-ORB) for a polymer radical anode. [*6] As
cathodic material PTMA presents a flat charge/discharge voltage profile
at 3.5 V (vs. Lit/Li) with a theoretical capacity of 111 mAhg~! and a
good cycling stability up to 1000 cycles. 32414447 The flat voltage profile
is a prerequisite for battery applications in order to deliver a constant
voltage, and was absent in previous organic electrodes made of conduc-
tive polymers. When used with a lithium anode, PTMA thus presents
a cell voltage of 3.5 V which is comparable to commercial lithium ion
batteries employing metal oxide cathodes (e.g. LiCoQOs) and presenting
a cell voltage of 3.6 V, making thus PTMA a good alternative as cath-
ode material in Li-ion batteries. During the charge process, the nitroxyl
radical is oxidized into an oxoammonium cation, leading to a p-doping of
the polymer (Figure 2.3). As previously mentioned, the nitroxyl radical
can be reversibly reduced into the aminoxyl anion, leading to an n-doped
polymer (Figure 2.3).131 Modern applications often require short charg-
ing times. Conventional batteries are charged at a current corresponding
to a C-rate between 0.1 C to 0.5 C. The C-rate is the current needed
to charge or discharge a battery in one hour. 1 C corresponds to a full
charge in one hour.[*8! Therefore a C-rate between 0.1 C to 0.5 C corre-
sponds to a charging time of respectively 10 and 2 hours. ORBs, thanks
to the fast kinetics of the one electron transfer redox reaction, can be
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charged at C-rates between 10 C to 100 C, i.e. a full charge in a few
minutes. 3443491 A C-rate up to 2400 C, i.e. a charging time of 1.5 s, was
even reported. % These rapid charging rates are related to the molecular
structure of the radical polymer. For example, TEMPO groups demon-
strated a charge transfer rate of the order of 107! cm s~! whereas, in
comparison, organic dissulfides showed a charge transfer rate of the or-
der of 1078 c¢m s~ 1.*551] The mechanism by which the charge transport
occurs through the polymer is not perfectly known. It has been proposed
that an electron self-exchange process between the stable pendant rad-
ical groups occurs through a series of oxidation-reduction reactions. In
electrolyte supported systems, this transport is guided by a gradient in
radical density. For a solid state device, the charge transport is thought
to occur through an electric field driven mechanism.[! In both cases
the fast charge transport within the polymer matrix is possible thanks
to the close spatial proximity of radicals.?%53] Indeed, in order to allow
the charge transport to occur, radicals need to be in close proximity. For
PTMA, an effective charge transfer length of 0.55 nm was predicted by
molecular dynamic simulations. It was also demonstrated that 85% of
the charge transfer occurs via interchain transport. (54

Cathode .
+ 0
/N\ -e” PN
Oxoamonium cation Nitroxide radical Aminoxyl anion

(p-type) (n-type)

Figure 2.3: Redox behavior of nitroxyl radicals.

Thanks to organic and polymer chemistry, different nitroxide struc-
tures and polymer backbones are available (Figure 2.4). Indeed, the
charge storage capacity of a nitroxide polymer depends on the num-
ber of electrons stored per repeating unit (usually one) and the molar
mass of the monomer (Equation 2.1). Therefore it can be tuned via
molecular design. Lighter is the monomer and higher is the theoretical
capacity. [46,55]

n x F(Cmol™1)
M, (gmol—1)

Where Ci, n, F and M, stand respectively for the theoretical ca-
pacity, the number of electrons transferred during the redox process per
monomer unit, the Faraday constant and the molar mass of the monomer
unit,.

Cy(mAhg™) = (2.1)
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Stable radicals used as redox-active pendant groups
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Figure 2.4: Variety of stable radicals and polymer backbones employed
in ORB. x with those specific groups no battery was built. Reproduced
from Ref. 146

Even if TEMPO is the most common nitroxide bearing moiety, some
other structures have been developed. A change in the stable nitroxide
radical leads to a change of potential. Therefore the cell voltage can
be shifted by changing the nitroxide radical employed. For example the
presence of electron withdrawing groups on the structure decreases the
potential, leading to n-type, i.e. anodic, electrodes (Figure 2.4).156]

Polystyrene derivatives bearing NO groups (poly (nitroxylstyrenes))
were studied as cathode materials. Poly(4-(N-tert-butyl-N-oxylamino)-
styrene), i.e. a polystyrene bearing one nitroxide function, showed a re-
versible redox wave at 0.74 V vs Ag/AgCl. Poly(3,5-di(N-tert-butyl-N-
oxylamino)styrene), i.e. a polystyrene bearing two meta substituted ni-
troxide functions, reveals an irreversible anodic peak at 1.0 V vs Ag/AgCl.
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The instability was attributed to the lack of a stabilizing para-substitutent
on the nitroxide radical. Finally, a poly(nitroxylstyrene) ortho-substi-
tuted with a trifluoromethyl group (poly(4-(N-tert-butyl-N-oxylamino)-
-3-trifluoromethylstyrene)) shows a reversible redox wave at -0.76 V on
the cathodic side, corresponding to a n-type polymer (Figure 2.4).1%7]
Nishide et al. reported n-type redox active radical polymers. They pre-
pared org-ORB constituted of poly(galvinoxylstyrene) anode and poly-
(TEMP O-substituted norbornene) (bearing two NO per units). The sys-
tem demonstrates a plateau voltage at 0.66 V for a charge capacity of 32
mAhg—'. 18] Such org-ORB are promising materials for flexible organic
batteries. "l Surprisingly, some nitroxide polymers can present both an-
odic and cathodic behavior. Poly(4-(nitronylnitroxyl)styrene) and poly-
norbornenes containing nitronyl nitroxide radical were developed as bipo-
lar redox polymers, showing n-type and p-type behaviors. [60-62]

Nitroxide can undergo two redox reactions. Most of the studies fo-
cus onto the oxidation of NO into oxoammonium cation and some works
have developed the reduction of nitroxyl radicals into aminoxyl anion.
However both redox processes are rarely observed together. TEMPO-
containing DNA was developed by Masuda et al. 192% of the theo-
retical capacity for single-electron process was obtained, indicating a
two-electrons process.[53 This phenomenon was also observed for cel-
lulose polymers!®¥ and PTMA /graphene composites.*7l The advantage
to stabilize the aminoxyl anions is obvious since it double the battery’s
capacity. In consequence, stabilisation of the second redox process of ni-
troxide bearing polymers is a promising tool for increasing ORB capacity.

Some polymers like polynorbornene can present two TEMPO, i.e.
two nitroxides, per monomer unit.!°865-69 The spatial proximity of the
NO has an important impact onto the electrochemical behavior of these
polymers. Indeed the two TEMPO substituents can present different
orientations. In endo,endo and exo,exo orientations the NO are spa-
tially distant from 10 A. In these configurations, the polymer presents
only half of the theoretical capacity. Whereas with exo,endo configura-
tion, the NO distance is higher and full theoretical capacity is obtained.
Therefore it is assumed that the spacial proximity of TEMPO groups
influences in a negative manner the electrochemical process.[%1 TEMPO
bearing acetylene backbones with up to four TEMPO per monomer unit
were reported.["72 However such complicated structures are difficult
to synthesize and present no advantages compared to PTMA since their
theoretical capacity is similar and some times even lower than the latter
(e.g. four substituted acetylene presents a theoretical capacity of 106
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mAhg~!). Moreover, in a similar manner than multi-substituted poly-
norbornenes, only a fraction of the theoretical capacity is observed in
practice due to spatial proximity of the NO functions. 7%

2.3 Organic radical cathodes preparation

The preparation process for the formation of organic radical elec-
trodes is a key factor for the final performances of the system. The elec-
trochemical active polymer needs to swell into the battery electrolyte
solution while its dissolution needs to be avoided. Moreover, due to the
lack of conductivity, polymers need to be mixed with some carbon ad-
ditives. In order to achieve these requirements, nitroxide polymers are
usually mixed with conductive carbon and binder. Typical blends are
composed of 10-30 wt.% of active polymer, 10-20 wt.% of binder and
60-80 wt.% of conductive carbon, even if cathodes with up to 80 wt.%
of polymer have been reported. 73] Tn consequence to the addition of re-
dox inactive species, the theoretical capacity of the ORB is lower than
the theoretical capacity of the polymer alone. During the manufactur-
ing, the electrode thickness needs to be carefully controlled. Song et al.
have demonstrated that an increase of the electrode thickness leads to
an increase of electrode/electrolyte resistance interface and polarization
of the cell. 37

Due to the insulating character of organic radical polymers, different
carbon additives were investigated over the years in order to promote
the electrical conductivity inside the blended electrode and to obtain
the best performances. Vapor grown carbon fibers (VGCF)[32:4L7475]
and carbon black (CB) 3034737401 are the most employed conductive car-
bons. However, VGCFs appear more efficient than carbon black since
electrodes presenting higher content of active polymers were prepared
using VGCFs. Indeed, fibres form an interconnected network allowing a
better electrical conductivity than carbon particles for the same carbon
content. A mixture of carbon black with 60 wt.% of PTMA presented
a high ohmic resistance and therefore low discharge performances. %)
While Nakahara et al. have fabricated cathodes containing 80 wt.% of
organic radical polymer (poly(4-vinyloxy-2,2,6,6-tetramethylpiperidine-
N-oxyl) (PTVE)) and 15 wt.% of VGCF. Such high polymer content
was reached thanks to a new water-based slurry preparation method. ™!
Cairns et al. have developed Al-laminated film packaged ORBs where a
mix of PTMA, carboxy methyl cellulose (CMC), PTFE and VGCF was
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coated onto aluminium foil. [**] Mesocarbon microbeads were used as an-
ode. The 100 mAh ORB obtained displayed good rate properties and
cyclic performances, demonstrating the industrial potential of ORBs.

Another carbon additive employed in ORBs is the mesocellular car-
bon foam (MCF). MCF was filled with PTMA and coated with polyethy-
lene glycol (PEG) leading to nanocomposite cathodes. The system ex-
hibited good capacity retention even at high temperature (50 °C) thanks
to the protective effect of PEG.[7l Graphene appears to be a good can-
didate too as conductive support, allowing good retention capacity and
long cycle life.[*”] Carbon nano-tubes (CNTs) were also used as conduc-
tive materials. PTMA wrapping around single wall carbon nano-tubes
(SWNTs) allows quantitative charge-storage capacity at high C rate for
a very low amount of conductive materials (4 wt.%).I""7 More re-
cently, wrapping of polyacetylene bearing TEMPO groups around CNTs
was investigated.[™ CNT-arrays blended with PTMA were developed
since CNT-array provide continuous conduction pathways compared to
conventional CNT. High retention capacity was observed during fast
charge/discharge processes. The discharge capacity was 63 mAhg™! at
100 C and 98% of capacity was retained after 100 cycles. 8!

Rather than changing the employed additives, some works have fo-
cussed onto the preparation method. Micro-fibrous polymer films were
fabricated by electrospinning of a mixture of PTMA, PVDF and carbon
black. These electrodes demonstrated excellent electrochemical perfor-
mances, even at high C rate (50 C), ascribed to the fast ion transport
promoted by the nanostructure obtained. The mechanical integrity and
flexibility were both increased in the resulting material (Figure 2.5).[81:82]

Some hybrid systems combining inorganic materials and organic poly-
mers were developed. Xia and Li demonstrated a cathode based on
PTMA mixed with activated carbon (AC). In this example, AC is used
as electronic conducting support and active material, leading to a hy-
brid capacitor. 83 Gohy et al. published a hybrid supercapacitor-battery.
PTMA is mixed with LiFePOy4 (a classic metal-oxide employed in Li-ion
batteries) leading to a hybrid cathode presenting enhanced power and
allowing a full charge in less than 5 minutes.[#¥l During the fast charging
process, a thermodynamically unstable configuration is generated. High
potential PTMA™ co-exists with low potential LiFePO,. This config-
uration drives an internal charge transfer equilibration. The PTMA™
discharged by charging the LiFePO4 (Figure 2.6).

As already mentioned, addition of conductive carbon to PTMA is
necessary due to the lack of conductivity of the polymer. Therefore a
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Figure 2.5: Schematic representation of: a) the micro-fibrous PTMA
electrodes and photography of: b) a rolled-up micro-fibrous electrode.
Adapted from Ref.[#?

conductive polymer backbone presents some interest. This was achieved
by using polythiophene backbones. Unfortunately, some backbone oxida-
tion due to the presence of NO functions, known as catalysts for alcohol
oxidations, was observed. 8786l

Binders generally employed for the formation of ORB are non elec-
trochemical active materials, decreasing the theoretical capacity. In con-
sequence some researches focus onto the suppression of these additives.
One strategy consists of grafting the nitroxide polymer onto the current
collector or the conductive carbon. Moreover, grafting polymers is an-
other way to overcome solubility issues in electrolyte. 4-carboxy-TEMPO
and 3-carboxy-PROXYL were reacted with residual hydroxyl group of
ethyl cellulose or cellulose acetate to form free radical-containing cellulose
derivatives. %4 Nitroxide polymer brushes grafted onto silica nanoparti-
cles were fabricated via surface initiated ATRP (SI-ATRP). The grafting
avoids polymer dissolution and allows the fabrication of binder free elec-
trodes presenting good charge/discharge capacity and cyclability. 871 ps
microspheres were grafted with PMMA-6-PTMA block copolymers via
SI-ARGET-ATRP for oxidation catalysis applications. 3] SLATRP was
also employed for the preparation of flexible nitroxide polymer brushes
attached onto conducting flexible substrates.!®) PTMA brushes should
not be too thick to avoid the problem of the difficult oxidation of bot-
tom PTMPM segments (see section 2.4 about the synthesis of PTMA).
Moreover, an increase of oxidation time led to over-oxidation at the top of
PTMA brushes. %] SLATRP is not limited to spherical particles or flat
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Figure 2.6: Schematic representation of the fast charge - relaxation pro-
cess. The green and black half-cylinders are indicative of the stored
charge respectively in PTMA and LiFePO4. The relative position of
the red disk indicates the polarization of the constituents in the hybrid
electrode. Reproduced from Ref.[%4]

surfaces and was performed onto three-dimensionally ordered macrop-
orous (3DOM) substrates (Figure 2.7). The three-dimensional electrodes
present a large surface area decreasing the ion diffusion and the concen-
tration polarization. Furthermore, the highly porous and interconnected
structure improves the rate capabilities. 1]

Several works have investigated the grafting of nitroxide polymers
onto multi walls carbon nanotubes (MWCNTS). Two different methods
of grating are available. The "grafting from" method consists of initi-
ating the polymerization from the surface. The "grafting to" method
consists of attaching polymers to the surface via functionalized chain-
ends. Geckeler et al. used both methods to prepare MWCN'Ts grafted
with polynorbornenes bearing nitroxide radicals (Figure 2.8). Accord-
ing to this study the "grafting to" method leads to a better capacity. (%2
In another study, PTMA was grafted onto MWCNTs by SI-ATRP. The
electrode was fabricated via a filtration method, leading to buckypaper
flexible electrodes.[?3] Due to the alteration of the carbon nanotube sur-
face during the grafting process, MWCNTs are preferred to SWCNTs.
Indeed the inner walls remain intact and their conduction properties are
preserved.

Electrolytes employed in Li-ion batteries are usually carbonate mix-
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PTMA brush

Figure 2.7: Schematic representation of the three-dimensionally ordered
macroporous nitroxide polymer brushes electrode. Reproduced from
Ref. 9]

tures loaded with lithium salts. Therefore the vast majority of the works
using PTMA as cathode was performed using these electrolytes. Indeed,
the second electrode is generally made of metallic lithium or lithium in-
tercalation species, e.g. carbon. However, nitroxide bearing polymers
were also studied in aqueous media, using poly(2,2,6,6-tetramethylpi-
peridinyloxy-4-yl vinyl ether) (PTVE), i.e. a hydrophilic backbone bear-
ing a TEMPO group, with a zinc counter electrode.?*l PTMA displays
a one-electron redox capability even in aqueous media. Such aqueous
systems, thanks to the high electrical conductivity of the electrolyte,
combined with the hydrophilic backbone present ultrafast charging. A
charging of 3 mC cm~2 in 3 seconds was reported. ! Using an aqueous
electrolyte, Nishide et al. reported poly(2,2,6,6-tetramethylpiperidinyl-
oxy-4-yl acrylamide) (PTMAm), a poly(acrylamide) bearing TEMPO,
as a new electrode active polymer for ORB. %]

The electrochemical behavior of PTMA in ORB using ionic liquid
as electrolyte was also investigated (Figure 2.9). Actually, ionic liquids
present a high polarity, preventing the dissolution of PTMA in the elec-
trolyte. Cells using ionic liquid electrolytes demonstrate good capacity
reterEti?n, 94.5% after 200 cycles, and 84% of the discharge capacity at
1C.1%
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(a) “Grafting to” (b) “Grafting from"” (c) Composite

Capacity High

Figure 2.8: Schematic illustration of the radical polymer-grafted MW-
CNT via: (a) the grafting to method, (b) grafting from method, (c) no
grafting. Reproduced from Ref.[??l
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Figure 2.9: Ionic liquid structures employed in organic radical batteries:
a) lithium bis(trifluoromethylsulfonyl)imide (LiTFSI) and B) N-butyl-
N-methylpyrrolidinium bis(trifluoromethylsulfonyl)imide (BMPTFSI).
Reproduced from Ref.[9]

2.4 Synthesis of polymers bearing stable nitroxyl
radical functions

Polymers bearing stable nitroxides are not commercially available
and need therefore to be synthesized. Thanks to polymer chemistry, a
variety of different syntheses methods is accessible. Two strategies were
employed for the synthesis of nitroxide bearing polymers. The first one
consists in the polymerization by radical polymerization methods of a
free secondary amine precursor, followed by its oxidation into nitroxyl
radical. The second one is the direct polymerization of nitroxide contain-
ing monomers by radical non-sensitive polymerization methods (Figure
2.10).
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Figure 2.10: Strategies available for PTMA synthesis. a. Polymerization
of a precursor followed by its oxidation. b. Direct polymerization of NO
containing monomers.

PTMA is a widely studied model. Tt can be prepared by free radical
polymerization of its secondary amine precursor TMPM (2,2,6,6-tetra-
methylpiperidin-4-yl methacrylate) followed by its subsequent oxidation
into PTMA.[303234374041] The oxidation was firstly performed using
mCPBA, leading to high oxidation rates, up to 90 %.130:32,36,83] Ty op-
der to reach a full conversion, another oxidation pathway was developed
by using HyOs with NaWO, catalyst. 3776971 This synthesis strategy
can be enlarged to other monomers. Polyallene with pendant TEMPO
groups were synthesized by FRP and H202/NaWOy oxidation. %8l For
applications where well defined PTMA (i.e. low dispersity) are not re-
quired, FRP is the easiest way to process. Indeed the TMPM precursor
is commercially available and FRP is easy to handle. FRP is usually
performed in organic solvents. However melt polymerization of TMPM
is also possible, either alone or directly mixed with carbon (Figure 2.11).
This process leads to a more environmental friendly set-up thanks to the
absence of organic solvents. Moreover by performing the melt polymer-
ization with a blend of monomers and carbon, an homogeneous electrode
is obtained, leading to superior cycling stability and higher power. [%%]

In 2012, Schubert et al. investigated controlled radical polymeriza-
tion techniques (NMP, ATRP and RAFT) of secondary amine bearing
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Two-Phase
% Polymerization

Figure 2.11: Schematic representation of the solvent-free melt-
polymerization of TMPM with in situ incorporated carbon. Reproduced
from Ref.[99]

monomers. NMP appeared to be not suitable for TMPM polymeriza-
tion and its acrylate counterpart. Due to termination reactions after
15 to 20% of conversion, ATRP was ruled out as suitable technique
for TMPM polymerization. Finally, RAFT was retained as the most
suitable technique for the preparation of well defined PTMA.[1% RAFT
polymerization of TMPM was also investigated by Boudouris et al., lead-
ing to well defined PTMA (P < 1.2) with molar masses between 5000
and 24000 kg mol~! and an oxidation yield comprised between 65 to
73%.[191 More recently, we demonstrated the successful polymerization
of TMPM by ATRP.[192] These results will be analyzed in more details in
Section 4 of this manuscript. Finally, controlled radical polymerization
of TMPM by SET-LRP was demonstrated.['%] PTMA and PTMA-co-
PAzPMA (poly(3-azidopropyl methacrylate)) random copolymers were
polymerized in a controlled manner.

Interestingly, free radical polymerization of NO bearing monomers
can be performed provided that the oxidation of the monomer into
oxoammonium cation and formation of the oxoammonium salt is per-
formed prior the polymerization process. 104

Different direct polymerizations of NO bearing monomers were in-
vestigated. Among others, classic living polymerization techniques were
studied. 2,2,6,6-tetraethylpiperidinyloxy-vinylether was polymerized by
cationic polymerization despite the costly preparation of the vinylether
monomer. 7310 Anionic polymerization of 4-methacryloyloxy-2,2.6,6-
tetramethylpiperidin-1-oxyl (TMA) was performed using methyl metha-
crylate-capped 1,1-diphenylhexyllithium (DPHLi/MMA) as initiator.
[106,107] However the stringent conditions needed for this method make
it difficult to handle. Therefore, group transfer polymerization (GTP)
was explored as an alternating method. The first work on GTP indi-
cated a lack of control with dispersity up to 3.1'%8 The second report
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demonstrated lower dispersity values (£ = 1.5). Moreover an influence
of the tacticity on the electrochemical properties was observed. 1091 Tt
appeared that syndiotactic and heterotactic triads present distinct re-
dox waves, observed respectively at 0.37 V and 1.6 V vs. Fc* /Fc. Ring
opening polymerization (ROP) of polyethers bearing stable NO such
as PTMA and PROXYL (2,2,5,5-tetramethyl-2 5-dihydro-1- H-pyrrol-1-
oxyl-3-yl) was studied. [110] Sych ionophoric polyether backbones present
the advantage to promote solvated counter ions propagation. Ring open-
ing metathesis polymerization (ROMP) was investigated for the syn-
thesis of norbornenes and 7-oxanorbornene substituted with PROXYL
or one to two TEMPQ.[58:65-69,11L112] The polymerization of 2,2,5,5-
tetramethyl-3-oxiranyl-3-pyrrolin-1-oxyl was performed by anionic coor-
dinated ring opening polymerization. The polymer is made of a polyethy-
lene backbone bearing PROXYL groups. Such minimized monomer
structures lead to a gain of capacity (147 mAhg~!) compared to PTMA
(111 mAhg—1).[78:113.114] Nakano et al. have employed silicone poly-
mer backbone. The TEMPO-substituted silicone was polymerized by
platinum- or rhodium- catalyzed reactions. However, despite an excel-
lent cycling stability, only 47 to 69% of the theoretical capacity were
recovered. [119]

Crosslinking can be required to avoid dissolution of NO polymers
in battery electrolytes. Indeed, changing the electrolyte solvent for a
non solvent of the polymer is not a good approach since the polymer
needs to swell in order to make available the electrochemical active
functions. Crosslinking can be performed in-situ by adding multifunc-
tional monomers inside the polymerization medial?9198116] or by post
treatment. Photocrosslinking by a bis(azide) crosslinker was studied by
Suga et al., leading to an insoluble TEMPO-substituted polynorbornene
film. (6% Oxidation of the amine precursor into PTMA is not always com-
plete, especially when using mCPBA. Therefore a PTMA network can
be formed by employing an epoxy crosslinker in combination with the
remaining secondary amines. This approach was successfully used in
inkjet printing. The crosslinking process was initiated after inkjet print-
ing by thermal treatment, thanks to the thermal stability of PTMA up
to 200°C, allowing the formation of printed organic radical cathodes.*?]
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2.4.1 Block copolymers for nanostructured organic radi-
cal cathodes

The recent developments in controlled radical polymerization tech-
niques for the polymerization of TMPM and other nitroxide bearing
structures enable the development of well-defined PTMA with controlled
molar mass and dispersity (D < 1.5).11007102 Surprisingly, only a few
reports have investigated the possibilities opened by the CRP of TMPM
for the formation of diblock copolymers with a stable nitroxide radi-
cal containing block and the subsequent self-assembly study. PGMA-b-
PTMA (PGMA = poly(glycidyl methacrylate)) block copolymers were
synthesized by ATRP of the TMPM precursor and its subsequent oxida-
tion. The GMA block presents epoxide functions that were used to graft
the resulting block copolymers onto ITO substrates. 7] The grafted co-
polymer layer, with a thickness up to 5 wm on ITO demonstrated a
good capacity storage (120 mC c¢cm~2) and a sufficient charge diffusion
(10~ 0¢cm?2s71).

2.4.2 Self-assembly in solution

Self-assembly of block copolymers in solution leads to micellar struc-
tures. Amphiphilic block copolymers bearing stable nitroxyl radicals
were used to form micelles in aqueous media (Figure 2.12). Such mi-
celles find interest as ESR probe for in vivo medical imaging. Indeed, the
nitroxide functions are protected into the micellar core while the ESR
signal remains detectable.[''8] Micelles with nitroxide containing core
were also developed in the frame of nanomedicine and drug delivery. Mi-
celles were obtained via self-assembly of amphiphilic PEG-6-PRAS (po-
ly (aminomethyl-styrene) containing nitroxyl radicals) block copolymers.
The core of the micelles is pH-sensitive, allowing the disintegration of
the micelles in response to a low pH environment. 291191221 We reported
the formation of electrochemical active micelles with PTMA as corona
for ORB applications.[!23] This work will be presented and discussed in
Chapter 5.

2.4.3 Self-assembly in thin films

Self-assembly of block copolymers allows the formation of nanostruc-
tured thin films. Nishide et al. used PS-b-PEO block copolymer self-
assembled templates as active layers for organic nonvolatile memory. [124]
In this example nitroxides are not present in the block copolymer himself
but are rather loaded in the form of a TEMPO-substituted ionic liquid
into the PEO phase. The resistive behavior of the resulting non volatile
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Figure 2.12: Synthesis and self-assembly of MPEG-b-PTAm and MPEG-
b-PLA-b-PTAm. Reproduced from Ref.[118]

memory device can be modulated by changing the structure and orien-
tations of the block copolymer nanodomains.

Boudouris et al. reported the possibility to form thin films with tai-
lored morphologies from polydimethylsiloxane-block-PTMA (PDMS-b-
PTMA) diblock copolymers using solvent vapor annealing in CHCl;. [125]
In 2014, Nishide and Suga published the synthesis of pendant radical-
and ion-containing block copolymers. The self-assembled thin films ex-
hibit different morphologies from spheres to inverse spheres and were
used as active layer into a diode-structured thin-film device, combining
the redox-active radicals of one block to the charge-compensating ions
of the other one (Figure 2.13).6] More recently, Ober et al. described
the formation of cylindrical morphologies using block copolymers with a
block of PTMA and different blocks of fluorinated and non-fluorinated
methacrylates. They demonstrated that phase separation after ther-
mal or solvent annealing only occurs for block copolymers with fluori-
nated blocks.[126] We reported further advance with respect to control of
PTMA-b-PS diblock copolymer self-assembly in thin films.[27] Chapter
6 of this manuscript will be dedicated to these results.
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Figure 2.13: Chemical structure of a pendant radical- and ion-containing
block copolymer and the resulting diode-structured thin film device. Re-
produced from Ref.[6]

2.5 Organic radicals for energy applications

Nitroxide bearing polymers are mainly used as electrode materi-
als for Li-ORB or org-ORB.[3*36:43] However some other applications
have been developed around this electrochemically active polymer. As
mentioned into the previous section, nitroxyl radical bearing molecules
can be involved in the formation of organic resistive memory devices. (6]
Memory devices with a sandwiched structure demonstrating non-volatile,
bistable and rewritable memory performances were developed by Nishide
et al.[33:128:129] The PTMA layer was employed as a p-dopable material
(Figure 2.14).

Figure 2.14: Memory device structure based on PTMA and
PMMA /AgBF, layers and the chemical structure of PTMA. Reproduced
from Ref.[128]

PTMA was also investigated as anodic interfacial modifying layer in
inverted organic photovoltaic devices, improving the short-circuit current
density and the open-circuit voltage. [130] PTMA was used as transparent
conducting layer, thanks to its transparency in the visible spectrum due
to its non conjugated backbone.
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PTMA served as counter electrode into an organic electrochromic
cell. The PTMA layer and the electrochromic layer, i.e. a polyion com-
plex composed of poly(decyl viologen) and poly(styrene sulfonate), were
spin coated onto ITO substrates.!'3!l The device presented a battery
behavior associated with coloration / decoloration process.

Redox flow batteries

Redox flow batteries (RFBs) are secondary batteries where the redox
species, rather than solid, are in solution in the electrolyte and stored
in separated external tanks. The liquid cathode is named the catholyte
whereas the liquid anode is called the anolyte. During the functioning,
catholyte and anolyte are pumped through the electrochemical engine,
generating electricity (Figure 2.15). Power and energy capacities can be
scaled independently. Indeed, energy capacity depends on the tank size
whereas power depends on the electrodes surfaces.!'32l Electrodes are
generally composed of porous structures like carbon felt or carbon nan-
otubes, allowing a compromise between a good electrode permeability
and a high active area. Electrochemically active species are separated
by ion exchange membranes such as Nafion membranes. Two categories
of RFBs can be distinguished: true RFBs, where all the species storing
energy are fully dissolved in solution at all time and hybrid-RFBs, where
at least one of the chemical species storing energy is a solid during the
charge. Figure 2.15 illustrates a true RFB where vanadium is used both
as cathode (VIII=11) and anode (VIV~Y). Examples of hybrid-RFBs are
zinc-bromide and zinc-chloride systems where Zn?* is reduced to Zn(()s
during the charge. RFBs present certain advantages over classic batter-
ies: the virtually unlimited capacity by simply using larger tanks, and
the absence of self-discharge. Indeed, the electrochemically active species
are stored separately. Moreover, RFBs can be left completely discharged
for long periods of time and very deep discharges doesn’t affect the cell
morphology. Some disadvantages of RFBs are the low power density and
energy density making RFBs more suitable for stationary applications
than mobile ones. Another problem is the Nafion membranes which are
really expensive and can represent up to 40 % of the price.['33] Finally
the use of organic or corrosive acid electrolytes and metal species as
active materials make the RFB unsuitable for domestic and large scale
applications due the long term access problematic to metals like lithium
and vanadium.
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Figure 2.15: Schematic representation of a RFB energy storage sys-
tem: RFB stack and electrolyte tanks are separated. Reproduced from
Ref.[132l

In this context, TEMPO-based electrolytes were developed since they
offer a high redox potential and a high solubility in battery electrolytes.
Indeed, these two properties are key parameters for an electrode to
achieve high energy density in redox flow batteries. '3l PTMA was grafted
onto polynorbornene (PNB) via a grafting-through approach, leading to
radical-crowded PNB-¢g-PTMA bottlebrush polymers. Macromonomers
composed of PTMA chains with norbornene chain-end were synthesized
by anionic polymerization. The macromonomers were then polymerized
by ROMP using a Grubbs third-generation catalyst. The subsequent
polymer brushes were used as cathode materials in a flow cell system.
Indeed, bottlebrush polymers present tunable molecular dimensions and
a low viscosity in comparison to their linear counterpart, designating
them as new candidates for redox active polymers for redox flow batter-

ies. [107]

Schubert et al. have developed a polymer-based RFB using environ-
mentally benign sodium chloride solution as electrolyte and cheap, com-
mercially available filtration membranes, advantageously replacing the
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Figure 2.16: Schematic representation of the PNB-g-PTMA bottlebrush
polymers synthesis. Reproduced from Ref.[107]

highly corrosive acid electrolytes and expensive Nafion membranes usu-
ally employed in RFBs technologies. [133] Copolymers employed as active
materials are made of two components: a redox-active unit and an unit
enhancing the water solubility to prevent precipitation of the polymer
during the charge/discharge process. PTMA was used as cathode elec-
trochemically active species and a polystyrene derivative bearing violo-
gen units as anode electrochemically active species (Figure 2.17). Nafion
membrane was replaced by a more cheaper size-exclusion membrane like
dialysis one. This work is a first step toward economical energy-storage
devices using safe, metal-free and all-organic raw materials.
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Figure 2.17: a. Schematic representation of a polymer-based RFB con-
sisting of two electrolyte tanks and an electrochemical cell. The anolyte
and catholyte are separated by a semipermeable size-exclusion mem-
brane. b. Fundamental electrode reactions of electrochemically active
moieties, i.e. TEMPO and viologen. Reproduced from Ref. [133]

2.6 Conclusion

After the introduction dedicated to general concepts involved in this
manuscript, the aim of this chapter was to focus more precisely onto
the recent developments in organic radical batteries based on polymers
bearing nitroxyl radicals. After an overview of the general characteristics
and applications of stable nitroxide molecules, the focus was made onto
polymers bearing stable nitroxide as electrode materials for organic rad-
ical batteries. Then the preparation of such ORB was investigated. The
syntheses strategies and methods for the formation of organic radical
polymers were developed. Finally, an overview of electronic and energy
applications involving organic NO radical polymers was presented.

While the research primarily focused onto the development of organic
radical cathodes based on mixtures of PTMA with carbon in order to
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replace inorganic cathodes in lithium ion batteries, the recent researches
tend to go further by combining the properties of block or statistical co-
polymers to the redox properties of nitroxide polymers in order to create
a new generation of systems which find applications in different fields
such as medical imaging and energy storage.
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CHAPTER 3

Objectives

Abstract

The aim of this thesis is the development of nanostructured organic
radical cathodes. The general frame and the objectives of the project are
presented in this chapter. In short, the first objective is the synthesis
of block copolymers bearing an electrochemical active moiety. Next, two
kinds of nanostructured electrodes will be examined: micelles resulting
from the self-assembly of copolymers in solution and nanostructured thin
films with electrochemical active nanodomains. Finally, the development
of another block copolymer with two electrochemical active moieties will
be discussed.
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3.1 The project

As previously mentioned in Chapter 1, a new class of organic radi-
cal battery has emerged recently as an alternative to conventional Li-ion
batteries.[M2l In this context, PTMA is one of the most studied cath-
ode polymers for the fabrication of ORBs. It consists of a methacrylate
bearing a TEMPO group. The stable nitroxide radicals present on the
polymer can be reversibly oxidized into an oxoammonium cation, lead-
ing to the charged form of the polymer. The redox potential of PTMA
is 3.6 V vs Li/Li*.>¥ Due to the well documented redox behavior of
PTMA and the commercial availability of its secondary amine precursor,
we decided to focus on this particular redox polymer for the develop-
ment of our nanostructured radical cathodes. PTMA is usually blended
with conductive carbons and polymer binders to form the cathode. [>~10]
Indeed, conductive carbon is needed since PTMA is not a conductive
material and a binder is necessary to keep the cathode integrity over the
charge/discharge cycles. However, the presence of these additives lowers
the capacity of the system.

This project takes place in a miniaturization concept for organic rad-
ical batteries. Indeed, Prof. Song et al. demonstrated that when fab-
ricating a PTMA cathode, the PTMA layer wraps around the carbon
with a thickness lower than 100 nm.[7] It can therefore be assumed that
by decreasing the cathode thickness, the need of conductive carbon can
be overcome. Another problem encountered with PTMA is its solu-
bility in battery electrolytes. Our strategy consists in combining the
self-assembly properties of block copolymer thin films with the redox
properties of PTMA to create nanostructured organic radical cathodes.
On one hand, the second block of the block copolymer will act as an
anchor, avoiding PTMA dissolution and maintaining the structural in-
tegrity of the cathode. On the other hand, the thickness of the thin
film electrode will make it possible to design cathodes without carbon
additives. As a first approach and as a proof of the concept, PS will
be used as the second polymer block. Indeed, PS is insoluble in battery
electrolytes and electrochemically inactive. PS could later be replaced
by an electrochemically active block or by an ionic conducting block.
Even so, it is important to start this study by working with PS since
it is a well documented polymer that will not interfere with the PTMA
redox process, making it a good standard model for later more intricate
Systems.

Another interesting feature of block copolymers is their self-assembly
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property to form micelles in solution. The formation of micelles will be
investigated with the PTMA-b-PS block copolymers and can found ap-
plications in redox flow batteries.

3.2 The objectives

The goal of this thesis is to create nanostructured organic radical
cathodes. In this context, the synthesis of PTMA-b-PS block copoly-
mers will be investigated. The self-assembly of the synthesized block
copolymers will be next studied in both solution and bulk. The electro-
chemical properties of the materials will be measured at each step of the
project (Figure 3.1). Finally, the last part will focus onto the replace-
ment of the electrochemically inactive PS by an electrochemically active
PS derivative.

fas]
o
Q
o
c
@
z

Figure 3.1: Schematic representation of the aim of the project: the de-
velopment of nanostructured organic radical cathodes by self-assembling
block copolymers in solution and in bulk.

3.2.1 Synthesis of PTMA-b-PS block copolymers

The first objective is the synthesis of PTMA-b5-PS block copolymers.
Even if some groups reported the direct polymerization of TMA by tech-
niques such as anionic or group transfer polymerization, 1113 PTMA is
mainly obtained by free radical polymerization of a secondary amine pre-
cursor (TMPM), followed by its oxidation.[*'*15] However, FRP doesn’t
allow the formation of block copolymers. A controlled radical polymer-
ization of TMPM needs therefore to be developed. We decided to focus
onto ATRP which is a versatile technique allowing the polymerization of
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a wide range of monomers from methacrylates to styrenes. The synthesis
strategy consists in three steps. First the polymerization of TMPM by
ATRP, followed by the polymerization of the PS block using the PTMPM
as a macroinitiator and finally the oxidation of TMPM into PTMA (Fig-
ure 3.2). Since the polymerization of styrene by ATRP and the oxidation
of TMPM using either mCPBA or HoO4 in the presence of NaWQ, are
well referenced in the literature, the main challenge of this part will be
the development of the ATRP of TMPM. A wide variety of polymers
presenting different ratios of PTMA and different chain lengths needs
to be synthesized in order to get a library for the self-assembly study.
Indeed, the polymer length and the PTMA ratio will vary depending on
the targeted application.

TMPM PTMPM PTMPM-b-PS PTMA-b-PS

Figure 3.2: Scheme of the synthetic strategy for the formation of PTMA-
b-PS block copolymers.

3.2.2 Self-assembly study

One of the main objective of this study is the development of nanos-
tructured organic radical cathodes. By employing block copolymers, two
kinds of self-assembly can be performed: in solution or in solid state, e.g.
thin films. Both of these aspects will be investigated, leading to different
structures and applications.

In solution, the formation of micelles will be investigated. The key
feature for the self-assembly in solution is the difference of solubility of
the blocks into the battery electrolyte (EC/DEC/DMC, 1:1:1 in volume
with 1M LiTFS). PTMA is soluble in this specific electrolyte whereas
PS is insoluble. In consequence, micelles with a core of PS and a corona
of PTMA are expected. Two methods will be employed to study the mi-
cellar objects: DLS and AFM. Micelles in solution can be characterized
by DLS whereas dried micelles deposited onto a surface can be measured
by AFM. Polymers with around 30 wt% of PS will be employed in order
to maximize the amount of electrochemical active PTMA.
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In the solid state, PTMA-5-PS will be self-assembled onto surfaces
in order to obtain nanostructured thin films. As previously mentioned
in the introduction (Chapter 1), different morphologies are accessible
depending on the volume fraction (f) of the constituting blocks. Cylin-
drical morphology with cylinders of PTMA perpendicular to the surface
will be targeted. Indeed, this morphology presents a continuous PS ma-
trix which can be crosslinked, avoiding any dissolution of the polymer
film into the electrolyte, while perpendicular cylinders crossing the entire
film will allow a good continuity between the current collector and the
liquid electrolyte. In order to reach this morphology copolymers with a
volume fraction of PTMA of around 0.2 - 0.3 will be employed. In order
to increase the phase separation and obtain the desired morphology, dif-
ferent annealing conditions such as solvent and thermal annealing will
be investigated. AFM will be employed to obtain information about the
morphology of our polymer films.

3.2.3 Electrochemical characterization

The electrochemical properties of our systems will be investigated at
each step of the project. After synthesis of the block copolymers it will
be important to check that PS doesn’t interfere with the redox behavior
of PTMA. The micelles will be analyzed directly in solution such as in
redox flow batteries and also in the solid state by immobilizing them onto
a carbon nanotubes mat. Since commonly employed electrochemical cells
such as Swagelock cells, are not suitable for thin film characterization, a
suitable electrochemical system will specifically be developed to analyze
polymer thin films.

3.2.4 Replacement of the PS block

As already mentioned, PS is a first approach for the fabrication of
nanostructured organic radical cathodes and will be further replaced by
a more interesting polymer. The last part of this work will investigate
the possibility to replace the PS block by an electrochemical active PS
derivative, i.e. a PS bearing stable nitroxide radicals. The corresponding
monomer will need to be synthesized and its polymerization by controlled
radical polymerization techniques will be performed. Finally its incor-
poration into a block copolymer with a PTMA block will be studied for
the further fabrication of thin films.
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CHAPTER 4

Synthesis of nitroxide-containing block copolymers for the
formation of organic radical cathodes

Abstract

This chapter focuses on the synthesis of poly(2,2,6,6-tetramethylpi-
peridinylozy-4-yl methacrylate)-block-polystyrene (PTMA-b-PS) copoly-
mers by atom transfer radical polymerization (ATRP) in order to obtain
the materials further employed for the self-assembly studies. PTMA-b-
PS block copolymers are obtained via a three step synthesis. Since nitrox-
ide containing monomers can not been polymerized by ATRP, a precur-
sor monomer bearing a secondary amine (2,2,6,6-tetramethylpiperidin-
4-yl methacrylate (TMPM)) is employed. The TMPM is polymerized by
ATRP leading to PTMPM homopolymers. The PTMPM is next used
as macroinitiator for the ATRP polymerization of the second polymer
block, i.e. polystyrene (PS). Once the PTMPM-b-PS block copolymer is
obtained, the secondary amines are ozidized to form the electrochemi-
cally active PTMA-b-PS block copolymer. Different ATRP polymeriza-
tion conditions are investigated in order to obtain well defined PTMA-
b-PS block copolymers with narrow dispersity (D). Finally, the electro-
chemical behavior of the synthesized block copolymers is characterized by
cyclic voltammetry. Cyclic voltammograms are recorded using two differ-
ent set-ups: a liquid three electrodes set-up with an Ag/Ag™ non aqueous
reference electrode and a Swagelock half-cell configuration employing bat-
tery electrolyte and metal lithium as counter and reference electrode.
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4.1 Introduction

Self-assembly of block copolymers can be performed either in solu-
tion or in bulk, e.g. thin films. This thesis focuses on both aspects.
However, before studying the self-assembly processes, the block copoly-
mers need to be synthesized. The targeted application, e.g. thin films
or micelles, will determine the relative lengths of the blocks constituting
the copolymer. For thin films a block copolymer with around 30 wt% of
poly(2,2,6,6-tetramethylpiperidinyloxy-4-yl methacrylate) (PTMA) will
be synthesized whereas for self-assembly in solution the reverse block
copolymers will be preferred. Indeed, a small PS core is usually enough
to stabilize micelles. In consequence, the synthesis conditions for the
formation of these copolymers will be slightly different depending on the
desired PTMA block length.

PTMA can be synthesized either by starting from TMA monomer
and its polymerization by nitroxyde friendly polymerization techniques,
such as anionic and group transfer polymerizations' 9! or by starting
from a secondary amine precursor of PTMA, i.e. 2,2,6,6-tetramethyl-
piperidin-4-yl methacrylate (TMPM). This second method is commonly
employed for the synthesis of PTMA by free radical polymerizations
(FRP).I59 Due to the stringent conditions needed to polymerize PTMA
by anionic polymerization and the commercially availability of TMPM
precursor, the second strategy was favored, starting from the secondary
amine bearing monomer. Since free radical polymerizations do not al-
low a control of the molar mass neither of the dispersity (D) of the
synthesized block copolymers, the focus was made on controlled radical
polymerization techniques. The three major ones are NMP, RAFT and
ATRP (see introduction for further details). NMP is known to be less
suitable for the polymerization of methacrylates and was therefore set
aside. '] Since the group of Prof. Schubert published a study comparing
the three sub-mentioned methods, focusing mainly on RAFT, we decided
to focus on ATRP.[" Indeed, ATRP is a versatile technique allowing the
polymerization of a wide class of monomers and the synthesis of various
polymer architectures. [10:12]

The synthesis of PTMA-b-PS block copolymers can be realized by
following the three steps shown in Figure 4.1. Starting from a secondary
amine precursor of the TMA, i.e. TMPM, the TMPM is polymerized
by atom transfer radical polymerization (ATRP) (Scheme 4.1 a). In
a second step, the synthesized PTMPM-CI is used as a macroinitiator
for the synthesis of the PS block by ATRP (Figure 4.1 b). Finally the
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PTMPMS-b-PS block copolymer is transformed into PTMA-b-PS using
3-chloroperoxylbenzoic acid (mCPBA) as oxidizing agent (Figure 4.1 ¢).
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Figure 4.1: Synthetic approach for the formation of PTMA-b-PS diblock
copolymers: (a) polymerization of TMPM by ATRP, (b) polymerization
of styrene from a PTMPM-CI macroinitiator by ATRP, (c) oxidation of
the PTMPM block into PTMA.

4.2 ATRP polymerization of TMPM

4.2.1 Copper bromide based catalyst

In a first approach, the ATRP of TMPM with CuBr was investi-
gated using ethyl a-bromoisobutyrate (EBiB) as initiator and 4,4’-di-
nonyl-2,2’-dipyridyl (dNbpy) as ligand. The polymerizations were per-
formed in anisole at 80 °C. These conditions were tested with reaction
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times from 120 to 5 minutes. The resulting polymers demonstrate nar-
row D (D= %), below 1.25 (Table 4.1). However initiator efficiencies

_ Mn(th)
(B = Mn(RMN)

decreased below 10 minutes. At low conversion (below 20 %) the initiator
efficiency was about 40 % and increased up to 80 % at higher conversion
(43%). This effect is well known in literature and can be explained by
a slow initiation with respect to propagation.[l?”w] Additionally, a low
E; may also indicate coupling and termination in the initial stage of the
polymerization.?l

100) were poor and halved when the polymerization time

Table 4.1: Results obtained for the ATRP of TMPM performed with
copper(Il) bromide in anisole.

Entry? Time Conv.® M, (th)* M, (NMR) M, (SEC)¢ D¢ E*

(min) (%) (smol)) (gmol!) (gmol Y (%)
1 120 97 26,400 33,800 19,400 1.22 78
2 40 80 21,800 25,900 15,000 1.21 &4
3 20 60 16,400 20,900 15,000 1.25 78
4 10 43 11,900 15,100 10,300 1.21 79
5 5 18 4,950 12,800 8,000 1,13 39

& Reaction conditions: EBiB/CuBr/dNbipy/TMPM = 1/1/2/120, 50 wt% of anisole, T— 80
°C.

b Conv. = conversion of the monomer determined by 'H NMR (solvent: CDCl3).

¢ Theoretical M, determined via the conversion.

d Determined by SEC (eluant: CHCl3/Et3N/isopropanol 94:4:2 in volume; calibrated with
PS standards).

¢ E; = initiator efficiency.

In order to slow down the propagation rate of TMPM, the solvent
was changed from anisole to toluene and the temperature was decreased
to 70 °C. In parallel, different monomer concentrations (50, 60 and 70
wt%) in toluene were also screened (Table 4.2). This resulted in a global
decrease of the kinetics of the reaction. At the same time, a decrease
of E; was observed. Even though polymers with narrow P (below 1.19)
were obtained, low molar mass PTMPM (below 8000 g mol~!) could not
be reached due to the very low FE; at the early stages of the polymer-
ization. As previously mentioned, the low E; at low conversion can be
attributed to a slow initiation with respect to the propagation.

The molar masses of the synthesized PTMPM were calculated either
by SEC (calibrated with PS standards) or NMR (integrating the CHs
from the EBiB chain-end and comparing it to the PTMPM signals, see
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Table 4.2: Results obtained for the ATRP of TMPM performed with
copper(I) bromide in toluene.

Entry® Time Toluene Conv.® M, (NMR) PN O

(min)  (wt%) (%)  (gmol)) (%)
1 45 50 46 20,200 1.16 62
2 15 50 26 15,500 1.19 46
3 45 60 46 18,200 1.19 65
4 15 60 15 18,400 112 32
5 45 70 23 9,900 1.18 64
6 15 70 9 9,400 1,12 29
a Reaction conditions: EBiB/CuBr/dNbipy/TMPM = 0.5/1/2/120, T=
70 °C.
b Conv. = conversion of the monomer determined by 'H NMR (solvent:
CDCl3).

¢ Determined by SEC (eluant: CHCl3/Et3N/isopropanol 94:4:2 in volume;
calibrated with PS standards).
d E; = initiator efficiency.

below for more details). The molar masses determined by SEC were sys-
tematically underestimated indicating that PS and PTMPM chains with
the same molar masses are characterized by very different hydrodynamic
volumes. Therefore, all further calculations were realized using molar
masses calculated by 'H NMR.

The same reaction conditions were investigated with a higher amount
of monomer equivalents, i.e. 450 equivalents. Indeed, the increase in
monomer equivalents should decrease the kinetics and allow a better
control over the polymerization. As indicated in Table 4.3, a decrease of
initiation efficiency was observed after decreasing the catalyst amount.
After 2h of reaction at 70 °C, only 10% of conversion were reached. SEC
indicates a tailing at small masses, attributed to termination reactions,
and a relatively high dispersity (P> 1.2). An increase in temperature
accelerates the reaction, 49 % of conversion after 2h30, but no ameliora-
tions of the dispersity neither of the tailing were observed (Figure 4.2).

Conversion determination via 'H NMR

The conversion was determined via the integration of the region be-
tween 5.3-4.9 ppm (H.) of the 'H NMR spectrum of the crude mixture.
This chemical shift corresponds to the proton next to the ester function
of TMPM and PTMPM. The integration of the proton at 6.04 ppm (H,)
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Table 4.3: Results obtained for the ATRP of TMPM using CuBr and
450 monomer equivalents.

Entry® CuBr/ T Time Conv.P M, be  E9
dNbpy/EBiB (NMR)
(equiv.) (|¢) () (%) (gmol™) (%)
1 0.5/1/1 70 2 9.3 19,600 1.22 49
2 1/2/1 0 2 12 18,000 120 69
3 1/2/1 80 2.5 48 70,000 1.22 71

a Reaction conditions: TMPM = 450 equivalents, 50 wt% of anisole.

b Conv. = conversion of the monomer determined by 'H NMR (solvent: CDCl3).

¢ Determined by SEC (eluant: CHCl3/Et3N/isopropanol 94:4:2 in volume; calibrated
with PS standards).

d B; = initiator efficiency.

trrrrrrrererrrrrrrr et
10 11 12 13 14 15 16 17 18 19 20 21 22

Elution time (min)

Figure 4.2: SEC chromatogram of the PTMPM-Br (Table 4.3, entry 3)
synthesized by ATRP using CuBr/dNbpy as catalytic system (eluant:
CHCl3/Et3N /isopropanol 94:4:2 in volume; calibrated with PS stan-
dards).

corresponds to one proton of the vinyl function of the TMPM (monomer).
Therefore the conversion corresponds to (calculation performed for Table
4.1, Entry 4):

H.—H 1.77 -1

100 = <7100 = 43% (4.1)

Conv. =
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Figure 4.3: 'H NMR of crude PTMPM obtained by ATRP using
EBiB/CuBr/dNbipy (Table 4.1, Entry 4) (solvent: CDCl3).

DP determination via 'H NMR

The DP was determined by 'H NMR using the peak corresponding
to the polymer chain-end. The initiator employed, i.e. EBib, present
a distinct peak at 4.07 ppm (H,) corresponding to the CHy next to
the ester function. Therefore, H, integration was set to two and the
resulting integration of Hp at 5.03 ppm, corresponding to the CH next
to the ester function of TMPM, gives the DP of the synthesized PTMPM
(Figure 4.4).

4.2.2 Copper(I) chloride based catalyst
CuCl/dNbpy catalytic system

Due to the slow initiation with respect to the propagation in the
polymerization of TMPM with CuBr, another catalytic system has been
tested. CuCl is known to be highly efficient for methacrylate monomers
but is less suitable for the synthesis of the second polystyrene block. [!7]
Therefore, longer polymerization times are expected for the polystyrene
block. Polymerizations were carried out in anisole with CuCl/dNbpy
as catalytic system and tosyl chloride (TsCl) as initiator. The effect of
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Figure 4.4: 'H NMR of pure PTMPM obtained by ATRP using
EBiB/CuBr/dNbipy (Table 4.1, Entry 4) (solvent: CDCl3).

monomer equivalents was investigated. The first polymerization tests
realized with 120 equivalents of monomer show an E; around 60 %.
Decreasing equivalents of monomer from 120 to 80 decreases E; from
60 to 45 %. The higher concentration of initiator leads presumably to
more coupling and termination during the early stages of the polymer-
ization. Table 4.4 however shows that PTMPM with M,, between 5,100
and 10,800 g mol~! and P below 1.08 were obtained.

The low D values give us a clue about a possible controlled behavior
of the polymerization. Further kinetic studies were thus conducted (Ta-
ble 4.5, Figure 4.5). A linear conversion with time was observed after
an induction period (~ 3h) (Figure 4.5a) attributed either to the slow
formation of the catalyst complex or to the presence of oxygen and im-
purities. 18291 However, the plot of M,, versus conversion (Figure 4.5b)
shows a linear increase of molar mass with conversion, indicating some
controlled character even at high conversion. The previously discussed
low E; can thus be definitely attributed to coupling and termination
events during the early stages of polymerization.

Figure 4.6 displays SEC chromatograms measured at different poly-
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Table 4.4: Results obtained for the ATRP of TMPM performed with
copper(I) chloride.

Entry> TMPM Time Conv.® M, (NMR) B¢ EH4

(equiv.) (min) (%) (g mol™1) (%)
1 120 81 12 5,100 1.08 67
2 120 92 15 6,700 1.06 63
3 120 305 24 10,800 1.07 62
4 80 300 17 7,400 1.07 45
) 80 300 17 6,700 1,07 48
& Reaction conditions: TsCl/CuCl/dNbipy = 1/1/2, 50 wt% of anisole,
T= 80 °C.
b Conv. = conversion of the monomer determined by 'H NMR. (solvent:
CDCls).

¢ Determined by SEC (eluant: CHClz /Et3N /isopropanol 94:4:2 in volume;
calibrated with PS standards).
d F; = initiator efficiency.

merization times. The SEC traces are generally symmetric except at high
conversion where some tailing at high elution times is observed. Such
tailing usually results from the termination of low molar mass chains
during the polymerization process. However, given the nature of the
polymer, i.e. a polymer bearing secondary amines, the tailing could re-
sult from interactions between the polymer and the column.

The CuCl/dNbpy catalytic system was also investigated with 450
monomer equivalents. As expected the reaction was slowed down. 38 %
of conversion was reached after 24 h of reaction and E; similar than for
120 monomer equivalents were obtained (Table 4.6, Entry 1).

CuCl/PMDETA catalytic system

Due to the slow kinetic of the reaction using dNpby, N,N,N’ N’ -
N” N”-pentamethyldiethylenetriamine (PMDETA) was investigated as
ligand for reactions with 450 monomer equivalents. Indeed, PMDETA
is a more activating ligand and faster reaction kinetics is therefore ex-
pected. 1721221 By changing the ligand better E; (higher than 80 %),
faster reactions and low P (< 1.2) were obtained, even at high conver-
sion P remains below 1.5 (Table 4.6, Entry 2-6). Moreover no tailing

at small masses was observed (Figure 4.8). Kinetic study of the system
[M]o
[M]

revealed a linear increase of In( ) as a function of the polymerization
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Figure 4.5: (a) Plot of In([M]o/[M]) versus time for the ATRP polymer-
ization of TMPM using CuCl/dNbpy as catalytic system. (b) Plot of
M, (NMR) versus conversion (full circles) and D(SEC) versus conversion
(open circle) for the ATRP polymerization of TMPM using CuCl/dNbpy

catalytic system.

time as well as a linear increase of the molar masses as a function of the
conversion, indicating a controlled behavior of the polymerization (Fig-
ure 4.7). However, as for the previous kinetic study, an induction period
of a few minutes is observed. Low P below 1.08 were obtained even at
high conversion.

DP determination via 1H NMR

The DP (*H NMR) determination process for PTMPM synthesized
using CuCl differs from syntheses based on CuBr since a different ini-
tiator, i.e. a different chain-end, is employed. The initiator employed,
i.e. TsCl, presents some distinct peaks at 7.72 (Hp) and 7.31 ppm (H,)
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Table 4.5: Results obtained for the kinetic of TMPM by ATRP using
copper(I) chloride.

Entry?* Time Conv.” M, (th)¢ M, (NMR) M, (SEC)4 pd E;°

(h) (%) (gmol™) (gmol™!)  (gmol™!) (%)
1 5 8 - - - - -
2 7 17 4,800 8,500 5800 106 55
3 9 33 9,200 14,800 9,800  1.07 61
4 10 28 7,700 15,700 9,800  1.07 49
5 13 46 12,500 24,300 13,400 107 51
6 24 87 23,900 45,700 24,600 110 52
7 48 97 26,800 54,000 26,200 1,18 49

a Reaction conditions: TsCl/CuCl/dNbipy/TMPM = 1/1/2/120, 50 wt% of anisole, T= 80

C.
b Conv. = conversion of the monomer determined by 'H NMR (solvent: CDCl3).

¢ Theoretical M,, determined via the conversion.

d Determined by SEC (eluant: CHCl3/Et3N /isopropanol 94:4:2 in volume; calibrated with
PS standards).

¢ E; = initiator efficiency.

14 16 18 20 22

Elution time (min)

Figure 4.6: Evolution of the SEC chromatograms with time for the
ATRP polymerization of TMPM using CuCl/dNbpy as catalytic sys-
tem (eluant: CHCl3/Et3N /isopropanol 94:4:2 in volume; calibrated with
PS standards).

corresponding to its aromatic protons. The integration value of the sig-
nal at 7.72 ppm was set to two and the resulting integration of Hj at
5.03 ppm, corresponding to the CH next to the ester function of TMPM,
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Table 4.6: Results obtained for the polymerization of TMPM by ATRP

using CuCl with 450 monomer equivalents.

Entry® Ligand Time Conv.” M, (NMR) D¢ Eq
(equiv.) (min) (%) (g mol™1) (%)

1 dNbpy (2) 1440 38 55,600 1.25 69

2 PMDETA (1.1) 16 10 14,200 118 73

3 PMDETA (1.1) 30 11 15300 117 74

4 PMDETA (1.1) 75 21 31,500 1.13 69

5 PMDETA (1.1) 100 46 57,400 111 81

6 PMDETA (1.1) 180 72 91,500 1.15 78

a Reaction conditions: TsCl/CuCl/TMPM = 1/1/450, 50 wt% of anisole, T= 80

C

b Conv. = conversion of the monomer determined by 'H NMR (solvent: CDCl3).

¢ Determined by SEC (eluant: CHCl3/Et3N/isopropanol 94:4:2 in volume; cali-

brated with PS standards).
d E; = initiator efficiency.

gives the DP of the synthesized PTMPM (Figure 4.9).

4.2.3 Scale-up

In order to synthesize enough material for the formation of micelles,
the reaction conditions were scaled up in order to obtain batches of
around three to four grams of the macroinitiator PTMPM-CI. Therefore
the syntheses were performed into a Schlenk flask rather than a Schlenk
tube and 25 mg in place of 3 mg of copper were employed. A difference
in the kinetics of the reaction was observed. When 46 % of conversion
were previously reached in 1h40, 24 % are obtained after 1h15 with the
scaled up reactions. Despite the reaction time, no other changes were
observed and polymers with controlled molar masses and low B were
obtained (Table 4.7).
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Figure 4.7: Kinetic study of TMPM polymerization by ATRP using
CuCl/PMDETA catalytic system with 450 monomer equivalents: (a)
Plot of In([M]o/[M]) versus time. (b) Plot of M,(NMR) versus conver-
sion (full circles) and M,, /M, (SEC) versus conversion (open circle).
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Figure 4.8: Evolution of the SEC chromatograms with time for the ATRP
polymerization of TMPM using CuCl/PMDETA as catalytic system and
450 monomer equivalents (eluant: CHCl3/EtsN /isopropanol 94:4:2 in
volume; calibrated with PS standards).
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Figure 4.9: 'H NMR of pure PTMPM obtained by ATRP using TsCl
initiator (Table 4.5, Entry 4) (solvent: CDCls).
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Table 4.7 ATRP of TMPM using CuCl/PMDETA (scale up).

Entry* CuCl  Time Conv.® DP (NMR) M, (NMR) B¢

(equiv.) (min) (%) (g mol~1)
1 22.5 30 45 256 57,900 1.12
2 22.8 25 22 136 30,800 1.13
3 19.1 15 13 82 18,700 1.18
4 20.9 15 14 83 18,900 1.19

a Reaction conditions: TsCl/CuCl/PMDETA/TMPM = 1/1/1.1/450, 50 wt% of
anisole, T= 80 °C.

P Conv. = conversion of the monomer determined by 'H NMR (solvent: CDCl3).

¢ Determined by SEC (eluant: CHCIl3/Et3N/isopropanol 94:4:2 in volume; cali-
brated with PS standards).

d B, = initiator efficiency.
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4.3 PTMPM-b-PS diblock copolymers by ATRP

This section focuses on the synthesis of well-defined PTMPM-b-PS
diblock copolymers. Depending on the intended application, block co-
polymer with different compositions were synthesized. For thin films
applications, block copolymers with a minor block of PTMA were syn-
thesized (~ 30 wt%). For micelles applications, the opposite polymers
were synthesized, i.e. a minor block of PS representing around 30 wt% of
the total molar mass of the polymer. The polymerization of the PS block
was carried out using CuCl/PMDETA in toluene (50 wt%), starting from
the previously prepared PTMPM-CI macroinitiator. Because styrene is
known to polymerize slower than methacrylates by ATRP, a more acti-
vating ligand (PMDETA instead of dNbpy) was selected. [17:21:22]

Starting from small PTMPM-CI macroinitiators (7000 < M, <
11,000 g mol~!) for thin film applications, Table 4.8 shows that PTMPM-
b-PS copolymers with a lower £ are obtained at 100 °C than at 80°C
(Table 4.8). Well-defined PTMPM-5-PS block copolymers with a PTPM
weight fraction varying from 17 to 63 wt% were synthesized without
homopolymer contamination and with D below 1.20 (Table 4.8). The
increase in dispersity after addition of the second block is commonly ob-
served in ATRP copolymerization and may be attributed to end group
loss or other side reactions. 22l Typical SEC chromatograms of a PTMPM-
b-PS copolymer and the corresponding PTMPM-CI macroinitiator are
shown in Figure 4.10. Two symmetrical peaks with a narrow molar mass
distribution and a shift to higher molar mass for the block copolymer can
be observed. The absence of peak corresponding to the macroinitiator,
indicates a full reinitiation process of the macroinitiator.

For PTMPM-b-PS block coplymers employed in micelles, a longer
PTMPM-CI] macroinitiator was selected and a lower amount of styrene
equivalents is employed since a shorter PS block was intended (Table
4.8, Entry 4-9). However, reinitiating ATRP from a macroinitiator of
87,900 g mol~! was unsuccessful and shorter PTMPM-CI were therefore
selected (Table 4.8, Entry 4,5). By using a macroinitiator of 26,600 g
mol~! a conversion of 16 % was reached after 24 h of reaction but SEC
analysis revealed that it was essentially due to the formation of homoPS
(Table 4.8, Entry 6). Indeed, at 100 °C, 2 wt% per hour of homo PS may
be synthesized by self-initiation. 23l Finally, a good reinitiation without
apparition of homoPS neither homoPTMPM was obtained by using a
macroinitiator of 18,700 g mol .



100 Chapter 4. Synthesis of nitroxide-containing block copolymers

- PTMPM30'b'PS113
-t PTMPM30
| I B I
10 12 14 16 18 20 22

Elution time (min)

Figure 4.10: Typical SEC chromatograms of the PTMPM-Cl macro-
initiator (dashed curve; Table 4.4, entry 5) and the corresponding
PTMPM-b6-PS diblock copolymer (solid curve; Table 4.8, Entry 2)(elu-
ant: CHCls/Et3N /isopropanol 94:4:2 in volume; calibrated with PS stan-
dards).
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Figure 4.11: Typical SEC chromatograms of the PTMPM-CI macro-
initiator and the corresponding PTMPM-b-PS diblock copolymer. (a)
PTMPMi17-b-PS4o (Table 4.8, Entry 6), (b) PTMPMg3-b-PSss (Table
4.8, Entry 9)(eluant: CHCl3/Et3N /isopropanol 94:4:2 in volume; cali-
brated with PS standards).
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Conversion determination via 'H NMR

The conversion was determined via the integration of the region be-
tween 6.2-7.4 ppm of the crude mixture NMR spectrum, corresponding
to the aromatic protons (Hgromatics). D protons of PS (5 Hpg), 6 pro-
tons of styrene (6 Hgiyrene) and 5 protons of the solvent (5 Hypisole) are
present in this integration (Equation 4.3). The contribution of 1 Hyrene
is set to 1 via the peak at 5.85 ppm. The value of 3 Hgpisole 1S oObtained
by integrating the protons at 3.89 ppm corresponding to the methyl of
anisole. Finally, the contribution of 1 Hpg can be obtained via Equation
4.4 and the conversion is calculated according to Equation 4.2.

1Hpg
Conv. = x 100% 4.2
1I{PS + 1Hstyrene ( )
Haromatics = 5HPS + 6Hsty7"ene + 5Hamsole (43)
1HPS _ Haromatics - 6Hstyrene - 5Hanisole (44)

5

-_— _— —
s o <
8 S b
a = <
4.0

75 70 65 60 55 50
Chemical shift (ppm)

R2

Hstyrene
R4 m A

J L _JM AV

Haromatics Hatyrene Hanisole

‘ 12‘.5 ‘ ‘ 11‘.0 ‘ ‘ 915 ‘ 815 ‘ 7.5 6.5 5.5 415 ‘ 315 ‘ 215 ‘ 115 ‘ 015 ‘
Chemical shift (ppm)
Figure 4.12: 'H NMR of crude PTMPM-b-PS block copolymer (Table
4.8, Entry 3) (solvent: CDClj).
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DP determination via 1H NMR

The DP of the PTMPM block is known and its value is set to the
integration of the peak H, at 5.06 ppm, corresponding to the CH next to
the ester function of TMPM. Therefore, the integration of the aromatic
region comprised between 6.2 and 7.4 ppm (Hp) corresponds to the five
aromatic protons of the PS. The DP of the PS block is obtained by
dividing this value by 5, i.e. the number of aromatic protons present
onto one unit of styrene (Figure 4.13).

8.0 7.0 6.0 5.
Chemical shift (ppm)

_y - ol

Ho

1£.5 ‘ 16.5 ‘ 915 ‘ 815 ‘ 7.‘5 6.5 5.5 415 ‘ 315 ‘ 215 ‘ 1.‘5 ‘ 0.‘5
Chemical shift (ppm)

Figure 4.13: 'H NMR of pure PTMPM-b-PS block copolymer (Table
4.8, Entry 3) (solvent: CDCly).

4.4 Oxidation of PTMPM into PTMA

Oxidation of the secondary amine group of TMPM allows the for-
mation of TMA, which is a derivative of TEMPO. The reversible redox
activity of the nitroxide radical is well-known (Figure 4.14), allowing its
utilization as active cathode material for the formation of organic radical
batteries. [8:24:25]

The oxidation was realized in CHyCly, using mCPBA as oxidizing
agent. The SEC chromatogram clearly indicates a coupling of the poly-
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Figure 4.14: Redox process involving the PTMA nitroxide.

mer with 2.3 equiv. of mCPBA (Figure 4.15a) while a clear shift towards
shorter elution volumes is observed for the PTMA-5-PS SEC trace when
1.5 equiv. of mCPBA were employed (Figure 4.15b). No significant in-
crease in D is observed for the oxidized polymer in this case, indicating
an absence of coupling.

HOq is another oxidizing agent for the oxidation of secondary amines
and has been described in literature as more efficient and allowing full
conversion. [26-28] However, this strategy was not practical in the case of
block copolymers containing PS since the PS block was insoluble in the
reaction solvent; i.e. in methanol.

4.4.1 Oxidation yield determination

Electron spin resonance spectroscopy (ESR) was employed in order
to determine the oxidation rate of PTMA-5-PS. ESR is a spectroscopic
technique similar to NMR. However, electron spins are excited rather
than the spins of atomic nuclei. ESR is a a common method to quan-
tify species with unpaired electrons such as stable nitroxyl radicals. Two
different ESR spectrometers were employed. The first samples were an-
alyzed in the frame of a collaboration with Dr. Levéque P. and Prof.
Gallez B. (UCL) using a Bruker EMX spectrometer (Rheinstetten, Ger-
many) equipped with a high sensitivity ER4119HS resonator and oper-
ated in X band at ~9.6 GHz. Since this equipment doesn’t allow di-
rect quantification, a calibration was created using 4-hydroxy-TEMPO
as standard.

Thanks to a collaboration with Prof. Schubert’s group (Jena), a
more recent ESR spectrometer that does not require a calibration curve,
i.e. an EMXmicro CW-EPR spectrometer (Bruker, Germany), was later
employed to perform experiments on powdered samples, using the Spin-
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Figure 4.15: SEC chromatograms of PTMPM-b-PS (entry 2, Table 4.8,
dashed curve) and the corresponding PTMA-b5-PS (solid curve) for ox-
idation conditions using 2.3 equiv. (a) or 1.5 equiv. (b) of mCPBA
(eluant: CHCls/Et3N /isopropanol 94:4:2 in volume; calibrated with PS
standards).

Count™software module for quantitative analysis.

The ESR spectrum of TEMPO is dominated by three characteristic
lines. However, radical-radical interactions due to close spatial proxim-
ity of the nitroxide functions in the PTMA blocks broaden the signal,
preventing the observation of hyperfine structures in the PTMA-b-PS
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spectrum (Figure 4.16).

Depending on the samples, oxidation yields from 50 to 95 % were
achieved. After a drop-wise addition of mCPBA, the solution was ini-
tially stirred at room temperature for 1 hour, leading to oxidation yields
between 50 to 65 %. Next experiments were stirred at room temperature
over night, leading to oxidation yields between 75 to 95 %. Since no cor-
relation between the DP and the oxidation rate appeared (See Table 5.1
and Table 6.1 for further details), the varying oxidation rate could arise
from the purity of the mCPBA employed. Indeed, mCPBA was purified
by washing using slightly basic buffer solution. However the purity of
the obtained mCPBA was not verified and an impure mCPBA would
lead to a lower oxidation yield.

- PTMA47'b'PSeZ
---- TEMPO

I I I
3300 3400 3500 3600 3700

Magnetic field strength (G)

Figure 4.16: ESR spectra (X-band) of PTMA-b-PS and TEMPO with
9—2.8310.

4.5 Electrochemical characterization of PTMA-
b-PS diblock copolymers
Finally, the redox properties of the synthesized PTMA-b-PS copoly-

mers were investigated in an half-cell configuration and in solution using
a three electrodes set-up.

In order to record a cyclic voltammogram of PTMA-b-PS block copo-
lymers, a three electrodes system composed of an Ag/Ag™ non aqueous



108 Chapter 4. Synthesis of nitroxide-containing block copolymers

reference electrode, a Pt wire counter electrode, a Pt disk working elec-
trode and an electrolyte solution of tetrabutylammonium perchlorate
(TBACIO,) in acetonitrile was employed. Unlike the Ag/AgCl aqueous
reference electrode, the value of the redox potential against an Ag/Ag™
reference electrode in organic media shifts depending on the solvent, elec-
trolyte and concentration used.[?9] Therefore, ferrocene was employed as
an external standard. 3% Ferrocene presents a potential of 0.11 V vs. the
used Ag/Ag™ reference electrode (Figure 4.17a).

The cyclic voltammograms of PTMA7g-b-PS502 block copolymers re-
vealed a pair of redox peaks centered at 0.46 V vs. Ag/Ag’ and cor-
responding to the reversible oxidation of the free nitroxide radicals into
oxoammonium cations (Figure 4.17a). I,,/I,c >~ 1, indicating a fully re-
versible redox couple. Since the potential of ferrocene has been reported
to be ~ 3.22 V vs. lithium in carbonates-based electrolytes®!l and is
known against the employed Ag/Ag™ reference electrode, the potential
of the PTMA-b-PS vs. Li/LiT can be calculated and is worth 3.57 V
(0.46 —0.11+43.22 = 3.57). This value was confirmed by a cyclic voltam-
metry performed onto PTMA47-b-PSge in an half-cell configuration. To
obtain the cathode, PTMA-b-PS was mixed with carbon black as con-
ductive material and PVDF as binder and deposited onto aluminum as
current collector. The prepared cathode was assembled into a Swagelock
cell (Figure 4.18). Lithium was used as negative and reference elec-
trode and a solution of 1 M lithium trifluoromethanesulfonate (LiTFS)
in EC/DEC/DMC (1:1:1 in volume) was employed as liquid electrolyte.
The recorded cyclic voltammogram revealed a similar behavior than in
the three electrode set-up with a redox wave centered to 3.60 V ws.
Li/Lit (Figure 4.17b). This value is in good correlation with the cal-
culated one. As expected, PS has no influence over the electrochemical
process.
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Figure 4.17: Cyclic voltammograms (scan rate = 0.1 V s7!) of: (a)
PTMA79-b-PS502 and ferrocene using a three electrodes set-up, (b)
PTMA 47-b-PSga mixed with carbon and binder in an half-cell config-

uration.
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Figure 4.18: Schematic representation of a Swagelock electrochemical
cell: 1. current collector, 2. cathode, 3. separator, 4. metal lithium an-
ode, 5. spring, 6. polytetrafluoroethylene (PTFE) insulating container.
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4.6 Conclusion

A three step synthesis was developed in order to prepare the PTMA-
b-PS block copolymers needed for the formation of nanostructured or-
ganic radical cathodes. Starting from the ATRP polymerisation of T-
MPM, followed by the formation of PTMPM-6-PS block copolymers by
ATRP, using the previously synthesized PTMPM as macroinitiators, and
finally ending by the oxidation of the block copolymers into the electro-
chemically active PTMA-b-PS.

Different conditions for the polymerization of TMPM by ATRP were
screened. The CuCl/dNbpy catalytic system appeared to be an efficient
way to obtain well-defined PTMPM homopolymers with molar masses
lower than 15,000 g mol~!. However a kinetic study revealed an unusual
induction period at the early stages of polymerization. For the forma-
tion of PTMPM macroinitiators with higher molar masses, i.e. > 15,000
g mol™!, reaction kinetics using dNbpy ligand appeared to be too slow
and a more activating ligand, i.e. PMDETA was selected. It resulted in
a faster polymerization process allowing the synthesis of PTMPM with
narrow dispersity. Finally, the synthesis conditions were scaled-up in
order to obtain three to four grams of macroinitiator at once.

In a second part, the polymerization of styrene by ATRP, start-
ing from PTMPM-CI macroinitiators, was demonstrated. Well-defined
PTMPMS-b-PS diblock copolymers without PTMPM homopolymer con-
tamination were synthesized. However, no reinitiation from PTMPM-CI
with molar masses higher than 25,000 g mol~! was observed.

Thirdly, mCPBA oxidation of the PTMPM block into PTMA was
demonstrated. The ESR analysis indicated oxidation yields from 60 to
95 %.

Finally, the electrochemical behavior of PTMA-b6-PS block copoly-
mers was investigated. Cyclic voltammograms were recorded using two
different set-ups. Cyclic voltammetry in a three electrodes system using
an Ag/Ag™ non aqueous reference electrode demonstrated a redox po-
tential at 0.46 V and an I,,/I,c ~ 1, indicating a fully reversible redox
process. Cyclic voltammetry of PTMA-b-PS using a Swagelock half-cell
with a lithium anode showed an electrochemical activity at 3.6 V, cor-
responding to the values described in literature,?® and confirming the
possibility to use such block copolymers as cathodic material in Li-ion
batteries. Moreover, the presence of the PS block appeared not to inter-
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fere with the electrochemical process and would avoid the dissolution of
PTMA in the battery electrolyte.



Experimental part 113

Experimental part

Materials

Triethylamine was distilled over KOH. Styrene (Aldrich, 99 %) was
passed through activated basic alumina (AlyOgs, Acros) columns before
use. Tosyl chloride (TsCl, Fluka, >99 %) was purified by recrystalliza-
tion into hexane. 3-chloroperoxybenzoic acid (mCPBA, Aldrich, 77 %
max) was washed with pH 7 buffer solution (Merck, di-sodium hydrogen
phosphate/potassium dihydrogen phosphate). CuBr (Aldrich, 99.999
%), CuCl (Aldrich, 99,999 %), ethyl a-bromoisobutyrate (EBiB, Acros,
98 %), TMPM (TCI), 4,4’-dinonyl-2,2’-dipyridyl (dNbpy, Aldrich, 97
%), N,N,N’ N" N"-pentamethyldiethylenetriamine (PMDETA, Aldrich,
98 %), anisole (Acros, 99 %), hexane (Sigma Aldrich), toluene (Ana-
laR. NORMAPUR), dichloromethane (HPCL grade, Fisher Scientific),
HCI 36% (Analytical reagent grade Fisher), sodium sulfate anhydrous
(NagSO4, VWR), sodium bicarbonate (NaHCO3, VWR), neutral alu-
mina (AlyOs, Acros), polyvinylidene fluoride (PVDF, MTI), N-methyl-
2-pyrrolidone (NMP, Fisher Scientific), conductive acetylene black (MTT),
electrolyte (1M LiTFS in ethylene carbonate:dimethyl carbonate:diethyl
carbonate, 1:1:1 by volume, MTI), lithium foil (Alfa Aesar, 99.9 %), ace-
tonitrile (VWR, HyperSolv Chromanorm for HPLC), tetrahydrofuran
(Aldrich, Normapur), silver nitrate (Belfolabo), tetrabutylammonium
perchlorate (TBACIOy4; Fluka) and all the other chemicals were used
as received.

Instrumentation

Proton nuclear magnetic resonance ({H NMR) spectra were acquired
either on a 300 MHz Bruker Avance II or on a 500 MHz Bruker Avance
II. Number average molar masses (M,,), weight average molar masses
(M), and dispersity (P) of the polymers were measured on an Ag-
ilent gel permeation chromatography (SEC) system equipped with an
Agilent 1100/1200 pump (25 °C; eluant: chloroform /triethylamine/2-
isopropanol 94:4:2; flow rate: 1 mL/min), an Agilent differential re-
fractometer, a Brookhaven BI-M,A Molecular Weight Analyzer, and
two PSS SDV columns (Beads 10 pm; porosity of column 1: 10,000 A;
porosity of column 2: 1000 A) The calibration was performed using PS
standards. UV-visible spectra were recorded on a Varian spectropho-
tometer (Cary, 50 Conc). Cyclic voltammetry was performed using an
Arbin Instruments Battery Tester, BT-2043 (scan rate: 0.1 mV s7!)
or a CH Instruments potentiostat CHI 660B. Pt-disk working electrode
(CHI102), Pt wire counter electrode (CHI115) and dry Ag/Ag' non-
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aqueous reference electrode (CHI112) come from CH Instruments, inc.
Swagelock cells come from MTI. Electron spin resonance (ESR) data
(UCL) were acquired on a Bruker EMX spectrometer (Rheinstetten,
Germany) equipped with a high sensitivity ER4119HS resonator and
operated in X band at ~9.6 GHz. The parameters of acquisitions were
as follows: microwave power 0.5 mW (26dB), gain 2.83104, amplitude
modulation 0.03 mT at 100 KHz, center field 350.7 mT, sweep width
30 mT (1024 pts), conversion time 10.24 ms, time constant 20.48 ms.
Three scans were acquired for each spectrum. The quantification was
performed by double integration of the three-line spectrum of TEMPO
as standard. Electron spin resonance (ESR) data (Jena) were acquired
on an EMXmicro CW-EPR spectrometer (EMX micro EMM-6/1/9-VT
control unit, ER 070 magnet, EMX premium ER04 X-band microwave
bridge equipped with EMX standard resonator, EMX080 power unit) by
Bruker, Germany. Powdered samples (~4 mg) were investigated at room
temperature and data handling was done on the Bruker Xenon software
package, version 1.1b86. For quantitative experiments the SpinCountT
software module was used and the SpinCount calculated as the average
of three measurements. The degree of oxidation is determined by the
ratio between the spin/mg value obtained by ESR and the NO/mg value
theoretically calculated for a polymer with a theoretical degree of oxida-
tion of 100%, considering that one nitroxide group corresponds to one
electron spin in ESR.

General procedure for the synthesis of PTMPM-Br by
ATRP

A solution of EBiB (6.5 uL, 0.044 mmol, 1 equiv.), TMPM (1190 mg,
5.280 mmol, 120 equiv.), dNbpy (18.0 mg, 0.044 mmol, 1 equiv.), and
toluene (1.37 mL, 50 wt%) was degassed three times by freeze-pump-
thaw cycling. The degassed solution was introduced into a Schlenk tube
containing CuBr (3.2 mg, 0.022 mmol, 0.5 equiv.) and a magnetic bar.
The mixture was degassed by two freeze-pump-thaw cycles, filled with
argon and stirred in an oil bath at 80 °C for 45 min. The polymeriza-
tion was quenched by quickly cooling the tube in a water-ice bath and
exposing the reaction mixture to air. The reaction mixture was filtered
over neutral AlpO3 (eluant: CH2Cly). The solvent was removed under
reduced pressure. The residue was precipitated twice in hexane, filtered
and dried in vacuo at 30 °C overnight, affording a white solid (0.42 g,
76%). M, (SEC) — 11,850 g mol~!; P (SEC) — 1.16; 'H NMR (500
MHz, CDCl3, §): 5.25-4.90 (a, broad, 1H; CH-0), 4.07 (b, multiplet,
2H; CHy—O chain-end), 2.05-1.51 (c, broad, 15H; CH3 + CHj3 backbone),
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1.51-0.80 (d, broad, 6H; CHy + CHgz backbone).

General procedure for the synthesis of PTMPM-CIl by
ATRP

A solution of TsCl (11.6 mg, 0.061 mmol, 1 equiv.), TMPM (1640
mg, 7.273 mmol, 120 equiv.), dNbpy (49.4 mg, 0.121 mmol, 2 equiv.),
and anisole (1.65 mL, 50 wt%) was degassed three times by freeze-pump-
thaw cycling. The degassed solution was introduced into a Schlenk tube
containing CuCl (6 mg, 0.061 mmol, 1 equiv.) and a magnetic bar. The
mixture was degassed by two freeze-pump-thaw cycles, filled with argon
and stirred in an oil bath at 80 °C for 5.08 h. The polymerization was
quenched by quickly cooling the tube in a water-ice bath and exposing
the reaction mixture to air. The reaction mixture was filtered over neu-
tral AlsO3 (eluant: CH2Cly). The solvent was removed under reduced
pressure. The residue was precipitated twice in hexane, filtered and dried
in vacuo at 30 °C overnight, affording a white solid (0.2 g, 49%). M,
(SEC) = 7,800 g mol~!; P (SEC) = 1.07; '"H NMR (500 MHz, CDCl3,
0): 7.74 (a, multiplet, 2H; H,, chain-end), 7.43 (b, multiplet, 2H; H,,
chain-end), 5.25-4.90 (c, broad, 1H; CH-0), 2.05-1.51 (d, broad, 15H;
CHj3 + CHj backbone), 1.51-0.80 (e, broad, 6H; CHs + CHsy backbone).
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General procedure for the copolymerisation of PTMPM-
b-PS by ATRP

A solution of PTMPM-CI (M, = 7,400 ¢ mol™!, B = 1.07; 291
mg, 0.039 mmol, 1 equiv.), styrene (3.61 mL, 31.515 mmol, 800 equiv.),
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PMDETA (7.5 mg, 0.043 mmol, 1.1 equiv.), and anisole (3.30 mL, 50
wt%) was degassed three times by freeze-pump-thaw cycling. The de-
gassed solution was introduced into a Schlenk tube containing CuCl (3.9
mg, 0.039 mmol, 1 equiv.) and a magnetic bar. The mixture was de-
gassed by two freeze-pump-thaw cycles, filled with argon and stirred in
an oil bath at 100 °C for 48 h. The polymerization was quenched by
quickly cooling the tube in a water-ice bath and exposing the reaction
mixture to air. The reaction mixture was filtered over neutral AloO3
(eluant: CH2Cly). The solvent was removed under reduced pressure.
The residue was precipitated twice in hexane, filtered and dried in vacuo
at 30 °C overnight, affording a white solid (1.160 g, 76%). M,, (SEC)
= 29,700 g mol~!; B (SEC) = 1.17; 'H NMR (500 MHz, CDCl3, 6):
7.74 (a, multiplet, 2H; H,, chain-end), 7.43 (b, multiplet, 2H; H,, chain-
end), 7.18-6.26 (c, broad, 5H; Hg, PS), 5.25-4.90 (d, broad, 1H; CH-O
PTMPM), 2.33-1.51 (e, broad, 18H; CH3 PTMPM + backbone (PS -+
PTMPM)), 1.51-0.80 (f, broad, 6H; CHy + CHy backbone).

General procedure for the oxydation of PTMPM-b-PS

PTMPM-b-PS (M,, = 17,000 g mol~!, P = 1.20; 377.3 mg, 0.022
mmol, 1 equiv. of amine functions), CH2Cly (50.31 mL) and a magnetic
bar were introduced into a 250 mL flask under argon.[*?l A solution of
mCPBA (393.0 mg, 0.966 mmol, 1.5 equiv.) and CHyCly (25.15 mL) was
added dropwise at 0 °C during 1 h. The mixture turned to an orange
color. The reaction mixture was then stirred for 1 h at 0. The mixture
was washed twice with a sodium bicarbonate solution (10%), twice with
HCI (0.1 N), and twice with water. The organic phase was dried with
sodium sulfate, filtered and the solution was concentrated under reduced
pressure. The orange product was precipitated un hexane, filtered and
dried in vacuo at 30 °C overnight, affording an orange powder (0.283 g,
76%). M, (SEC) = 15,300 g mol~!; B (SEC) = 1.21; Anaz (€) = 460
nm, yield = 99% (UV-vis absorption) and 81% (ESR).
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Preparation of Ag/Ag"™ non-aqueous reference electrode

A non-aqueous Ag/Ag™ reference electrode with porous Teflon tip
was filled with a solution composed of 0.01 M AgNOgz and 0.1 M TBACIOy4
in acetonitrile.

Typical procedure for cyclic voltammetry in solution

The analyzed component (PTMA-b-PS or ferrocene) was dissolved
into the electrolyte solution (0.1 M TBACIO, in acetonitrile) in order to
obtain a 0.1 M solution. A three electrodes set-up with a Pt disk work-
ing electrode, a Pt wire counter electrode and the previously prepared
Ag/Ag™ reference electrode was used to record the voltammogram.

Typical procedure for preparation of PTMA-b-PS Half-
cells

The cathode was prepared by mixing PTMA-b-PS (M,, (GPC) =
15,300 g mol~!; D (GPC) = 1.21; 30 mg) with PVDF binder (10 mg)
in NMP (0.6 mL). After complete dissolution of the polymers, acetylene
black (60 mg) was added to the solution and stirred for 3 h. The slurry
was casted onto an aluminum current collector of a diameter of 17 mm.
The electrodes were dried in a vacuum oven at 60 °C overnight. The
electrochemical tests on PTMA-b-PS were conducted in a half-cell con-
figuration with a Li foil as reference and counter electrode. The cells
were assembled in an argon-filled glove box.
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CHAPTER D

PTMA-b-PS micelles as nanostructured organic radical
cathodes

® PTMA @ PS Self-assembly

——
R - n?f In electrolyte
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Abstract

This chapter focuses on PTMA-b-PS block copolymer self-assembly in
solution, i.e. battery electrolyte, to form micelles with an electrochemical
active corona of PTMA and a core of PS. The resulting micelles are char-
acterized by dynamic light scattering and atomic force microscopy. Next,
the electrochemical performances of the micelles are investigated. Firstly,
micelles deposited onto carbon nanotube buckypapers are analyzed. Then,
the micelles are employed as catholyte in hybrid-flow batteries with a zinc
anode.
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The self-assembly process and the electrochemical characterization
onto carbon nanotube buckypapers have been published in Macromolecule
Rapid Communications.[!) The redox flow batteries with PTMA micelles
were analyzed in the frame of a collaboration with Jan Winsberg and To-
bias Janoschka from Ulrich S. Schubert’s group at the Friedrich Schiller
University in Jena and have been published in Polymer Chemistry. 2!



5.1. Introduction 123

5.1 Introduction

Self-assembly of block copolymers can be realized either in solid
state, i.e. bulk or thin films, or in selective solvents to form micelles.
This chapter focuses on the self-assembly of the previously synthesized
PTMA-b-PS copolymers in battery electrolyte. In order to achieve the
self-assembly process, one block of the diblock copolymer needs to be
soluble into the employed solvent while the other block needs to be in-
soluble in the same solvent. Fortunately, the battery electrolyte com-
posed of EC/DEC/DMC (1:1:1 in volume) with 1 M lithium trifluo-
romethanesulfonate (LiTFS) electrolyte salt fulfils these requirements.
Indeed, the polystyrene block appears to be insoluble in this specific elec-
trolyte whereas the PTMA is soluble, leading to micelles with a corona
of PTMA and a core of PS. As previously mentioned, micelles based
on block copolymers with stable nitroxide bearing moieties have been
studied for medical imaging and drug delivery (See section 2.4.2).13-8l
However, in all these previously studied systems the nitroxide bearing
block was located into the micellar core. To the best of our knowledge
this work is the first study on micelles with an electrochemical active
corona for the formation or micellar organic radical cathodes. Two dif-
ferent kinds of batteries based on PTMA micelles are investigated in
this chapter. Firstly, the electrochemical behavior of micelles deposited
onto carbon nanotubes buckypapers via a filtration method is investi-
gated. Secondly, micelles in solution are employed as hybrid-redox flow
battery catholyte. Redox flow batteries present the advantage to have
electro-active materials dissolved into the battery electrolyte solution.
The cathode electrolyte solution, i.e. the catholyte, and the anode elec-
trolyte solution, i.e. the anolyte, are stored into two separated tanks and
pumped through the electrochemical engine, allowing a fast replacement
of the battery materials by simply emptying and refilling the tanks and
allowing to easily manage power and capacity separately. [9-13] The liquid
electrodes are generally separated by expensive ion exchange membranes,
e.g. Nafion™™ [ Thanks to the use of polymer materials, such mem-
branes can be replaced by less expensive size exclusion ones like dialysis
membranes. A hybrid-flow battery refers to a redox flow battery where
at least one active species present one insoluble redox state. In this chap-
ter PTMA micelles are employed as catholyte with a zinc based anode.
Zn?:q) is reduced to Zn?s) during the charge process forming a solid an-
ode. Zinc RFBs are usually combined with halogen cathodes. However
Iy and Bry are toxic species and complexing agents are usually added in
order to maintain their solubility and increase the safety.*?l These draw-
backs can be overcome by using organic catholyte in place of halogen one.
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5.2 Self-assembly of PTMA-b-PS block copoly-
mers in solution

The PTMA-b-PS diblock copolymers investigated in the present study
were synthesized according to the procedure explained in Chapter 4.! In
order to study the self-assembly of the PTMA-b-PS diblock copolymers
in a typical battery electrolyte, block copolymers with different compo-
sitions were synthesized, namely PTMAgy-b-PS141 (57 wt% of PTMA),
PTMAgQ—b—PSg)g (76 wt% of PTMA) and PTMA63—b—P835 (81 wt% of
PTMA),? see Table 5.1 for further details. The aim of this project is
to obtain micelles with a core of PS (which is insoluble in the investi-
gated battery electrolyte) and a corona of PTMA (which is soluble in the
electrolyte). This design is a prerequisite for a proper operation of the
micellar cathodes in a Li-ion battery. Firstly, the amount of the PTMA
component in the diblock copolymer should be maximized since it is the
electrochemical active moiety affording the possibility to store energy.
Furthermore, the PTMA component should be located in the micellar
corona to stay in contact with the electrolyte and to allow the diffusion
of counteranions (TFS™ in our case) required to compensate the oxoam-
monium cations generated by the electrochemical reaction. Finally, in
the case of micelles adsorbed on a carbon nanotube buckypaper, the
presence of the PS core is required to avoid migration of PTMA in the
bulk electrolyte. In this perspective, spherical micelles with a small PS
core and a large PTMA corona are suitable.

Those micelles were prepared by direct dissolution'%'7l of the PTM-
Ago-b-PS141 and PTMAgs-b-PS59 samplesat 1 and 2 g L=1in the battery
electrolyte composed of 1 M LiTFS into EC/DEC/DMC mixture (1:1:1
in volume). Solubility tests demonstrated that homo-PTMA is totally
soluble into the battery electrolyte while homo-PS is insoluble (Figure
5.1). These simple tests give us a clue about the formation of micelles
with a PS core and a PTMA corona.

!The synthesis of block copolymers employed in this chapter were performed by
Quentin Maguin in the frame of his master thesis.

2The numbers in subscript state the average degree of polymerization of the re-
spective blocks.
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Table 5.1: PTMA-b-PS block copolymers employed for the fabrication
of micelles.

Entry DP? M, P> PTMA Oxidation
(NMR) ratio yield®
(g.mol~1) (wt%) (%)
1 PTMAgo-6-PS141 34,500 1.16 57 64
2 PTMAgs-b-PS59 26,000 1.18 76 58
3 PTMAg43-b-PS35 18,900 1.17 81 83

2 Determined by 'H NMR (solvent: CDCl3).

b Determined by SEC (eluant: CHCI3/Et3N/isopropanol 94:4:2 in volume; cali-
brated with PS standards).

¢ Determined by ESR.

>

Figure 5.1: Solubility of homo-PTMA and homo-PS in battery elec-
trolyte (EC/DEC/DMC; 1:1:1 in volume with 1 M LiTFS): (a) homo-
PTMA (4 mg mL~1), (b) homo-PS (4 mg mL~!). PTMA is completely
soluble giving to the solution its characteristic orange color whereas PS
is insoluble and form an aggregate on top of the vial.

5.2.1 Dynamic light scattering

DLS measurements revealed the formation of micellar structures for
the investigated copolymers. The CONTIN size distribution histogram
for the PTMAgo-b-PS141 sample shows one population of micelles with
an average apparent hydrodynamic radius (R, qpp) of 23 nm and a nar-
row polydispersity index (PDI) of 0.0539 as calculated by the Cumulant
method. The CONTIN size distribution histogram of the PTMAgs-b-
PSs9 sample (Figure 5.2a) shows two distinct populations. The first
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population could correspond to micelles with a R}, 4y, of 17 nm, whereas
the second population at 270 nm could correspond to aggregated micelles
in the electrolyte. Results obtained for concentrations of 1 and 2 g.L 1
were essentially the same for both investigated copolymers. In order to
get more information about the morphology of the micelles, multi-angle
analysis (30°, 60°, 90°, 120°and 150°) was performed for the population
ascribed to micelles for both samples. Indeed, the first cumulant fre-
quency I' and the associated scattering vector ¢ allow the calculation
of the diffusion coefficient Dy from the slope of the evolution of I" versus
q? for different angles (Equation 5.1):

4 0
T = D, ¢ with ¢ = % sin(3) (5.1)
Where I', ¢ and A are respectively the first Cumulant frequency, the

scattering vector and the wavelength of light.

The plots of ¢? versus I" (Figure 5.2b for the PTMAgy-b-PS59 sample)
provide a clear linear correlation passing through the origin, indicating
that only translational diffusion occurs for both investigated samples.

Knowing the diffusion coefficient (Dy), the hydrodynamic radius (Ry,)
can be determined from the Stokes-Einstein relationship:

kpT

= 2
B 67Dy (5:2)

Where T is the absolute temperature, n is the solvent viscosity, kp
is the Boltzmann’s constant.

A Ry, of 18 nm is obtained for the PTMAgs-b-PSs9 sample and a Ry,
of 23 nm for the PTMAgs-b-PS141. Those values are in perfect agreement
with the Rj qpp = 17 nm and of 23 nm measured at 90 °, respectively.
Those results confirm the presence of well-defined spherical micelles for
both samples.

5.2.2 Atomic force microscopy

Atomic force microscopy (AFM) provides further evidence for the
formation of spherical micelles. Well-defined micelles observed together
with some aggregated micelles are obtained for the PTMAgo-6-PS141
sample (Figure 5.3). Those micelles correspond to dried micelles and are
characterized by an average height of 30 nm.
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Figure 5.2: DLS measurements of micelles prepared from PTMA-b-
PS block copolymers (2g L~1!) in battery electrolyte (1 M LiTFS in
EC/DEC/DMC (1:1:1 in volume) mixture). (a) CONTIN size distri-
bution histogram of PTMAge-0-PS14; (dashed curve) and PTMAgs-b-

PSs9 (solid curve), (b) multi-angle analysis (¢? in function of I" plot) for
PTMAgo-b-PSso.

Spherical and well-dispersed micelles are obtained for the PTMAgo-
b-PSs9 sample (Figure 5.4). These micelles present an average height of
27 nm. Since these micelles are dried and deposed on an AFM substrate,

they tend to flatten making difficult a comparison af the two polymer
sizes.
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(a)

57.3nm

-28.9nm

0.0 1.0 pm 0.0 1.0 ym’

Figure 5.3: AFM images (1.0x1.0 pum?) of the micelles prepared from
PTMAgo-b-PS141 spin-coated onto a silicon wafer ((a) height contrast;
(b) phase contrast).
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Figure 5.4: AFM images (1.0x1.0 um?) of the micelles prepared from
PTMAgo-b-PSs9 spin-coated onto a silicon wafer ((a) height contrast;
(b) phase contrast).

5.3 Electrochemical characterizations of micellar
cathodes

5.3.1 Buckypaper electrodes

In order to build a Li-ion battery and to perform electrochemical
tests, the PTMA-6-PS micelles were trapped in a carbon nanotube buck-
ypaper via a filtration approach. Carbon nanotubes in solution were fil-
tered onto a Millipore filtration device leading to a nanotube buckypaper
(Figure 5.5). Next, the micellar solution was filtered through the buck-
ypaper, trapping micelles inside the nanotube network. The network of
carbon nanotubes should allow not only to minimize the migration of the
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PTMA-b5-PS micelles into the bulk electrolyte during battery operation
but also to afford a dense conductive network for efficient charge transfer
towards the battery current collector. SEM analysis has confirmed the
presence of PTMAgs-b-PSs9 micelles onto the entangled network of car-
bon nanotubes (Figure 5.6). According to Figure 5.6, the PTMA-b-PS
micelles are rather observed as aggregates on top of the carbon nan-
otubes buckypaper than inserted in the nanotube network. Therefore,
the micelles could be released in the battery electrolyte during battery
operation and this could cause a decrease in capacity over cycles (see
further results discussed in Figure 5.8)

— 100nm 8/14/2013
X 50,000 15.0kV SEI SEM WD 8.0mm 4:27:32

Figure 5.5: SEM picture of the initial carbon nanotubes buckypaper.

The accordingly obtained micellar cathodes were analyzed by cyclic
voltamperometry and galvanostatic cycling in a half-cell configuration.
Galvanostatic cycling was performed at 1C? from 3 V to 4 V with a
current range of 24 mA g~!. These analyses were performed on the
PTMAgs-b-PSs9 micelles since they present the longest block of PTMA,
i.e. electrochemical active material. The cyclic voltammogram (Figure
5.7a) reveals a distinct and reversible redox peak centered at 3.6 V (vs
Lit/Li), corresponding to the reversible oxidation of the free nitroxide
radicals into oxoammonium cations. Charge/discharge voltage profiles
(Figure 5.7b) reveal the presence of a voltage plateau around 3.7 V (vs.
Lit/Li) in both charge and discharge. The observed voltage plateau is
consistent with the redox behavior of PTMA (3.6 V vs. Li* /Li) confirm-

31C meaning a full charge in one hour
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L 100nm 8/14/2013
X 37,000 15.0kV SEI M WD 8.0mm 4:16:15

Figure 5.6: SEM picture of PTMAgs-b-PS59 micelles onto the carbon
nanotubes buckypaper.

ing that the charge process relies on the oxidation of PTMA to oxoammo-
nium salt and that the discharge process consists in the reverse reaction.
Figure 5.7¢ shows the cycling performances of the micellar cathodes.

The gravimetric capacity of our cathodes was calculated to be 24
mAh g~! (see experimental part for detailed calculations). Although
the capacity of the system could be increased by increasing the oxida-
tion level of the investigated micelles, the oxidation level has no influence
over the micellisation process since the PTMPM precursor appears to be
soluble too in battery electrolyte. With an experimentally measured ca-
pacity of 15 mAh g=!, only 65% of the theoretical capacity is retained.
This could be explained by a lack of electrical conductivity between the
micelles and the carbon nanotube buckypaper. Moreover a loss of capac-
ity is monitored during the process. This loss is attributed to micelles
detaching from the carbon nanotube buckypaper and moving towards
the bulk electrolyte. Indeed, after the charge process micelles present a
positively charged corona. Furthermore, despite their stability in solu-
tion, some of the micelles have modified their initial morphology after
battery operation and are observed as a polymer film in which the carbon
nanotubes are embedded (Figure 5.8).
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Figure 5.7: Electrochemical characterization of buckypaper micellar
cathodes prepared from PTMAgy-b-PS59 (Current: 0.1 mV s~ 1M
LiTFS in EC:DEC:DMC, 1:1:1 in volume): (a) cyclic voltammogram
(scan rate = 0.1 V s71), (b) typical charge/discharge voltage profiles
and (c) capacity retention plot.
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X 27,000 15.0kV SEI M . :08:36

Figure 5.8: SEM picture of PTMAgs-b-PS59 micelles onto the carbon
nanotubes buckypaper after electrochemical characterizations.

5.3.2 Micellar cathode redox-flow batteries *

In contrast to classic batteries where the electrode active materials
are in the solid state, redox-flow batteries (RFBs) present active materi-
als dissolved into the electrolyte. The electrolytes, named catholyte and
anolyte, are a mixture comprising the solvent, a supporting electrolyte
and a cathode or anode active material. During battery operation, the
electrolyte is constantly pumped through the system, circulating from
the half-cells and the storage tanks. Our micelles were analyzed in an
hybrid-flow battery system. The catholyte was composed of the PTMA
micelles whereas the anolyte was composed of zinc. Zinc perchlorate
hexahydrate was used as supporting electrolyte and anode active mate-
rials. During the charge process, Zn%", was reduced to Zn(()s), forming a

(aq)
solid anode. The half cells were separated by a size exclusion membrane.

The micellar catholyte was composed of PTMAgs-b-PSs5 at a con-
centration of 13 mg mL~! (Table 5.1, Entry 3) (the cathode active ma-
terial) and 0.5 M Zn(ClO4)2.(H20)6 (the supporting electrolyte) into
EC/DEC/DMC (1:1:1 in volume). The anolyte was composed of 0.5
M Zn(Cl04)2.(H20)6 (the anode active material and supporting elec-
trolyte) into EC/DEC/DMC (1:1:1 in volume). The micellar concentra-
tion of 13 mg mL~! corresponds to the maximum of PTMA-b-PS micelles

“These results were obtained in collaboration with Jan Winsberg and Tobias
Janoschka from Friedrich Schiller University Jena (Germany).
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Figure 5.9: Redox-flow electrochemical cell. (Top) Schematic repre-
sentation of redox-flow electrochemical cell. One half cell comprises:
(a) a frame, (b) a PTFE block with hose connections and rubber seal,
(c) a graphite/zinc current collector, (d) a rubber sealing, (e) a PTFE
flow frame, (f) a rubber sealing and (g) a surface enhancing graphite
felt/carbon paper, separated by (h) a size exclusion membrane. (Bot-
tom) Hybrid flow battery set-up comprising: the electrochemical cell,
two reservoir tanks (catholyte & anolyte) and a peristaltic pump.

that can be formed in carbonated battery electrolytes. The carbonate
mixture was selected due to its good ion conductivity and the possibility
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to form micelles. A maximum capacity of 1.17 Ah L™, corresponding to
a theoretical energy density® of 1.5 Wh L~! was achieved and can’t be
increased due to the limit of solubility of PTMAgs-6-PS35. The system
was investigated using a graphite electrode with graphite felt as current
collector, a dialysis membrane with a molecular weight cut-off (MWCO)
of 1,000 g mol~! derived from regenerated cellulose as half-cells separa-
tor and a zinc foil as anode.

Charging/discharging experiments were performed at 1 mA cm™2,
using 8 mL electrolyte per half-cell and a flow rate of 20 mL min~!
(Figure 5.10a). A reversible flat plateau at 1.5 V is observed during the
charge process. However a potential drop of about 0.3 V appears during
the discharge and could be attributed to the internal cell resistance. A
long-term stability test was performed by continuous cycling of a static
non-pumped battery with a steady current of 1.5 mA cm™2, revealing a
very slow capacity decay. Indeed, 94 % of the initial discharge capacity
and up to 99 % of the coulombic efficiency remain after 1000 cycles (Fig-
ure 5.10b).

Battery performances at various current densities were investigated,
with a capacity of 1.17 Ah L' at a flow rate of 20 mL min~! (Figure
5.10c). The charging/discharging capacity and the potentials of the cor-
responding plateau were measured at different current densities. A ma-
terial activity of 93 % for current densities of 0.2 mA ¢cm ™2 was reached.
At 1 mA cm~2 current density the discharge capacity drops to a plateau
around 6.11 mAh (65 % of activity). Charging was possible up to 5 mA
cm~2. The coulomb efficiency stayed above 85% with a peak efficiency
of 98% at current densities from 1 to 4 mA cm™2. A linear decline of
the voltage efficiency was observed with increasing current densities. The
restricted ion conductivity in the applied electrolytes and the consequen-
tial increasing potential gap between charging- and discharging plateaus
could explain such behaviors.

Concerning the stability of micelles during the electrochemical pro-
cess, it appeared that micelles are not disrupted during the process. Prior
charging, a cloudy catholyte was observed (Figure 5.11) due to a Tyndall
effect, '8! indicating some agglomeration of the uncharged micelles. Next
the micelles were charged by chronoamperometry at 1.9 V (Figure 5.12),
revealing a clear catholyte solution. The disappearance of aggregates
in favor of isolated micelles is most likely due to the positively charged

SEnergy density = capacity times OCV at 50 % SOC (1.3 V for carbonated elec-
trolytes).
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Figure 5.10: Electrochemical characterization of PTMA micelles/zinc
hybrid-redox flow battery. (a) charging/discharging curves (8 mL elec-
trolyte per half-cell, current = 1 mA cm~2 and flow rate at 20 mL min~1),
(b) static long term stability test (non-pumped hybrid-flow cell, 1.5 mA
cm ™2, room temperature), (c) various current density test (8 mL elec-
trolyte per half-cell, flow rate at 20 mL min~1).



136 Chapter 5. PTMA-b-PS micelles

corona.

Figure 5.11: Micellar catholyte: (a) prior charging, (b) after charging.
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Figure 5.12: Micellar catholyte charging by chronoamperometry at a
potential of 1.9 V. Plot of the residual current versus time.

The charged micelles were further characterized by DLS, revealing
one population of micelles with an average apparent hydrodynamic ra-
dius (< Rp, >n,app) of 40 nm. Moreover, two populations were revealed
by intensity weighted distribution (< Rp >, 4pp). The main population
with a radius of 55 nm is attributed to micelles in solution whereas the
second population presenting a radius of 310 nm is attributed to aggre-
gated micelles (Figure 5.13).

Despite good electrochemical performances, the limited solubility of
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Figure 5.13: Dynamic light scattering of charged micelles into redox flow
battery catholyte: Apparent hydrodynamic radius < Rj >p app (solid
curve) and intensity weighted distribution < Rj, >, 4pp (dashed curve).

PTMA-b5-PS micelles in carbonate mixtures restrained the capacity. In-
deed, energy densities up to 8.1 Wh L~! were obtained using PTMA-co-
PEGMA statistical copolymers. Given that organic redox-flow batteries
based on small organic molecules rather than polymers can achieve en-
ergy densities between 0.3 and 25 Wh L~!, our micellar RFB is in the
lowe[r r]niddle of the organic redox-flow batteries in term of energy den-
sity. 19

5.4 Conclusion

We have demonstrated the possibility to create nanostructured or-
ganic radical cathodes by self-assembling diblock copolymers containing
an electrochemical active block into micelles. DLS measurements and
AFM microscopy revealed the formation of well-defined spherical mi-
celles in the investigated battery electrolyte. Those micelles have been
further deposed onto a carbon nanotubes buckypaper, creating a solid or-
ganic radical cathode providing at the same time good access to the elec-
trolyte through the solvated PTMA coronal chains for ionic conduction
and electrical conductivity for current collectors through the network of
carbon nanotubes. The electrochemical behavior of these micellar cath-
odes was tested, evidencing the characteristic electrochemical activity of
PTMA and acceptable electrochemical performances for the accordingly
constructed Li-ion battery in a half-cell configuration. Nevertheless, the
initial micelles seem to disappear after battery operation at the expense
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of a polymer film in which the carbon nanotubes are partially embed-
ded. The aromatic rings of the PS blocks could act as anchors on the
carbon nanotubes and limit the diffusion of the free PTMA-6-PS chains
towards the electrolyte. Apart from being immobilized in a rigid con-
ductive matrix, our micellar organic radical cathodes could also be used
for hybrid-flow batteries. Hybrid-flow batteries with zinc anode and a
micellar cathode were prepared. Anodic zinc and cathodic micelles dis-
persed in the electrolyte and stored inside two distinct tanks are pumped
through the engine to generate electrical energy. Despite a limited solu-
bility of micelles in battery electrolytes, limiting the maximum capacity
of the system, good electrochemical performances were obtained using
PTMA-b-PS micelles. In static non pumped experiments, 94 % of dis-
charge capacity and 99 % of coulomb efficiency were obtained after 1000
cycles. In pumped experiments at various current densities, best results
were obtained for current density of 0.2 mA cm~?2 and charging was pos-
sible up to 5 mA cm™2. Therefore electrochemical active micelles are
promising tools as catholyte materials for redox-flow batteries provided
that the amount of PS content is minimized in order to obtain a maxi-
mum gravimetric capacity and the employed electrolyte is optimized in
order to increase the micellar concentration.
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Experimental part

Materials

Polyvinylidene fluoride filter (PVDF, Millipore (Durapore Membrane,
PVDF, hydrophobic, 0.22 pm, 47 mm, white, plain)), lithium foil (Alfa
Aesar, 99.9 %, stored in Ar filled glovebox), carbon nanotubes (NC 7000,
Nanocyl), diethyl carbonate (DEC, Sigma Aldrich, anhydrous, 99 %),
dimethyl carbonate (DMC, Sigma Aldrich, anhydrous, 99 %), ethylene
carbonate (EC, Sigma Aldrich, anhydrous, > 99 %), lithium trifluo-
romethanesulfonate (LiTFS, Sigma Aldrich, anhydrous, 99,995 % trace
metal basis) and all the other chemicals were used as received. Zinc foil
(99.98 %, thickness 250 um Alfa Aesar) was used to build zinc electrodes.
Dialysis membrane derived from regenerated cellulose with a MWCO of
1,000 Da (Spectra/Por® 6, Spectrum Laboratories, USA) received as
pre-wetted dialysis tubing was cut, rinsed with water/propylene carbon-
ate and stored in the electrolyte solution for at least 24 hours. Graphite
felt was cut in appropriate pieces (2.25x2.25x0.4 cm, GFA6, SGL, Ger-
many). The electrolyte (1M LiTFS into EC/DEC/DMC, 1:1:1 in vol-
ume) has been prepared and stored into an argon-filled glovebox.

Instrumentation

Dynamic light scattering (DLS) measurements were performed on a
Malvern CGS-3 apparatus equipped with a He—Ne laser with a wave-
length of emission at 632.8 nm. The temperature was controlled at 25
°C (viscosity of the electrolyte mixture n = 1.92 mPas, refractive index n
= 1.4004). The results were analyzed via the Cumulants and CONTIN
methods. Determination of the refractive index was conducted on a Op-
tilab rEX at 25 °C (Wyatt Technology, USA). Atomic force microscopy
(AFM) was performed on a Digital Instruments Nanoscope V scanning
force microscope in tapping mode, using NCL cantilevers (Si, 48 N m™—!,
330 kHz, Nanosensors). Scanning electron microscopy (SEM) has been
performed on a JEOL JSM 7500F. Cyclic voltammetry was performed
using an Arbin Instruments Battery Tester, BT-2043 (scan rate: 0.1 mV
s71). Charge/discharge analysis was performed using an Arbin Instru-
ment Battery Tester, BT-2043 (current range of 23 mAh g~! (1 C), from
3to4 V).
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Gravimetric capacity determination of micellar cathodes

Gravimetric capacity determination of micellar cathodes =
Gravimetric capacity determination of PTMA x wt% of polymer
* wt% of PTMA block * oxidation rate =

111 % 0.47 % 0.76 % 0.6 = 24 mAhg™*

Where the theoretical capacity of PTMA is 111 mAh g~ wt% of
polymer is the weight fraction of polymer inside the cathode made of
PTMA-b-PS and carbon nanotubes, wt% of PTMA is the weight fraction
of PTMA inside the block copolymer and oxidation rate is the amount
of PTMPM oxidized into PTMA.

Typical procedure for the formation of micelles in battery
electrolyte

Micelles have been prepared by direct dissolution of the PTMA-b6-PS
copolymers in the battery electrolyte (concentration of 1 or 2 g L™1) fol-
lowed by ultrasonic bath treatment during 30 min. The formed micelles
have been analyzed by DLS and AFM.

Typical procedure for the deposition of micellar cathodes
on carbon nanotubes buckypaper

Carbon nanotubes (10 mg) were dispersed into butanol (250 mL) us-
ing an ultrasonic bath for 2h. The solution was filtered onto a PVDF
filter with a Millipore filtration hardware leading to the formation of a
carbon nanotubes buckypaper. A solution of PTMA-b-PS (40 mg; M,
(SEC) = 25300 g mol~!, PDI = 1.18) into the electrolyte (IM LiTFS
into EC/DEC/DMC, 1:1:1 in volume; 10 mL) was ultrasonicated during
30 min and filtered onto the previously obtained buckypaper. The ac-
cordingly obtained composite cathode consisting of PTMA-5-PS micelles
embedded in the carbon nanotubes was detached from the PVDF filter
and dried overnight in vacuo at 30 °C.

Preparation of PTMA-b-PS half-cells

Electrochemical tests on composite cathodes consisting of PTMA-b-
PS micelles embedded in carbon nanotubes buckypaper were conducted
in a half-cell configuration with a lithium foil as reference and counter
electrode. The cells were assembled in an argon-filled glove box.
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RFB

The electrochemical cell was designed and constructed in a flat cell
type with a membrane active area of 5 cm? (JenaBatteries GmbH, Ger-
many). Zinc electrodes were cut out of zinc foil (50x65 mm, 5.7 g)
and brushed with sandpaper directly before cell assembly. Charging-
/discharging tests were conducted on a VMP3 potentiostat/galvanostat
(Biologic, France).

For static, non-pumped long-term charging/discharging experiments,
both half cells were filled with 3 mL electrolyte solution using a syringe.
To study the influence of the current density on the electrical perfor-
mance of the battery, dynamic measurements were performed, whereat
the electrolyte was circulated between the electrochemical cell and the
storage tanks with a peristaltic pump (Hei-FLOW Value 01 Multi, Hei-
dolph, Germany). Typically, 8 mL of electrolyte was used with a flow rate
of 20 mL min~'. All measurements were carried out at 25 °C under nor-
mal atmosphere. The batteries were charged/discharged with constant
current and the resulting potential was measured over time. Coulombic
efficiencies were calculated by the quotient of discharging current and
charging current of the same cycle, voltage efficiencies by the quotient
of mean potential of discharging- and charging plateau, energy efficiency
by the product of voltage efficiency and coulombic efficiency.
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CHAPTER 0

PTMA-b-PS thin films as nanostructured organic radical
cathodes

Abstract

This chapter describes the formation of nanostructured thin film or-
ganic radical cathodes. First, the self-assembly of poly(2,2,6,6-tetra-
methylpiperidinyloxy-4-yl methacrylate)-block-polystyrene (PTMA-b-P-
S) diblock copolymers in thin films is detailed. In order to improve the
nanomorphology obtained via the immiscibility of PTMA and PS do-
mains, the effect of thermal and solvent annealing is investigated. De-
pending on the processing conditions and the polymer employed, different
morphologies such as cylindrical or lamellar are observed. The electro-
chemical properties of the nanostructured films are further investigated
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to assess the redoz activity of the PTMA domains. Cyclic voltammetry
of PTMA-b-PS diblock copolymers, in thin film supported configuration,
confirms the reversible redox behavior of the nitrozide radical. Galvanos-
tatic cycling of the thin film nanostructured cathodes reveals good capac-
ity retention with fast charge/discharge response resulting from efficient
charge and ion transfer as well as structural integrity. Such nanostruc-
tured organic radical cathodes provide opportunities for the fabrication of
a new generation of nanostructured organic radical batteries.

The self-assembly study and the electrochemical characterization of
PTMA-b-PS have been published in Journal of Materials Chemistry A.[!
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6.1 Introduction

After studying the self-agssembly of PTMA-b-PS diblock copolymers
into micelles in the previous chapter, this chapter focuses on the self-
assembly in thin films.

As previously mentioned in Chapter 2 Section 2.4.3, only a few works
have studied the self-assembly of block copolymers with a block contain-
ing nitroxide. 24 This work goes further than the aforementioned studies
since the self-assembly process and the different morphologies accessible
are studied more in-depth. Moreover, electrochemical characterizations
are performed on the self-assembled thin films, leading to the first report
of nanostructured thin films as organic radical cathode.

Our objective is to obtain self-assembled thin films with cylinders
of PTMA embedded in a PS matrix. Indeed, due to the solubility of
PTMA into Li-ion battery electrolytes, a matrix of insoluble PS is suit-
able. Moreover, the PS matrix will add a structural integrity to the
cathode thin film. At the same time, continuity between the PTMA
domains and the current collector is a prerequisite. According to these
criteria, cylindrical domains perpendicular to the current collector are
preferred to spherical ones. It is generally admitted for block copolymer
self-assembly processes in thin films that the cylindrical morphology is
obtained upon using a block copolymer with a volume fraction (f,) of
the minor block comprised between 20 and 30%. !5 Due to the undeter-
mined density of PTMA, f, has been approximated to the mass ratio.
According to this, the mass ratio of the PTMA block in the studied
PTMA-b-PS block copolymers has been varied between 18 to 45 wt%.

Two different annealing processes are studied, i.e. thermal anneal-
ing or solvent annealing, in order to ameliorate the phase separation.
Once the good annealing process determined, the effect of the anneal-
ing time, the polymer size and the PTMA ratio are studied. Then the
electrochemical properties of the thin films are investigated via a cyclic
voltammogram and a charge/discharge analysis.

6.2 PTMA-b-PS thin film self-assembly

6.2.1 Spin coating

Thin films of PTMA-b-PS were prepared by spin-coating a solution
of polymer onto an ultra flat surface such as a silicon wafer or an indium
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tin oxide (ITO) substrate. Spin-coating consists of deposing a drop of
polymer in solution onto the substrate. The substrate is then spun at
high velocity, generating a centrifugal force that spreads the solution onto
the surface from the centre to the edge. At the same time, the solvent
evaporates, leaving a polymer thin film onto the surface (Figure 6.1).
The thickness of the thin film depends on several parameters such as
the rotation speed, the solvent employed and the polymer concentration.
Thin films onto I'TO substrates with a thickness comprised between 40
nm to 220 nm were prepared using different polymer concentrations in
THF and a spin rate of 2000 rpm. As illustrated in Figure 6.2 the films
thickness increases linearly with the polymer concentration.

\
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Figure 6.1: Schematic representation of the spin-coating process. |’
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Figure 6.2: Evolution of the thickness of the PTMA-b-PS thin films in
function of the polymer concentration. Thin-films were spin-coated on

ITO substrate at 2000 rpm using different polymer concentrations in
THF.

6.2.2 Thin film self-assembly study

Thin films, with a thickness of approximately 80 nm, were prepared
by spin-coating PTMA-b-PS solutions (10 mg mL~!) onto 1 cm? silicon
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substrates. Phase separation is not always observed in the thin film af-
ter spin coating (Figure 6.3.a). Indeed, annealing procedures are often
required in order to let the polymer chains to reorganize and reach a
configuration closer to the thermodynamic equilibrium, increasing the
phase separation.['9713] The annealing thus allows for getting thin films
showing better defined nanodomains in terms of size and shape, regu-
larly distributed in the thin films with well-developed short and long
range ordering. Furthermore, a careful control of the annealing condi-
tions can allow the control of the orientation of the nanodomains in the
thin films. [+ Two distinct annealing methods are mostly employed to
reach these goals. The first one, thermal annealing, consists in increasing
the temperature of the thin films in order to overcome the glass tran-
sition (T,) of the polymer blocks and hence to increase their mobility.
However, the temperature needs to be kept below the ODT temperature,
otherwise the mixing would be favored and a phase separation would not
be observed. The second one, solvent annealing, consists of exposing the
thin films to vapors of good solvents for the polymer blocks in order to
swell them and allow mobility of polymer chains. Table 6.1 summarizes
the characteristics of the polymers employed for the self-assembly study.

Table 6.1: Summary of PTMA-b-PS characteristic features

Entry Dp2 M, D® PTMA Oxidation
ratio yield®

(g mol™1) (wt%) (%)
1 PTMA35-0-PS336 42,900 1.17 18 50
2 PTMA 45-0-PS303 43,900 1.20 23 75
3 PTMA56-0-PS3g2 51,300 1.25 27 80
4 PTMA 79-b-PSs00 71,300 1.31 27 95
4 PTMA 42-5-PSa0s 32,000 1.15 32 80
5 PTMA 42-6-PS12¢ 22,000 1.19 45 61

& Subscript numbers stand for the degree of polymerization.

b Determined by SEC (eluant: CHCl3/Et3N/isopropanol 94:4:2 in volume; cali-
brated with PS standards).

¢ Determined by ESR.

Thermal annealing

PTMA presents a high glass transition temperature, at ca. 140 °C,
and its degradation occurs at around 210 °C making thermal annealing
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difficult for this polymer. 21719 Indeed, thermal annealing of PTMA-
0-PS at 200 °C for 24 h appears to be unsuccessful to improve phase
separation (Figure 6.3b). In order to avoid degradation of PTMA dur-
ing the annealing process rapid thermal annealing (RTA) was investi-
gated. RTA presents the advantage to be much faster than classical
thermal annealing and has led to good results to increase ordering in
thin films prepared from PS-b-poly(methylmethacrylate) diblock copo-
lymers.[2% Unfortunately, as for classic thermal annealing, RTA did not
succeeded to improve phase separation in PTMA-b-PS thin films (Figure
6.3c).

Solvent vapor annealing

Solvent vapor annealing consists in swelling the polymer films under
solvent vapors to increase the mobility of the polymer chains, allowing
them to reach a more stable thermodynamic equilibrium and therefore
increasing the phase separation. Figure 6.4 illustrates the experimental
set-up used to perform solvent vapor annealing. The set-up consists in
placing the samples onto a glass slide under a glass case with beakers
containing the solvents. A weight onto the glass case keeps the system
closed, allowing the solvent vapors to fill the system and to swell the
polymer films. All beakers independently to the solvent employed were
always filled with 5 mL of solvent, ensuring enough solvent during the
whole annealing time.

In a first step, different solvent vapors were tested. A wide variety
of solvents from polar solvents such as DMF, water, MeOH, CH3CN,
CH2Cly and DEC to apolar solvents like benzene, hexane, CHCls and
acetone were empirically screened either alone or with another one in a
different beaker. It appeared that the presence of two different solvents,
each of them being placed in a distinct beaker, is more efficient than
the use of one solvent alone. Best phase separation was obtained for the
annealing realized in presence of both dimethylformamide (DMF) and
diethylcarbonate (DEC) (Figure 6.5¢). Indeed, DMF selectively swells
the PS block while DEC is a limited solvent of PS and a good solvent of
the PTMA block. Therefore, mobility is imparted to both PS and PTMA
chains during the annealing process. Under such conditions, circular do-
mains with an average diameter of 19 nm are visualized by AFM on
top of the thin films. These domains could either correspond to spheres
or to the apex of cylinders perpendicular to the film surface. However,
due to the weight ratio of PTMA (23 wt%) in the starting block co-
polymer, they most likely correspond to perpendicularly oriented cylin-
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'0.0 1.0 ym' '0.0 1.0 ym’

Figure 6.3: AFM height images (1.0x1.0 ym?) of PTMA7g-b-PSs502 thin
films onto silicon wafer with 23 % of PTMA. (a) Without annealing, (b)
thermal annealing at 190 °C during 6h, (c) rapid thermal annealing at
220 °C during 60 s. No major morphology change (phase separation) is
observed after thermal annealing.

ders. Such configuration is commonly observed in solvent annealed thin
films with a cylindrical morphology and results from an alignment of the
nanodomains with the solvent front as it evaporates at the end of the
annealing process. 121421 During the screening of solvents, annealing
using benzene-HyO appeared to also permit a good phase separation.
We decided to focus onto DMF-DEC since it was giving better results.
Cylindrical morphology in thin films can take two different orientations:
parallel to the surface or perpendicular to the surface. The orientation
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Figure 6.4: Schematic representation of the solvent annealing set-up.
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is usually driven by the interfacial interactions between the polymer film
and its surrounding, e.g. the film/substrate interface and the film/air
(or solvent vapors) interface. The observed perpendicular orientation
for annealing with DMF/DEC indicates that both blocks present the
same interfacial interactions.??) On the other side, solvent annealing
with DEC/H20 shows a cylindrical morphology with cylinders parallel
to the surface (Figure 6.5b). Since the film/substrate interface has not
changed, the orientation shift can be attributed to the film /solvent vapor
interface. Indeed, the PS selective solvent (DMF) has been changed for
a non solvent (H20), changing orientation of the domains.

The annealing time is also recognized as a key factor.[®l Indeed,
time is required to enable a good swelling of the polymer film, permit-
ting PTMA and PS chains to move and rearrange. !l As shown in Figure
6.6 an increase in annealing time results into an increase of the phase
separation extent with at least 6 h of annealing needed to reach the op-
timum structuration.

As expected, the weight ratio of PTMA in the copolymer is also an
important parameter that allows tuning the morphology in the thin film.
In this respect, different morphologies, from spherical to lamellar, were
observed, depending on the weight ratio of PTMA. Higher PTMA weight
ratio induced lamellar morphology, as illustrated in Figure 6.7, in which
a fingerprint texture typical of a lamellar morphology is observed. Self-
assembled morphologies are known to depend on two factors: the volume
fraction (f,), which has been discussed via the weight ratio structure
dependence, and the Flory-Huggins parameter (y/N). In the present
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Figure 6.5: AFM height images (1.0x1.0 ym?) of PTMA 42-b-PS323 onto
silicon wafers after different solvent annealing conditions during 6 h. (a)
Thin film after spin coating without solvent annealing, (b) thin film after
annealing with DEC and H»O, (c) thin film after annealing with DMF
and DEC.
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study, the varying degree of oxidation, from 50 to 95 % (Table 6.1), is
thought to influence the phase separation process and has not been taken
into account. Another parameter is N the total degree of polymerization
which also varies from one composition to another and has an influence
over the phase separation process.

The characteristic domain size is directly related to the total molar
mags of the block copolymer. As shown in Figure 6.8, the domains
grow larger, the longer the copolymer is at a constant weight ratio. The
estimated average size of the domains shifts from 20.9 nm for M, —
51,300 to 29.7 nm for M,, = 71,300 g mol~!, corresponding to an increase
of 42 % in domain size.

6.2.3 Do the cylindrical nanodomains crossed the whole
polymer film thickness?

In order to determine if the nanodomains of PTMA crossed the whole
polymer film thickness, the thin film was crosslinked, detached from the
surface and flipped, allowing the observation of the reverse side of the
polymer thin film by AFM (Figure 6.9). A phase separation is revealed
on the AFM picture of the reverse side of the polymer film, indicating
that the phase separation occurs into the whole film thickness. Moreover
the phase separation patterns and the domain sizes are similar for the
front side and the reverse side, indicating a homogeneous phase separa-
tion through the entire film and supporting the hypothesis of cylinders of
PTMA spanning over the entire polymer thin films. Indeed, an average
domain diameter of 18 nm was measured for the front side and 19 nm
for the reverse side. Ideally, an image of the section of the film would
be necessary in order to confirm the structure of phase separation inside
the film. Unfortunately, despite several tries no image of the film section
was obtained.
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0.0 1.0 pm’

Figure 6.6: AFM height images (1.0x1.0 um?) of PTMAg,-b-PS336 thin
films spin-coated onto a silicon wafer after annealing with DMF and DEC
during different times. From no solvent annealing effect (top-left) to a
strong solvent annealing effect after 8h (bottom-right).
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Figure 6.7: AFM height images (1.0x1.0 ym?) of PTMA-b-PS thin films
with different weight ratio of PTMA after annealing with DMF and DEC
during 6 h. 18 wt% = PTMAg32-b-PS336; 23 wt% = PTMA 49-b-PS303;
32 wt% = PTMA42-b-PSos; 45 wt% = PTMA42-5-PS190.
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Figure 6.8: AFM height images (1.0x1.0 ym?) of PTMA-b-PS thin films
onto silicon wafers with different molar masses for a same PTMA weight
ratio of 27 % after annealing with DMF and DEC during 6 h. 51.300 g
mol ™! = PTMA54-b-PS362; 71.300 g mol ! = PTMA~79-b-PS50s.

0.0 1.0pm’ 0.0 1.0 ym’

Figure 6.9: AFM height images (1.0x1.0 um?) of PTMAg,-b-PS336 thin
films annealed 6h in DMF-DEC: (a) front side, (b) reverse side.
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6.3 Electrochemical analysis of PTMA-b-PS thin
films

6.3.1 Selection of a suitable current collector.

In order to perform electrochemical analysis onto PTMA-b-PS thin
films, the films need to be deposited onto a conductive substrate which
will act as a current collector. Indeed, the silicon wafers employed for the
self-assembly study are not conductive substrates. Different substrates
were considered: n™" doped silicon wafers, indium tin oxide substrates
and titanium conductive substrates. Four point probe measurement mea-
sure the average resistance of a thin layer by passing current through the
outside two points of the probe while measuring the voltage across the
two inside points (Figure 6.10). When the spacing between the probes
is constant and at the condition that the distance between the edges of
the film (b) is higher than four time the spacing between the measuring
probes (a) and the thickness of the conducting film is less than 0.4 X a,
therefore the sheet resistance is given by:

Ry = 4.532 x ; (6.1)

Where V is the voltage (V), I the current (A) and R the sheet
resistance (Q sq~1).

-/

oL ©¢

Figure 6.10: Schematic representation of the four point probes measure-
ment.

According to the sheet resistance values (Table 6.2), the titanium
substrate is the most conductive one and therefore in principle the most
suitable as current collector. However, the substrate is not as flat as
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Table 6.2: Four point probe measurements of different substrates.

Substrate Voltage  Current  Resistivity sheet (Ry)

(V) (A) (Qsq™t)
Si wafer 20 0.247 1073 367
n++ Si-doped 20 0.597 0.054
ITO 20 4.75 1073 19
Titanium 0.4252 0.247 1.8 1073

2 The voltage was not set to 20 mV due to the limit of the system.

the other substrates since it presents a roughness around 30 A, mak-
ing this substrate less suitable for AFM. Si-doped wafer presents a good
conductivity however no cyclic voltammogram was obtained when used.
Finally, ITO substrate appeared to be conducting enough to act as cur-
rent collector and presents a flat surface comparable to silicon wafers
employed for AFM spectroscopy, making it a good candidate as current
collector for electrochemical analysis of PTMA-b-PS thin films.

The influence of the substrate, i.e. silicon wafer or ITO substrates,
onto which the thin films have been prepared on the self-assembly pro-
cess was also investigated. Even if the detailed self-assembly studies
presented in the previous section were performed onto silicon substrates,
ITO substrates were employed for electrochemical applications. As illus-
trated in Figure 6.11 the change of substrate from silicon to I'TO barely
affects the self-assembly morphology.

6.3.2 Electrochemical analysis

The electrochemical tests were performed on ITO substrates using
a three electrodes configuration with an Ag/Ag™ non aqueous reference
electrode, a Pt wire counter electrode and a solution of tetrabutylammo-
nium perchlorate (TBACIOy4) in acetonitrile as electrolyte (Figure 6.12).

First, the redox behavior of PTMA--PS copolymers dissolved in ace-
tonitrile was analyzed by cyclic voltammetry (Figure 6.13). This analysis
revealed a pair of redox peaks centered at 0.46 V vs. Ag/Ag™, corre-
sponding to the reversible oxidation of the free nitroxide radicals into
oxoammonium cations (see Chapter 4 section 4.5 for more details).

Cyclic voltammetry of a PTMA-5-PS thin film supported on ITO
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0.0 Topm'

Figure 6.11: AFM images (1.0x1.0 ym?) of PTMA 4o-b-PS33 thin films
annealed 6h in benzene-H,0 onto: (a) silicon wafer, (b) ITO substrate.

Pt wire counter electrode

Figure 6.12: Three electrode set-up employed for the electrochemical
characterisation of PTMA-b-PS thin films.

substrate was further performed. In order to avoid any dissolution of
the thin film during electrochemical tests, the PS matrix was cross-linked
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by UV light irradiation at 253 nm during 30 min after the solvent an-
nealing. Indeed, under deep UV, PS can be crosslinked without addi-
tion of photoinitiator.2324] Deep UV radiations are known to degrade
PMMA, a small degradation of PTMA is therefore possible during the
UV crosslinking. However, the small amount of radiations employed for
the crosslinking should not lead to high amounts of degradation. Typical
redox waves of PTMA with a reversible redox peak centered at 0.48 vs
Ag/Ag™ reference electrode were detected. The intensity of the measured
current increases with the number of cycles, before reaching a maximum
(Figure 6.13). This behavior can be explained by a progressive swelling
of the PS confined PTMA domains by the electrolyte upon cycling, al-
lowing more electrochemical active sites to be reached.

Potential (V vs. Li/Li+, calculated)
32 34 3.6 3.8 4.0

1.5 —

10 — Number
of Cycles

Current (A)

1.5x10° —

0.0 0.2 04 0.6 0.8 1.0
Potential (V vs. Ag/Ag")

Figure 6.13: Cyclic voltammogram of PTMAz9-6-PSs02 on ITO sub-
strate: scan rate — 0.1 mV s~!, working — ITO substrate, counter — Pt
wire, reference = Ag/Ag™ (0,01 M AgNO3 + 0.1 M TBACIO4) and elec-
trolyte = 0.1 M TBACIOy4 in CH3CN (Potential vs. Li/Lit calculated).

Finally, constant current galvanostatic cycling tests were performed
onto PTMA-b-PS thin films. A rapid charge/discharge process (I =
23.7 uA cm~?) was required in order to avoid self-discharge, which was
observed at slower rate. Indeed, due to the reduced amount of active ma-
terial present in a thin film compared to its high surface, self-discharge
is a challenging issue. The capacity retention plot shows a good re-
tention of capacity over time (Figure 6.14b). Similar to cyclic voltam-
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metry experiments, an increase in capacity is observed during the first
cycles and is attributed to the swelling of the thin film by the electrolyte.
Charge/discharge profiles reveal a plateau around 0.48 V vs. Ag/Ag™,
corresponding to 3.59 V vs Li/Lit (See Chapter 4, section 4.4.1), in both
charge and discharge curves which is coherent with the PTMA behavior
and a requirement for battery application in order to deliver a constant
voltage (Figure 6.14a).
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Figure 6.14: Electrochemical characterization of a PTMA~g-b-PS502 thin
film deposited onto an ITO substrate and crosslinked by UV for 45 min.

Current applied: 23.7 uA cm™2. (a) charge/discharge voltage profile; (b)
capacity retention plot.
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6.4 Conclusion

A nanostructured organic radical cathode was prepared by the self-
assembly of PTMA-b-PS diblock copolymers in thin films. In order
to control the phase separation morphology, the effect of thermal and
solvent annealing was investigated. Thermal annealing appeared to be
inefficient. Therefore, solvent annealing was used and resulted in the
formation of thin films with different morphologies such as lamellar or
cylindrical. PTMA-5-PS thin films with perpendicularly oriented cylin-
ders of PTMA inside a PS matrix were further investigated. Thanks to
the UV crosslinked PS matrix, PTMA dissolution into the battery elec-
trolyte was avoided and enhanced mechanical integrity of the cathode is
expected. Indeed, after crosslinking, the PTMA-b-PS thin films resist to
the spin-coating of organic solvent onto their surface. At the same time,
perpendicularly oriented PTMA cylinders allow continuity between the
electrochemical active moieties and the I'TO current collector. The choice
of the solvent used for annealing is a key parameter in order to obtain
the desired morphology. The simultaneous use of DMF and DEC gave
the best results for our system. Electrochemical activity of PTMA-b-PS
using a three electrodes set-up was demonstrated. Cyclic voltammetry
of the polymer in thin film was recorded displaying the typical behavior
of PTMA. Charge/discharge measurements and capacity retention plot
were also performed. This work opens a new field of research for ORBs
using block copolymers. Indeed, nanobatteries can find applications for
microelectronic devices. Even if the PS is an electrochemical inactive
material, this work paves the way towards other block copolymers where
the PS moiety can be replaced by another material allowing a synergy
with PTMA, such as a conductive polymer.
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Experimental part

Materials

N,N-Dimethylformamide (DMF, VWR, HyperSolv Chromanorm for
HPLC), diethyl carbonate (DEC, Aldrich, 99 %), acetonitrile (VWR,
HyperSolv Chromanorm for HPLC), tetrahydrofuran (Aldrich, Norma-
pur), silver nitrate (Belfolabo) and tetrabutylammonium perchlorate
(TBACIOy; Fluka) were used as received.

Instrumentation

Proton nuclear magnetic resonance ({H NMR) spectra were acquired
on a 300 MHz Bruker Avance II or on a 500 MHz Bruker Avance II.
Molar masses (M,,) and dispersity (D) were measured on an Agilent
size exclusion chromatography (SEC) system equipped with an Agi-
lent 1100/1200 pump (25 °C; eluant: Chloroform : triethylamine : 2-
isopropanol (94:4:2); flow rate: 1 mL min~!), an Agilent differential
refractometer and two PSS SDV columns (Beads 10 pm; porosity of
column 1: 10000 A; porosity of column 2: 1000 A). The calibration
was performed using polystyrene standards. Electron spin resonance
(ESR) spectra were acquired on an EMXmicro CW-EPR spectrome-
ter (Bruker, Germany) from powdered samples. The SpinCount™ soft-
ware module was used for quantitative experiments. Rapid thermal an-
nealing (RTA) were performed using a MILA-5000 Lamp Heating Unit
from ULVAC. Atomic force microscopies (AFM) were performed on a
Digital Instruments Nanoscope V scanning force microscope in tapping
mode using NCL cantilevers (Si, 48 N/m, 330kHz, Nanosensors). Cyclic
voltammetry were performed using a CH Instruments potentiostat CHI
660B. Charge/discharge tests were performed using an ARBIN Instru-
ment Battery Tester, BT-2043. Pt-disk working electrode (CHI102), Pt
wire counter electrode (CHI115) and dry Ag/Ag™ non-aqueous reference
electrode (CHI112) come from CH Instruments, inc. Four probes elec-
trode measurements were performed onto a Lucas LAB320 coupled with
a Keithley 2400 sourcemeter with a potential fixed at 20 mV.

Thin film preparation
Spin coating

Polymer thin films were spin-coated onto silicon chips or I'TO sub-
strates of 1 cm? for AFM imaging. Silicon wafers were sonicated 15 min
in acetone, rinsed with milli-Q water, washed 30 min in piranha solu-
tion (3:1 of HoSO4 98%/H2042 30% solution) and rinsed in milli-Q water.
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The substrates were dried by spin-coating at a rotation rate at 2000 rpm
during 20 s. ITO substrates of 1 cm2 were washed 15 min in acetone
and dried by spin coating at a rotation rate at 2000 rpm during 20 s.
Filtered (0.2 pm PTFE) polymer solutions (10 mg of polymer per 1 mL
of THF) were spin-coated at a rate of 2000 rpm during 40 s.

General procedure for thermal annealing process

Samples were placed under a sealed glass case filled with argon. The
case was left 24 h into an oven at 200 °C.

General procedure for rapid thermal annealing process

Rapid thermal annealing was performed inside a MILA-5000 heating
unit with a nitrogen flux at 8 I/min. A ramp of 10 s was applied in order
to reach the target temperature (190 °C). A 60 s plateau was applied at
the target temperature. Finally, the heating was stopped and the sample
cooled to 40 °C before opening the furnace.

General procedure for solvent annealing process

Samples were placed under a glass case (135 mm diameter, 70 mm
height) with two beakers containing 5 mL of solvent each. M beakers
are 36 mm wide, L beakers are 45 mm wide. A weight is placed on the
glass in order to keep the system hermetic. After the desired time the
glass is removed in order to leave the samples to dry.

General procedure for the determination of thin films thickness

The height of thin film was determined by scratching the polymer
film and measuring the height by AFM.

General procedure for the determination of the nano-domains
sizes

The size of domains were measured using section tool of Nanoscope
Analysis software.

General procedure for flipping polymer thin films

After 30 min of UV irradiation at 253 nm, the thin film of polymer
deposed onto silicon wafer substrate was submerged 2 h into an aqueous
NaOH solution (1.5 M). The floating film onto the surface was caught
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using a clean silicon wafer substrate and submerged into clean milli-Q
water. The film was finally let to dry.

Electrochemical measurements
UV crosslinking

PTMA-b-PS thin films on ITO substrates were placed under three
Rayonet photochemical reactor UV lamp emitting at 253 nm during 30
min. The distance to the lamps was of about 3 cm.

Preparation of Ag/Ag"™ non-aqueous reference electrode

A non-aqueous Ag/Ag™ reference electrode with porous Teflon tip
was filled with a solution composed of 0.01 M AgNOj; and 0.1 M
TBACIO4 in acetonitrile.

Typical procedure for cyclic voltammetry in solution

The analyzed component (PTMA-b-PS or ferrocene) was dissolved
into the electrolyte solution (0.1 M TBACIOy4 in acetonitrile) in order to
obtain a 0.1 M solution. A three electrodes set-up with a Pt disk work-
ing electrode, a Pt wire counter electrode and the previously prepared
Ag/Ag™ reference electrode was used to record the voltammogram.

Typical procedure for electrochemical characterisations of PT-
MA-b-PS thin films onto ITO substrates

Cyclic voltammetry was performed using a three electrodes system
with the PTMA-b-PS thin film deposited onto an ITO substrate as work-
ing electrode, a Pt wire as counter electrode and the previously prepared
Ag/Ag™ reference electrode into 0.1 M TBACIO, in acetonitrile solution
electrolyte.
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CHAPTER [

PTMA-b-PSNO block copolymers as organic radical
cathodes

Abstract

This chapter focuses on the replacement of the PS polymer block in
PTMA-b-PS copolymers by an electrochemical active one. To this aim,
a styrene derivative monomer bearing a protected nitroxide function, the
4-[(N-tert-butyl-N-tert-butyldimethylsilyloxy)amino/styrene (SSi) is syn-
thesized. The polymerization process of this monomer is then investi-
gated. Free radical polymerization of SSi is firstly studied. Next, con-
trolled radical polymerizations such as ATRP, RAFT and Cu’-RDRP
are performed. The deprotection of the obtained polymer leads to the for-
mation of poly[4-(N-tert-butyl-N-ozylamino)styrene] (PSNO), an electro-
chemical active polystyrene derivative bearing nitrozide functions. PT-
MPM-b-PSSi block copolymers are finally obtained by Cu’-RDRP start-
ing from PTMPM-Br macroinitiators. The deprotection/oxidation of
the block copolymer leads to the electrochemically active PTMA-b-PSNO.
Both homo PSNO and PTMA-b-PSNO block copolymers are character-
ized by cyclic voltammetry in a three electrodes set-up with an Ag/Ag™
non aqueous reference electrode. Finally, phase separation in a PTMA-
b-PSNO block copolymer thin film is investigated by atomic force mi-
croscopy.

!The synthesis of the monomer, its polymerization and deprotection were per-
formed by Guillaume Dolphijn in the frame of his master thesis.
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7.1 Introduction

Nanostructured organic radical cathodes based on PTMA--PS block
copolymers were studied in the previous chapters. PS was used as an
insoluble core-forming block for the fabrication of micelles in typical bat-
tery electrolytes. In thin films, PS was used as a stable matrix around
the PTMA nanodomains, avoiding their dissolution into the battery elec-
trolyte. PS was initially selected as an electrochemical inactive and in-
soluble block which will not interfere with the electrochemically active
PTMA. This chapter goes further into the formation of nanostructured
radical cathode thin films by replacing the inactive PS block by an elec-
trochemical active one, increasing the gravimetric capacity of the sys-
tem. The replacing block needs to play the same role than the PS one.
It needs therefore to be insoluble into battery electrolytes. Different ni-
troxide bearing molecules have already been described in literature. -2
Due to the good results obtained by employing a PS block, we decided
to focus onto a styrene derivative bearing a stable nitroxyl radical.l?]
Moreover, the selected nitroxide bearing polystyrene derivative (PSNO)
presents the same redox potential than PTMA. A single redox wave is
therefore expected for the block copolymer, leading to a material deliv-
ering the current at a constant voltage.

Two different styrene derivatives were initially considered to replace
the electrochemical inactive PS into the PTMA-b-PS block copolymer,
i.e. astyrene bearing either one or two nitroxide functions per monomeric
unit (Figure 7.1). Indeed, the theoretical capacity increases from 141
mAh g=! for a monosubstituted monomer to 194 mAh g=! for the dis-
ubstituted one. However, according to literature, the monomer bearing
two nitroxide functions presents a non reversible oxidation peak at 1.0
V vs Ag/AgCl. The instability of the redox process was attributed to
the lack of a stabilizing para-substituent on the nitroxide radicals.?l As
a consequence, the styrene derivative bearing one nitroxide function per
monomeric unit was selected for further investigation.
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(mAh g)

Figure 7.1: Styrene derivative monomers.

7.2 Monomer synthesis

Since the nitroxyl radicals are not compatible with the controlled
radical polymerization employed, a precursor of the nitroxide bearing
polymer needs to be synthesized. Two strategies are conceivable: using a
secondary amine bearing precursor, in a similar manner than for the syn-
thesis of PTMA, or using a nitroxide protected version of the monomer
(Figure 7.2). Since the synthesis of the protected monomer was already
reported in literature, this strategy was selected and consists of protect-
ing the nitroxide with a tert-butyldimethylsilane function. [3-5]

= R nX

CRP Oxidation
N 7< N 7<
aj $ Deprotectlon %

protectmg\o \’< Rprotecnng\o \’<

SSi PSSi PSNO

Figure 7.2: Possible strategies for the polymerization of nitroxide con-
taining styrene derivatives by CRP. (a) Polymerization of a secondary
amine bearing precursor followed by its oxidation; (b) Protection of the
nitroxide function before polymerization.
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The synthesis of the monomer can be achieved via a three steps
synthesis. The first step consists in introducing the nitroxide func-
tion onto the aromatic ring. An halogen-lithium exchange using tert-
butyllithium was performed onto p-dibromobenzene (1). 2-methyl-2-
nitrosopropane dimer in solution was then added dropwise and under-
went a nucleophilic attack by the previously formed organolithium. After
quenching of the remaining tert-butyllithium the bromo-4-(tert-butyl-N-
hydroxylamino)aniline (2) was obtained with 75 % yield (Figure 7.3).

1. t-Buli (2 eq.)

2 o
Br %—N: :Ngé Br
o
(0.5eq.)
Et,0, -78 °C, 3h

Br 75 % yield HO,N\’<
(2)

M

Figure 7.3: First step of the styrene derivative (SSi) synthesis: introduc-
tion of the nitroxide onto the aromatic ring.

The second step consists in protecting the hydroxylamine radical
via tert-butyldimethylsilane. The reaction was carried out in the pres-
ence of imidazole which directed the equilibrium through the forma-
tion of bromo-4-| N-tert-butyl-N-(tert-butyldimethylsilyloxy)|aniline (3)
(Figure 7.4). Yields up to 95 % were obtained for this reaction.

Imidazole (3 eq.)

Ssta
1= B
Br \ r

(2.8 eq.)
DMF, 60 °C, 24h

|
95 % yield i _N
HO/NT< % yie >(S|\O,

) (3)

Figure 7.4: Second step of the styrene derivative (SSi) synthesis: protec-
tion of the nitroxyl radical.

Finally, the last step consists in replacing the remaining bromide
function by a vinyl one via a Stille coupling. The reaction was per-
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formed between an organostannane (¢ri-n-butyl(vinyl)tin) and (3) via
a palladium complex, i.e. tetrakis(triphenylphosphine)palladium(0), as
catalyst (Figure 7.5). The final monomer 4-[(N-tert-butyl-N-tert-butyl-
dimethylsilyloxy)amino|styrene (SSi) (4) was obtained with a yield of
64 %.

(PPh3),Pd° (0.01 eq.)

Br 2> 8n(Bu); Z
(1.2 eq.)
Toluene, 100 °C, 15h

| |
>(Si‘/o’N 64 % yield >(Si%,N

@) (4)

Figure 7.5: Third step of the monomer (SSi) synthesis: Stille coupling.

The three steps synthesis presents an overall yield of 46%. The syn-
thesis was repeated several times in order to have enough materials for
the formation of the PTMPM-54-PSSi block copolymer.

7.3 Polymerization of the styrene derivative SSi

Different polymerization methods have been tested on the previously
synthesized monomer SSi (4). Firstly, its free radical polymerization
(FRP) was investigated. Then controlled radical polymerizations such as
ATRP, RAFT and Cu’-RDRP were studied in order to obtain polymers
with lower dispersities and more controlled molecular weight compared
to FRP.

7.3.1 Free radical polymerization

The free radical polymerization of the styrene derivative SSi was per-
formed using azobisisobutyronitrile (AIBN) as initiator. The polymeri-
zations were conducted in anisole at 85 °C during 15 h (Figure 7.6).
A light yellow color appeared after a few hours of polymerization, in-
dicating probably some degradation of the polymer or of the monomer.
The conversion, measured by 'H NMR (solvent: CDCIl3), was 80 % af-
ter 4h of polymerization without further increase of the conversion with
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time. Polymers of styrene derivatives bearing protected nitroxide func-
tions (PSSi) with M, varying between 10,400 and 16,900 g mol~! with
dispersities lower than 2.0 were obtained (Table 7.1, Figure 7.7).

x NC R

AIBN (1 eq.)

N/ Anisole (50 wt% \ /
>(N\O,S|\’< ( ) >rN\O,Si\’<
SSi (4) PSSi

Figure 7.6: Free radical polymerization of SSi (4).

Table 7.1: SSi (4) polymerizations by FRP.

Entry Monomer T  Anisole Time M2 b
(equiv.) (°C) (wt%) (h)  (gmol™?)
1 215 80 50 19 12,500 1.81
2 250 85 50 18 16,900 1.77
3 200 80 40 19 13,300 1.99
4 200 85 40 19 13,300 1.73
5 200 85 40 3.5 10,400 1.73

& Determined by SEC (eluant: CHClz/Et3N/isopropanol 94:4:2 in volume;
calibrated with PS standards).

7.3.2 Atom transfer radical polymerization

Before the formation of PTMPM-4-PSSi diblock copolymers, the
polymerization of SSi by controlled radical polymerization has been in-
vestigated. ATRP was chosen since this method was successfully em-
ployed during the previous works on PTMA-b-PS block copolymers. The
polymerization was firstly studied at 100 °C, using a CuCl/PMDETA
catalytic system and TsCl as initiator (Table 7.2). Unexpectedly, no
polymer was obtained after the ATRP of SSi. Moreover, an unusual
color change in ATRP was observed. Whereas ATRP polymerizations in
these conditions usually present a green coloration, a dark brown color
was observed after a few hours of polymerization, indicating an unex-
pected degradation during the polymerization process. In order to avoid
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— PSSi
M, = 16,900
D=177

Elution time (min)

Figure 7.7: SEC chromatogram of a PSSi synthesized by FRP (Table 7.1,
Entry 5)(eluant: CHCIl3/Et3N /isopropanol 94:4:2 in volume; calibrated
with PS standards).

any side reactions, the temperature was decreased to 80 °C but no ame-
lioration was observed. More activating conditions were investigated in
order to decrease the reaction time. CuBr/Meg TREN catalytic system
was thus employed. Indeed, CuBr is known to allow faster polymeriza-
tions than CuCl and MegTREN (kqe = 0.045) is a more activating ligand
than PMDETA (ke = 2.7).[671 However PSSi homopolymers were still
not obtained.

X
R
Initiator n
CuX/ Ilgand
\ / \ /
SI\K An|sole XN\O/SKK
SSi (4) PSSi

Figure 7.8: Atom transfer radical polymerization of SSi (4).

The absence of polymerization was firstly attributed to a slow poly-
merization rate. However, since the most activating conditions (Table
7.2, Entries 6-7) and a longer polymerization time (Table 7.2, Entry 5)
didn’t allow the formation of a polymer, the problem has another origin.
Another explanation would be the loss of the protecting groups of the
nitroxide functions and the subsequent reaction of the freed nitroxides
with the polymerization media. The protecting groups could be lost due
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Table 7.2: SSi (4) polymerization by atom transfer radical polymeriza-
tion (ATRP).

Entry Initiator / CuX / Ligand® T  Time Solvent
(FC) (b (wt%)

1 TsCl/CuCl/PMDETA 100 15 Anisole (50)
2 TsCl/CuCl/PMDETA 100 20  Anisole (40)
3 EBiB/CuBr/PMDETA 100 48 Anisole (40)
4 EBiB/CuBr/PMDETA 90 24 Anisole (50)
5  EBiB/CuBr/PMDETA 80 168  Anisole (40)
6 EBiB/CuBr/Mes TREN 100 48 DMF (4

0)
7  EBiB/CuBr/MegTREN 80 48  DMF (40)

21/1/1 equivalents.

to the polymerization temperature or side reactions with the copper cat-
alyst. The hypothesis of degradation of the monomer during the reaction
is strengthened by the fact that maximum 75 % of the monomer were
recovered after the unsuccessful polymerizations.

By FRP the polymerization is probably faster than the degrada-
tion /side reactions, allowing the formation of a polymer chain. On the
contrary, by ATRP, the degradation/side reactions are faster than the
propagation, leading to irreversible termination reactions and the inhibi-
tion of the propagation. Therefore, the lower concentration of propagat-
ing radicals in ATRP compared to FRP makes it more sensitive to side
reactions involving a relatively large amount of nitroxide radicals freed
by the unwanted deprotection of the SSi monomer. In consequence, the
ATRP polymerization of SSi was not further investigated and other poly-
merization methods were investigated.

7.3.3 Reversible addition fragmentation chain transfer (R-
AFT) polymerization

After the unsuccessful polymerization of SSi (4) by ATRP, RAFT
polymerization was investigated. Indeed, RAFT polymerizations are ini-
tiated with AIBN in a similar manner than FRP. In RAFT, compared
to FRP, a chain transfer agent is added in order to control the poly-
merization process. The RAFT polymerization of SSi (4) was realized
at 100 °C using 2-(dodecylthiocarbonothioylthio)-2-methylpropanoic -
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acid (DDMAT) as chain-transfer agent without any success. In order to
avoid any degradation the temperature reaction was the PTMPM-5-PSSi
block copolymer. Unfortunately, conventional CRPs, i.e. ATRP, RAFT,
and NMP, are most of the time performed at high temperature (> 70 °C).

Ry
AIBN Ri n
DDMAT
\ / \ /
SI\K An|sole XN\O’SiK
SSi (4) PSSi

Figure 7.9: RAFT polymerization of SSi (4).

Table 7.3: SSi (4) polymerization by reversible addition fragmentation
chain transfer (RAFT).

Entry Monomer DDMAT®> T  Time Anisole
(equiv.)  (equiv.) (°C)  (h) (wt%)

1 1000 20 100 48 30
2 1000 20 80 168 30
3 1000 20 65 120 40
4 1000 5 70 96 40
) 500 5 70 96 40

21 equivalent of AIBN.

7.3.4 Copper(0) mediated reversible-deactivation radical
polymerization (Cu’-RDRP)

Cu’-RDRPs are generally performed at temperatures similar to AT-
RP. Indeed, the polymerization of styrene has been reported at 90 °C. 8]
However the group of Pr. Zhu has reported the successful polymeriza-
tion of styrene at ambient temperature by employing copper(0) powder
catalyst (Figure 7.10).[

The polymerization of styrene using the above-mentioned method
was thus investigated. 25 % of conversion were observed after 20 h of re-
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0
o Cu” (1eq.) R; R,
PMDETA (1.2 eq.) n
o~ +
Br DMF (35 wt%)
25°C
Methyl 2- Styrene PS

bromopropionate (200 eq.)
(1eq.)

Figure 7.10: Cu®-RDRP polymerization of styrene.

action at 25 °C, leading to a PS with a DP of 92, a P of 1.35 and a molar
mass (NMR) of 8,900 g mol~! (Figure 7.11). Even if the control of the
polymerization was not perfect and the initiation efficiency was pretty
low (E; = 54 %), a polystyrene was obtained at 25 °C. This method was
therefore employed for the polymerization of the styrene derivative SSi

(4).

— PS,,
M, = 8,900 g mol”
p=1.35

| | | |
14 16 18 20 22

Elution time (min)

Figure 7.11: SEC chromatogram of the PS synthesized by Cu’-RDRP
(eluant: CHCls/Et3N /isopropanol 94:4:2 in volume; calibrated with PS
standards).

After 20 h of polymerization of SSi (4) at 25 °C, a precipitated poly-
mer was obtained (Figure 7.12). Unlike the SSi monomer and PS, PSSi is
not soluble in DMF. In consequence the conversion was not computable.
SEC indicated a molar mass of 40,600 g mol~! with a D of 4.2 (Figure
7.13). Moreover a double population appeared in the chromatogram,
certainly due to the inhomogeneity resulting from the precipitation of
the polymer during the reaction. Hopefully, the first block of PTMPM
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will help to keep the PTMPM-5-PSSi in solution during the polymeriza-
tion of the block copolymer.

X . R nRz
0 Cu” (1eq.)

% PMDETA (1.2 eq.)
o+
o)

\ /

Br DMF (35 wt%)

\/
XN\O,SI\K 20 °C >(N\O’SI

Methyl 2- _
bromopropionate SSi (4) PSSi (5)
(1eq.) (70 eq.)

Figure 7.12: Cu’-RDRP polymerization of SSi (4).

M,1 — PSSi
M, = 40,600 g mol”
p=42

-
M,1 = 24,400 g mol 1
M,2 = 12,500 g mol’

Elution time (min)

Figure 7.13: SEC chromatogram of the PSSi synthesized by Cu’-RDRP
(eluant: CHCl3/EtsN /isopropanol 94:4:2 in volume; calibrated with PS
standards).

7.3.5 PTMPM-b-PSSi diblock copolymer by Cu’~-RDRP

In order to synthesize the PTMPM-b-PSSi block copolymer, a macro-
initiator of PTMPM-Br was employed. The PTMPM-Br macroinitiator
can either be synthesized by ATRP following the polymerization process
described into Chapter 4, Section 4.2.1 or by Cu’-RDRP.
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PTMPM-Br macroinitiator by Cu’-RDRP

Cu’-RDRP of TMPM was carried out in isopropanol at 40 “and has
led to well defined PTMPM-Br with dispersities lower than 1.15 (Table
7.4).[10] However, the SEC curve showed a fronting through the small
molar masses (longer elution times). As previously discussed, the tailing
could be due to interactions between the column and the polymer. How-
ever, since polymers with similar sizes were obtained by ATRP without
observing a tailing in SEC (Chapter 4, Figure 4.6), the tailing observed
for this system could indicate a slow initiation rate compared to the
propagation (Figure 7.15).

f BnBIB (1 eq.)
o0 CuBr, (0.05 eq.) o Br
cu® (wire)
>ﬁj< PMDETA (0.12 eq.)
—_—

N Isopropanol (65 wt%)

! 40°C

H N

Figure 7.14: Cu’-RDRP polymerization of TMPM.

Table 7.4: PTMPM by Cu’-RDRP.

Entry TMPM M,* DP (NMR) P E;

(equiv.) g mol™! (%)
1 53 18,800 80 1.07 66
2 34 8,000 48 1.14 70

& Determined by 'H NMR (solvent: CDClg).

By combining Cu’-RDRP and ATRP, macroinitiators of PTMPM
terminated with a bromide or a chloride are thus available for the fur-
ther synthesis of PTMPM-b-PSSi block copolymers.

PTMPMS-b-PSSi block copolymers by Cu’>~-RDRP

The synthesis of the PTMPM-5-PSSi diblock copolymers was real-
ized by the polymerization of SSi by Cu’-RDRP using PTMPM-Br as a
macroinitiator (Table 7.4, Entry 2). The same polymerization conditions
than for the homoPSSi were used. 90 % of conversion were obtained after
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—— PTMPM,g-Br

M, = 8,000 g mol”
p=114

| | I I
15 16 17 18 19 20

Elution time (min)

Figure 7.15: SEC chromatogram of the PTMPM-Br macroinitiator syn-
thesized by Cu’-RDRP (eluant: CHCl3/Et3N /isopropanol 94:4:2 in vol-
ume; calibrated with PS standards).

22 h of reaction at 25 °C. The crude polymer was purified by precipi-
tation into MeOH, leading to the PTMPM-5-PSSi diblock copolymer
(Figure 7.16).

Br A Br
R 48 R 48 471
Cu’(1eq.)
0”0 PMDETA (12eq) ©O @
N -
>ﬁj< sl,/ DMF (35 wt%) >ﬁj< Lode
N j< 25 c 22h N X o \K
H

PTMPM-Br SSi (4) PTMA-b-PSSi
(1eq.) (100 eq.)

Figure 7.16: PTMPM-b-PSSi diblock copolymers by Cu’-RDRP.

The obtained polymer presents a very high molar mass (M,, = 86,300
g mol~1) due to the low initiation efficiency of the process (Figure 7.17).
Moreover only a small amount of the polymer was recovered after purifi-
cation, leading to a low reaction yield (18 %). The SEC chromatogram
indicates two different polymer populations. The major one corresponds
to the diblock copolymer whereas the small population corresponds to
the remaining PTMPM-Br macroinitiator. Given that the low initia-
tion efficiency, a higher amount of remaining PTMPM-Br should be ob-
served. However the polymer purification was realized by precipitation
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into MeOH, a good solvent of PTMPM. Therefore most of the PTMPM
homopolymer was removed during the purification process.

—— PTMPM,5-b-PSSi,;

22 24

Elution time (min)

Figure 7.17: SEC chromatogram of PTMPM-b-PSSi synthesized by Cu’-
RDRP (eluant: CHCl3/Et3N/isopropanol 94:4:2 in volume; calibrated
with PS standards).

Additional block copolymer syntheses have demonstrated that the
separation of the PTMPM-Br homopolymer from the block copolymer
was difficult to achieve. Indeed, when the PSSi block was shorter,
the precipitation of the block copolymer was not achievable. In fact,
PTMPM is soluble in MeOH and insoluble in hexane whereas PSSi
presents the opposite solubilities. In the above-mentioned case, the PSSi
block was long enough to drive the solubility and to allow precipitation
into MeOH despite the PTMPM block. This was not observed neither
achieved for block copolymers with a shorter PSSi block. In consequence,
according to the low reaction yield of the purified PTMPM-5-PS and
the difficult purification, further PTMPM-5-PSSi block copolymers were
just filtered on aluminum oxide to remove the copper and directly ox-
idized/deprotected into the electrochemical active copolymers without
further purifications.

DP determination via 'H NMR. The DP of the PTMPM block is
known and its value is set to the integration of the peak H, at 5.06 ppm,
corresponding to the CH next to the ester function of TMPM. There-
fore, the integration of the aromatic region comprised between 5.8 and
7.1 ppm (Hg,) corresponds to the four aromatic protons of PSSi. The DP
of the PS block is obtained by dividing this value by 4, i.e. the number
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of aromatic protons present onto one unit of styrene derivative (Figure
7.18). This DP gives us an idea about the size of the PSSi block how-
ever an error is done onto the calculated DP since some homoPTMPM
remains in the final product.
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Figure 7.18: 'H NMR of the pure PTMPM-b-PSSi diblock copolymer
(solvent: CDCls).

7.4 PSSi deprotection into the electrochemical
active PSNO

The deprotection of the PSSi to form poly[4-(N-tert-butyl-N-oxyl-
amino)styrene| (PSNO) was firstly studied with the homopolymer before
switching to the PTMPM-5-PSSi block copolymer.

7.4.1 HomoPSSi deprotection

The deprotection of homoPSSi was realized by reacting the polymer
with tert-n-butylammonium fluoride (TBAF) in THF, followed by the
addition of silver oxide (AgoO) (Figure 7.19). After filtration of AgsO,
evaporation of the solvent under vacuum and precipitation of the poly-
mer in methanol, an orange powder was obtained. Indeed, after evap-
oration of the solvent, the remaining solid was totally insoluble. Since
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the chemical structure around the nitroxide is different in PSNO com-
pared to PTMA, the nitroxide could be less stable and could lead to side
reactions. Moreover, as explained for the UV irradiation crosslinking
(Chapter 6, Section 6.3.2), PS is prone to self-crosslinking when radi-
cals are generated. The spatial proximity of the nitroxide with the PS
structure could therefore lead to crosslinking side reactions. Another
drawback of this reaction is the elimination of the silver oxide which is
achieved by a filtration of the solution. However it appeared that some
Ago0 remains in solution even after multiple filtrations.

TBAF
Ag20

PSSi PSNO

Figure 7.19: Deprotection of PSSi to form the electrochemically active
PSNO derivative.

The SEC chromatogram revealed a degradation of the polymer during
the deprotection (Figure 7.20). Indeed, a broader dispersity is observed
with D = 1.73 for the initial PSSi and P = 6.1 for the final PSNO. More-
over the molar masses distribution broadens in the high molar masses
region, confirming the presence of some crosslinking reactions between
the polymer chains. Otherwise, the maximum of the peak is shifted to
the lower molar masses after deprotection which is due to a change in
the random coil of the polymer.

The deprotection yield was next investigated. The IR spectrum of
the deprotected PSNO presents pronounced bands at 1247 cm™! and
1195 cm™! corresponding respectively to Si—CHs and Si-O, indicating
remaining protecting groups (Figure 7.22). This was confirmed by ESR
direct quantification since, depending on the sample, 30 to 56 % of de-
protection yield were achieved. The ESR spectrum of PSNO is similar
to the PTMA one (Chapter 4) and, as for PTMA, the hyperfine struc-
ture was not observed due to the close spatial proximity of the nitroxide
functions (Figure 7.21).

UV-vis spectroscopy with a calibration curve of TEMPO-OH can
be employed to quantify the oxidation yield of PTMA. This technique
can not be employed for PSNO since the molecule appeared to present
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— PSNO
M, = 13,000 g mol”
D=6.1

------- PSSi
M, = 17,000 g mol”
p=173
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Elution time (min)
Figure 7.20: SEC chromatograms of PSSi (Table 7.1, Entry 5) and the

resulting deprotected PSNO (eluant: CHCl3/Et3N /isopropanol 94:4:2 in
volume; calibrated with PS standards).
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Figure 7.21: ESR spectra of PSNO.

a more intense orange color than TEMPO and would therefore require
another standard like N-(tert-butyl)-N-phenylnitroxide, which is not
commercially available (Figure 7.23). The UV spectrum of PSNO re-
vealed a broader and more intense absorbance peak at 460 nm compared
to TEMPO-OH for a same radical concentration (Figure 7.24). When
diluting the solution, the intensity of the peak at 460 nm decreased and
a second peak at 335 nm is revealed (Figure 7.25). This peak is not
observed with TEMPO-OH or PTMA and is therefore specific to PSNO.
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Figure 7.22: IR spectrum of left: PSSi and right: PSNO.
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Figure 7.23: PSNO and the corresponding standard needed for oxidation
yield determination by UV-vis spectroscopy.

7.4.2 PTMPM-b-PSSi oxidation/deprotection into PT-
MA-b-PSNO

In order to determine if the deprotection of PSSi should be realized
before or after the oxidation of PTMPM with mCPBA, a homopoly-
mer of PSSi was reacted with mCPBA and a homopolymer of PTMPM
was reacted with AgoO. No polymer was isolated after the reaction
of PTMPM in the conditions of deprotection of PSSi. An intense or-
ange solid similar to PSNO was obtained after the reaction of PSSi with
mCPBA. This change of coloration gives a clue about a possible depro-
tection of PSSi via mCPBA. Unfortunately the final product was totally
insoluble and has not been characterized.
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Figure 7.24: UV-vis spectra of PSNO, TEMPO-OH and PSSi with a
concentration of 0.06 M of nitroxide functions in CHsCls.
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Figure 7.25: UV-vis spectra of PSNO, TEMPO-OH and PSSi with a
concentration of 0.0075 M of nitroxide functions in CHyCls.

Due to the difficulty to isolate a purified PTMPM-b-PSSi with a de-
cent reaction yield, the oxidation with mCPBA was realized onto a crude
product after its filtration over aluminum oxide to remove the copper.
The SEC chromatogram indicates two different populations, one corre-
sponding to homoPTMA remaining in solution (M, = 11,500 g mol™!)
and the other one to the block copolymer (M, = 38,600 g mol~!).

Surprisingly the ESR analysis demonstrated around 20 % of depro-
tection. This value is really low considering the presence of the PTMA
block and the homoPTMA into the final product. However the UV-vis
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spectrum of the resulting block copolymer revealed the same absorbance
behavior than the homoPSNO with a second peak at 335 nm (Figure 7.26
and 7.27), indicating that some SSi units were deprotected into SNO via
the oxidation with mCPBA. Given the low deprotection yield, the re-
sulting copolymer is a diblock copolymer where the PSNO block is a
statistical block composed of PSSi and PSNO whereas the PTMA block
is a statistical block composed of PTMPM and PTMA. The obtained
block copolymer could therefore be named P(TMPM-co-TMA)-b-P(S-
Si-co-SNO).
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Figure 7.26: UV-vis spectra of PTMA-6-PSNO, homoPSNO and PTMA-
b-PS with a concentration of 0.06 M of nitroxide functions in CH5Cls.
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Figure 7.27: UV-vis spectra of PTMA-b-PSNO, homoPSNO and PTMA-
b-PS with a concentration of 0.0075 M of nitroxide functions in CH5Cls.
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7.5 Electrochemical analysis

7.5.1 HomoPSNO

The electrochemical properties of the PSNO were investigated by
cyclic voltammetry. Due to a complete insolubility of PSNO into CH3CN,
the polymer was dissolved into CH5Cly to perform a cyclic voltammo-
gram with a Pt disk working electrode, a Pt wire counter electrode and
an Ag/Ag™ (0.01 M AgNOs3; 1 M TBACIO,4 in CHCly) non aqueous ref-
erence electrode. Ferrocene was employed as an external standard and
presents a potential of 0.29 vs the Ag/Ag™ non aqueous reference elec-
trode. Figure 7.28 represents a cyclic voltammogram of a mixture of
ferrocene and hydroxy-TEMPO (TEMPO-OH). The TEMPO displays a
potential of 0.29 V vs Fc/Fct. Surprisingly, a passivation of the working
electrode occurred during the first cycles leading to a fading of the signal
(Figure 7.29). A cleaning of the working electrode allowed a recovery of
the signal, confirming that the passivation occurs onto the working elec-
trode.

~— TEMPO-OH

15x10° —

Ferrocene —

Current (A)

EFerrocene (V) =039V
Erempo.on (V) =0.68 V

0.0 0.5 1.0 15

Potential vs Ag/Ag” (V)

Figure 7.28: Cyclic voltammogram of ferrocene and TEMPO-OH vs
Ag/Ag™ using 1M TBACIO, in CHyCly electrolyte solution (scan rate
=0.1 Vsl

PSNO presents a reversible redox wave centered at 0.29 V vs Fc/Fct,
corresponding to the reversible oxidation of the nitroxide into the oxoam-
monium cation (Figure 7.30). This value is identical to the one observed
for TEMPO-OH and PTMA and is coherent with the literature. ! Since
the objective is to replace the inactive PS by an electrochemical active
one, this similarity with PTMA is an interesting property. Indeed, only
one potential is expected for the diblock copolymer, allowing a constant
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Figure 7.29: Cyclic voltammogram of ferrocene. A passivation of the
working electrode leads to a fading of the signal. A cleaning of the

working electrode allows to recover the initial signal (scan rate = 0.1 V
-1
sT).

potential delivery. Moreover PSNO appears to be insoluble in carbonate
based battery electrolytes, i.e. EC/DEC/DMC (1:1:1 in volume) mix-
ture with 1M LiTFS. PSNO can therefore play the same role in the block
copolymer than the PS, i.e. to avoid the migration of PTMA into the
battery electrolyte. The I, /I, ratio is not equal to 1, usually indicating
a not fully reversible redox process. However, in this case, the working
electrode passivation could be responsible of the phenomenon.
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Figure 7.30: Cyclic voltammogram of homoPSNO into 1M TBACIO4 in
CH,Cly electrolyte solution (scan rate — 0.1 V s~1).
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7.5.2 PTMA-b-PSNO diblock copolymer

Cyclic voltammograms were performed onto PTMA-b-PSNO poly-
mer thin films supported on ITO substrates in a similar manner than
for PTMA-5-PS. The polymer was UV-irradiated for 30 min in order to
avoid any dissolution of the polymer film during the electrochemical test.
The PTMA-5-PSNO block copolymer revealed a reversible redox peak
centered at 0.31 V vs Fc/Fc™, attributed to the reversible oxidation of
the nitroxide function into oxoammonium cations (Figure 7.31). Since
PSNO and PTMA are oxidized at the same potential the signal can not
be attributed to PTMA, PSNO or both. However a second redox peak
appeared at 0.1 V vs Fc/FcT. Since this second peak presents the same
potential than ferrocene it could correspond to remaining ferrocene or
impurities in solution.
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Figure 7.31: Cyclic voltammogram of a PTMA-b-PSNO thin film de-
posited onto an ITO substrate and crosslinked 30 min under UV light
(electrolyte = 1M TBACIO, in CHyCly; scan rate = 0.1 V s71).

7.6 Self-assembly study of PTMA-b-PSNO thin
films

The surface of the PTMA-b6-PSNO block copolymer thin film was in-
vestigated by AFM in order to confirm that both building blocks phase
separate. The AFM pictures revealed a mix of small nanodomains (~45
nm) and bigger one (~100 nm), confirming the immiscibility and the
phase separation of the polymer blocks (Figure 7.32). The observed do-
mains are much larger than for PTMA-5-PS. Indeed, the presence of
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homoPTMA into the polymer leads to a swelling of the corresponding
PTMA domains. Anyway a good phase separation was observed con-
sidering the pictures were taken directly after spin-coating without any
annealing process. It can therefore be assumed that a solvent anneal-
ing in the good conditions will ameliorate the phase separation and the
morphology.

0.0

Figure 7.32: AFM images of a PTMA-5-PSNO thin film on silicon wafer:
(a) 2.0 x 2.0 pm?, (b) 10.0 x 10.0 pm?.

7.7 Conclusion

A styrene derivative monomer bearing a protected nitroxyl function
was synthesized via a three steps synthesis with a global yield of 46
%. The first step consisted of an halogen-lithium exchange followed by
a nucleophilic attack. Next the nitroxide was protected with a fert-
butyldimethylsilane group. Finally a Stille coupling led to the desired
monomer (SSi).

The polymerization of the synthesized monomer (SSi) was firstly
studied by free radical polymerization. Polymers with M,, up to 16,900
g mol~! and P < 2 were synthesized. Next, controlled radical polyme-
rizations were investigated. However ATRP and RAFT appeared to be
inefficient due to side reactions occurring at the temperature employed
for these reactions. The polymer (PSSi) was obtained by Cu’-RDRP at
25 °C in DMF. PSSis with broad dispersities were obtained due to the
insolubility of the polymer into the employed solvent. However the suc-
cessful polymerization of SSi at room temperature by Cu’-RDRP opens
the possibility to form a block copolymer.

A PTMPM-Br macroinitiator was synthesized either by ATRP or
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Cu’-RDRP. The PTMPM-Br macroinitiator was next employed for the
formation of PTMPM-b-PSSi block copolymers by Cu’-RDRP at 25 °C
in DMF. SEC chromatograms of the polymers revealed a bimodal dis-
tribution corresponding to the block copolymers and some remaining
macroinitiators. The precipitation of the PTMPM-b-PSSi was more
challenging than expected since the two block present antagonist sol-
ubilities in the used solvents.

The deprotection of the styrene derivative was firstly studied on ho-
moPSSi. The PSNO appeared to present a more intense color compared
to PTMA and TEMPO, precluding the quantification of the deprotection
by UV-vis spectroscopy. According to ESR measurements a maximum of
56 % of deprotection was achieved. The deprotection conditions would
therefore need to be optimized in order to reach higher deprotection
yields. The PSNO appeared to be less stable than PTMA and some
crosslinking was observed in the final polymer. The PTMPM-5-PSSi
block copolymer was oxidized via mCPBA. Surprisingly, PSSi seems to
be deprotected by mCPBA | leading to the PTMA-5-PSNO block copoly-
mer. The ESR analysis indicated around 20 % of oxidation/deprotection
yield and the UV-vis analysis confirmed the presence of PSNO. Even if
the oxidation conditions need to be optimized, an electrochemical active
PTMA-b-PSNO was obtained.

The electrochemical properties of the homoPSNO and PTMA-b-P-
SNO diblock copolymer were investigated by cyclic voltammetry via a
three electrodes set-up with a non aqueous Ag/Ag™ reference electrode.
The voltammogram revealed a similar redox potential for PTMA and
PSNO preventing they distinction in the voltammogram of the block
copolymer. However the same potential for both polymer blocks is an
advantage since the battery potential will not be disturbed by the pres-
ence of the second redox species, i.e. the PSNO.

Finally the formation of PTMA-b-PSNO thin films was investigated.
A phase separation was observed by AFM without any solvent annealing
process. The domains of PTMA were larger than expected due to the
presence of homoPTMA swelling the corresponding domains. Even so,
the observation of a phase separation without annealing process is a good
sign for further self-assembly studies of the PTMA-5-PSNO block copo-
lymer. Indeed, with a block copolymer without homoPTMA contami-
nation and by applying the good solvent annealing conditions, a phase
separation with a well defined cylindrical morphology could be expected.
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Experimental part

Material

2-methyl-2-nitrosopropane dimer (Aldrich) and tert-butyllitium (1.7
M in pentane; Aldrich) were stored at -30 °C before use. tert-Butyl-
dimethylchlorosilane (TCI, > 98.0 %) was stored in a dry desiccator
before use. Tetrakis(triphenylphosphine) palladium(0) (Aldrich > 99 %)
was recrystallized into cold methanol before use. Tosyl chloride (TsCl,
Fluka, 99%) was purified by recrystallization into hexane before use.
Copper bromide (I) (CuBr (I), Acros Organics, 98%) and copper chloride
(I) (CuCl (1), Acros Organics, 99 %) were kept into a dessicator under
reduced pressure. Pentamethyldiethylenetriamine (PMDETA, Aldrich,
99 %) was distilled before use. 1,4-dibromobenzene (Aldrich, 98 %),
imidazole (Acros Organics, 99 %), tributyl(vinyl)tin (Aldrich, 97 %),
ethyl-2-bromoisobutyrate (EBiB, Acros Organics, 98 %), 2,2,6,6-tetra-
methyl-4-piperidyle methacrylate (TMPM, TCI, > 98 %), anisole (Acros
Organics, 99 %), hexane (C¢Hi2, VWR, AnalaR NORMAPUR 99 %),
methanol (VWR, AnalaR NORMAPUR 99 %), dichloromethane (VWR,
AnalaR NORMAPUR 99 %), neutral alumina (AloOs, Acros Organics),
copper powder (0) (Acros Organics, 99 %, powder, max. 106 ym) and
all other chemicals were use as received.

Instrumentation

'H RMN analysis were realized by a 300 MHz (Bruker Avance II)
and 500 MHz (Bruker Avance) spectrometer. All NMR analysis were
performed in CDCly (Aldrich, 99,8 %). All M,, (SEC) and dispersities
(P) were measured by size exclusion chromatography Agilent equipped
with a Agilent 1100/1200 pump (T = 25 °C; eluant : chloroform / tri-
ethylamine / isopropanol (94 : 4 : 2) ; elution rate : 1 mL min~!)
a differential refractometer Agilent and two columns PSS SDV (10 pm
beads; column 1 porosity : 10000 A; column 2 porosity : 1000 A) and cal-
ibrated with polystyrene standards. UV measurements were performed
on a spectrophotometer Varian (Cary, 50 Conc). Electron spin resonance
(ESR) spectra were acquired on an EMXmicro CW-EPR spectrometer
(Bruker, Germany) from powdered samples. The SpinCount™ software
module was used for quantitative experiments. CV measurements were
performed on an Arbin, BT-2043 (scan rate : 0.1 mV s~!).
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Monomer synthesis
Bromo-4-|tert-butyl- N-hydroxylamino]aniline (2)

Tert-butyl lithium (40 mL, 68.5 mmol, 1.7 M in hexane; 2 equiv.)
was added dropwise at -78 °C to a solution of p-dibromobenzene (8,034
g, 34 mmol; 1 equiv.) in Et2O (200 mL). The reaction mixture was
stirred for 15 min at low temperature then gradually warmed to room
temperature. The solution was again cooled to -78 °C and a solution of
2-methyl-2-nitrosopropane dimer (2.96 g, 17 mmol; 0.5 equiv.) in dry
Et20 (40 mL) was added slowly. The mixture was then stirred for 2
h at room temperature before a saturated aqueous solution of NH4ClI
was added. The organic layer was separated, dried over MgSOy4 and
the solvents removed in vacuum. The resulting residue was washed with
cold hexane and the resulting solid was purified by chromatography over
silica gel by using hexane / Et2O (5:1) as eluant to obtain (2) (6.2g; 25.5
mmol; 75 % yield) as a white powder. 'H NMR (300 Mhz, CDCl3, 6):
7.35 (a, duet, J(H,H) = 6 Hz, 2H, Ph), 7.09 (b, doublet, J(H,H) = 6 Hz,
2H, Ph), 6.51 (c, singlet, 1H, OH) 1.09 (d, singlet, 9H, tBu).

Br

4-| N-tert-Butyl- N-(tert-butyldimethylsilyloxy) amino] bromo-
benzene (3)

Imidazole (6.1 g, 90 mmol; 3.2 equiv.) and tert-butylchlorodime-
thylsilane (12.6 g, 83.6 mmol; 3 equiv.) were added to a solution of 1
(6.84 g, 28 mmol) in dry DMF (15 mL), and the reaction mixture was
stirred at 60 °C for 24 h. After cooling and addition of HoO (20 mL)
the organic layer was extracted with hexane, dried over MgSO,4 and the
solvent removed in vacuo. The residue was purified by chromatography
over silica gel by using hexane as eluant to obtain (3) as a colorless oil
(9.5g, 95 %). 'H NMR (300 Mhz, CDCl3, d): 7.345 (a, duet, J(H,H)=
6 Hz, 2H, Ph), 7.11 (b, duet, J(H,H) = 6 Hz, 2H, Ph), 1.07 (c, singlet,
9H, tBu), 0.89 (d, singlet, 9H, tBu), -0.13 (e, broad, 6H, CH3).
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Br

4-| N-tert-Butyl- N-(tert-butyldimethylsilyloxy) amino| styrene
(4)

To a toluene solution (200 mL) of 4-[N-tert-butyl-N-(tert-butyldi-
methylsilyloxy)amino|bromobenzene (3) (15 g; 41.9 mmol; 1 equiv.)
were added tetrakis(triphenylphosphine)palladium(0) (595 mg; 0.51 m-
mol; 0.012 equiv.), and tributyl(vinyl)tin (15 g, 49 mmol; 1.11 equiv.),
and the mixture was stirred at 100 °C for 15 h. The reaction mixture
was extracted with ether, washed with water, and dried over MgSOQOy.
The crude product was purified by column chromatography over silica
gel with hexane as eluant. The resulting oil was purified by column chro-
matography over alumina with hexane as eluant to afford a colorless oil
(8.17 g, yield 64 %).'H NMR (300 Mhz, CDCls, 6): 7.27 (a, duet, J(H,H)
= 6 Hz 2H, Ph), 7.18 (b, duet, J(H,H) = 6 Hz, 2H, Ph), 6.68 (c, duet-
duet, J(H,H) = 18-11 Hz, 1H, vinyl), 5.68 (d, duet, J(H,H) = 18 Hz, 1H,
vinyl), 5.17 (e, duet, J(H,H) = 11 Hz, 1H, vinyl), 1.09 (f, singlet, 9H,
N-t-Bu), 0.90 (g, singlet, 9H, t-Bu), -0.13 (h, broad, 6H, SiCH3). '3C
NMR (300 Mhz, CDCls, §): 150.9, 136.6, 133.9, 125.19, 125.12, 112.5,
61.0, 26.15, 17.9, -4.7. Mass(ESI): m/z = 306.1 [M + MT].

PSSi by ATRP

A solution of EBiB (6.8 mg, 0.0349 mmol, 1 equiv.), SSi (4) (3.189 g,
10.4566 mmol, 300 equiv.), PMDETA (6.0 mg, 0.0349 mmol, 1 equiv.),
and anisole (2.950 mL, 50 wt%) was degassed three times by freeze-
pump-thaw cycling. The degassed solution was introduced into a Schlenk
tube containing CuBr (5 mg, 0.0349 mmol, 1 equiv.) and a magnetic bar.
The mixture was degassed by two freeze-pump-thaw cycles, filled with
argon and stirred in an oil bath at 90 °C for 20 h. The polymerization
was quenched by quickly cooling the tube in a water-ice bath and ex-
posing the reaction mixture to air. The reaction mixture was filtered
over neutral AlsO3 (eluant: CHsCls). The solvent was removed under
reduced pressure. No polymer was obtained.
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PSSi by RAFT

In a Schlenk tube containing a solution of anisole (0.15 mL), AIBN
(0.54 mg, 0.0033 mmol, 1 equiv.), DDMAT (6.1 mg, 0.0167 mmol, 5
equiv.), SSi (4) (500 mg, 1.64 mmol, 500 equiv.) and a magnetic bar were
added. The solution was degassed by three freeze-pump-thaw cycles,
filled with argon and stirred for 48 h. The polymerization was quenched
by quickly cooling the tube in a water-ice bath and exposing the reaction
mixture to air. The reaction mixture was filtered over neutral Al>Oj3
(eluant: CH5Cly). The solvent was removed under reduced pressure. No
polymer was obtained.

PTMPM by Cu’-RDRP

A solution of benzyl 2-bromoisobutyrate (BnBIB) (87.8 uL, 0.5 mmol,
1 equiv.), TMPM (4 g, 17.7 mmol, 34 equiv.), PMDETA (130 pl, 0.062
mmol, 0.12 equiv.), CuBrs (5.5 mg, 0.025 mmol ,0.05 equiv.), isopropanol
(9 mL, 65 wt%) and a magnetic bar surrounded with 5 cm of Cu (0) wire
was degassed three times by freeze-pump-thaw cycling, filled with argon
and stirred in an oil bath at 40 °C for 10 h. The polymerization was
quenched by quickly cooling the tube in a water-ice bath and exposing
the reaction mixture to air. The reaction mixture was filtered over neu-
tral AloO3 (eluant: CHsCly). The solvent was removed under reduced
pressure. The residue was precipitated twice in hexane, filtered and dried
in vacuum at 35 °C over night, affording a white solid (3,2 g, 80 % yield,
M,, (NMR)= 10,800, D = 1.14). 'H NMR (300 Mhz, CDClj, §): 7.45 (a,
multiplet, 2H, Ph chain-end), 7.34 (b, multiplet, 2H, Ph chain-end), 5.28
(c, singlet, 2 H, CHy chain-end), 5.05 (d, broad, 1H, CH-O), 2.05-1.51
(e, broad, 15 H; CH3 + CHjs backbone), 1.51-0.80 (f, broad, 6H; CHy +
CH» backbone).
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PSSi by Cu’~-RDRP

In a Schlenk tube containing a DMF solution (3.04 mL, 35 wt%),
Cu(0) powder (5,56 mg, 0,0875 mmol, 1 equiv.), PMDETA (21,92 pul,
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0,1050 mmol, 1.2 equiv.), methyl 2-bromopropionate (9.8 pl, 0,0875
mmol, 1 equiv.), styrene derivative (4) (1868,2 mg, 6,1253 mmol, 70
equiv.) and a magnetic bar were added. The solution was degassed by
three freeze-pump-thaw cycles, filled with argon and stirred for 22 h. The
polymerization was quenched by quickly cooling the tube in a water-ice
bath and exposing the reaction mixture to air. The reaction mixture was
filtered over neutral AlsO3 (eluant: CH9Cly). The solvent was removed
under reduced pressure. The residue was precipitated twice in methanol,
filtered and dried in vacuo at 30 °C over night, affording a white solid
(M,, = 40,500 g mol~%; D = 4.2). 'H NMR (300 Mhz, CDCls, §): 6.87
(a, broad, 2H, Ph), 6.31 (b, broad, 2H, Ph), 1.79 (c, broad, 1H, CHCHs),
1.28 (d, broad, 2H, CHCHy), 1.02 (e, singlet, 9H, N-tBu), 0.9 (f, singlet,
9H, t-Bu), 0.3 to -1 (g, broad, 6H, SiCHjs).
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PTMPMS-b-PSSi by Cu’~-RDRP

In a Schlenk tube containing a DMF solution (0.521 mL, 35 wt%),
Cu(0) powder (1.9 mg, 0,0299 mmol, 1 equiv.), PMDETA (7.49 ul, 0,0359
mmol, 1.2 equiv.), PTMPM-Br (325 mg, 0,0299 mmol, 1 equiv.), SSi (4)
(913.6 mg, 2.9902 mmol, 100 equiv.) and a magnetic bar were added.
The solution was degassed by three freeze-pump-thaw cycles, filled with
argon and stirred for 22 h. The polymerization was quenched by quickly
cooling the tube in a water-ice bath and exposing the reaction mixture
to air. The reaction mixture was filtered over neutral AlyOs (eluant:
CH2Cly). The solvent was removed under reduced pressure. The residue
was precipitated twice in methanol, filtered and dried in vacuo, affording
a white solid (M,, (SEC) = 89,300 g mol~}; D = 2.32). 'H NMR (300
Mhz, CDCl3, §): 7.7-5.6 (a, broad, 4H, aromatics), 5.2-4.8 (b, broad, 1H,
CH-0O PTMPM), 2.33-0.3 (¢, broad, CH3 PTMPM + CHs PTMPM -+
backbone (PSSi + PTMPM) + t-Bu PSSi), 0.3-(-1.2) (d, broad, SiCHs).
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Typical procedure for the deprotection of PSSi

To a THF solution (125 mL) of the precursor polymer PSSi (300
mg, 1.64 mmol, 1 equiv.) was added tetrabutylammonium fluoride 1M
(2.76 mL, 4.52 mmol, 2.8 equiv.), and the mixture was stirred for 3 h at
room temperature. Then, silver oxide (0.378 g, 1.64 mmol, 1 equiv.) was
added to the solution, and the mixture was vigorously stirred for 2 h at
0 °C. The oxidizing agent was removed by filtration, and the filtrate was
poured into methanol to yield the radical polymer PSNO as an orange
powder (Yield: 50 %, M,, (SEC) = 13,000 gmol~!; D = 6.1). IR (cm™!)
: 2958, 2927 (v Ph-H), 2856 (v methyl C-H), 1357 (v t-Bu C-H), 1247
(Si—CHs), 1195 (v Si-O).

Electrochemical measurements
UV crosslinking

PTMA-b-PSNO thin films on ITO substrates were placed under three
Rayonet photochemical reactor UV lamp emitting at 253 nm during 30
min. The distance to the lamps was of about 3 cm.

Preparation of Ag/Ag' non-aqueous reference electrode

A non-aqueous Ag/Ag™ reference electrode with porous Teflon tip
was filled with a solution composed of 0.01 M AgNOs and 1 M
TBACIO4 in CH2C12

Typical procedure for cyclic voltammetry in solution

The analyzed component was dissolved into the electrolyte solution
(1 M TBACIO4 in CH2Cly) in order to obtain a 0.1 M solution. A three
electrodes set-up with a Pt disk working electrode, a Pt wire counter
electrode and the previously prepared Ag/Ag™ reference electrode was
used to record the voltammogram.
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Typical procedure for electrochemical characterisation of PT-
MA-b-PS thin film onto ITO substrates

Cyclic voltammetry was performed using a three electrodes system
with the PTMA-)-PSNO thin film deposited onto an ITO substrate as
working electrode, a Pt wire as counter electrode and the previously
prepared Ag/Ag" reference electrode into 1 M TBACIO, in CHzCly
solution electrolyte.

Thin film preparation
Spin coating

Polymer thin films were spin-coated onto silicon chips or I'TO sub-
strates of 1 cm? for AFM imaging. Silicon wafers were sonicated 15 min
in acetone, rinsed with milli-Q water, washed 30 min in piranha solu-
tion (3:1 of HaSO4 98% /H204 30% solution) and rinsed in milli-Q water.
The substrates were dried by spin-coating at a rotation rate at 2000 rpm
during 20 s. ITO substrates of 1 cm2 were washed 15 min in acetone
and dried by spin coating at a rotation rate at 2000 rpm during 20 s.
Filtered (0.2 ym PTFE) polymer solutions (10 mg of polymer per 1 mL
of THF) were spin-coated at a rate of 2000 rpm during 40 s.

General procedure for the determination of the nano-domains
sizes

The size of domains was measured using section tool of Nanoscope
Analysis software.
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This thesis was devoted to the development of nanostructured organic
radical polymers. The Chapter 1 was divided into two parts, presenting
the general concepts needed for the comprehension of this work. The
first part focused on the synthesis of block copolymers and their self-
assembly properties in solution and in bulk. The second part presented
a short survey about the development of batteries and introduced a new
generation of batteries based on organic materials.
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The Chapter 2 was dedicated to the recent development of organic
radical batteries, one of the three major class of organic batteries. The
chapter provided an overview of the different stable radical bearing poly-
mers employed for the fabrication of organic electrodes. Indeed, the aim
of our work was the development of a new generation of organic radical
battery combining the redox properties of selected polymers with the
phase separation properties of block copolymers, as explained in Chap-
ter 3.

The attention was firstly focused onto the synthesis of nitroxide con-
taining block copolymers (Chapter 4). The two constituting blocks are
PTMA, an electrochemically active polymer, and PS, utilized as an in-
soluble anchor and as a mechanically reinforced block towards battery
electrolyte. The electrochemically active PTMA-b-PS block copolymer
was obtained via a three steps synthesis. Starting by the polymeriza-
tion of a precursor of PTMA, i.e. TMPM, by ATRP. Indeed, controlled
radical polymerization cannot be employed to polymerize nitroxide bear-
ing monomers. The obtained PTMPM was next used as macroinitiator
for the polymerization of styrene by ATRP. Finally, the PTMPM was
oxidized into PTMA using mCPBA as oxidizing agent. The polymer-
ization of TMPM by ATRP was challenging since methacrylates tend to
polymerize in a few minutes, preventing any control over the polymeriza-
tion. However, well defined PTMPM with low dispersities were finally
obtained, opening the access to PTMPM-56-PS block copolymers. The
length of the constituting blocks needed to be adjusted as a function
of the targeted application. For the fabrication of thin films a weight
ratio around 30 % of PTMA was desired in order to obtain cylinders of
PTMA inside a matrix of polystyrene, whereas for micelles the opposite
ratio was wanted in order to maximize the amount of electrochemical
active material. The polymerization conditions were therefore optimized
as a function of the targeted application. PTMPM-b-PS block copoly-
mers were next oxidized into PTMA-5-PS by mCPBA. Oxidation yields
up to 95 % were obtained. However the oxidation yield was sometime
as low as 50 % and further investigations over the oxidation procedure
should be performed in order to obtain more reproducible results. Fi-
nally, cycling voltammetry of the block copolymer was performed and
confirmed the reversible redox behavior of PTMA and the electrochem-
ical inertness of the PS block. As a summary, bock copolymers with an
active PTMA block and an inert PS were successfully polymerized by
ATRP. Copolymers with blocks of different lengths were synthesized in
order to provide the materials needed for the subsequent self-assembly
studies. This work is the first report on a successful controlled ATRP of
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TMPM. Future work over the polymerization of TMPM by ATRP should
explore the limit of the technique by determining the maximum polymer
length obtainable by ATRP. Classic ATRP was employed for this work
but other polymerization methods for TMPM are also conceivable. In
order to reduce the amount of copper for the polymerization, ARGET
ATRP could be investigated. e-ATRP could be employed for the poly-
merization of TMPM followed by an electrochemical oxidation of the
secondary amine into nitroxide radicals, leading to an electrochemically
generated polymer. Finally, polymerization conditions could be adapted
to an initiator attached to a surface in order to form grafted PTMA onto
conductive carbons or other conductive materials.

The behavior of PTMA-5-PS block copolymers in battery electrolytes,
i.e. carbonate mixtures with lithium salts, was next investigated (Chap-
ter 5). PTMA is soluble in battery electrolytes whereas the PS is insolu-
ble, leading to the formation of micelles with a core of PS and a corona of
PTMA. This work was the first report of micelles with a nitroxide poly-
mer block located into the corona rather than into the core. In order to
maximize the amount of electrochemical active material, block copoly-
mers with around 75 wt% of PTMA were selected. The micelles were
characterized by dynamic light scattering and atomic force microscopy
revealing micelles with an average radius of 23 nm. The electrochem-
ical characteristics of the micelles were explored in solid state and in
liquid systems. The micelles were firstly filtered onto carbon nanotubes
buckypaper, forming a solid cathode. The buckypaper micellar cathode
presented a good access to the electrolyte through the solvated PTMA
coronal chains and a good electrical conductivity to the current collector
through the carbon nanotubes network. A lost of capacity was observed
after a few cycles, attributed to micelles detaching from the carbon nan-
otubes.

The micelles were next employed in a redox flow battery. RFBs
are very interesting systems employing liquid cathode and anode, i.e.
catholyte and anolyte, stored into two separated tanks and pumped
through the electrochemical engine. RFBs allow to manage power and
capacity separately. Indeed, the capacity of the system is only related
to the size of the tank whereas the power depends of the surface of the
membrane, making RFBs really interesting for large-scale energy storage.
The redox process of classic RFBs is based on the oxydo/reduction of
metals such as vanadium or zinc and needs expensive separation ion ex-
change membranes like Nafion to keep catholyte and anolyte separated.
Indeed, the Nafion membrane can represent up to 40 % of the price of
the RFB. The replacement of metals by electrochemically active poly-
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mers like PTMA allowed the utilization of cheaper size exclusion mem-
branes such as dialysis ones. PTMA-b-PS micelles in carbonate mixture
(EC/DEC/DMC, 1:1:1 in volume with 0.5 M Zn(ClOy4)2 - (H20)) were
employed as catholyte for an hybrid-RFB with a zinc anode. Good
electrochemical performances were obtained for our redox flow micellar
batteries. In static non pumped experiments, 94 % of discharged capac-
ity and 99 % of coulombic efficiency remained after 1000 cycles. Future
development of micellar cathodes should focus onto increasing the criti-
cal micellar concentration of our system. Indeed, the limited solubility of
the micelles into the electrolyte limited the maximum capacity of the sys-
tem. The solubility of the micelles could be increased either by changing
the length of the constituting blocks or the carbonate mixture used as
electrolyte. Moreover, it is interesting to determine the minimum length
of PS block needed to obtain the micelles. The PS is electrochemically
inactive and decreasing its size will increase the gravimetric capacity of
the micelles. The micelles could also be employed for the formation of
PTMA gels. Indeed, the electrochemical active material needs to swell
into the electrolyte to optimize the accessibility of the redox functions
while the dissolution of the polymer into the electrolyte needs to be
avoided. A polymer gel could fulfil these requirements. Other appli-
cations of stable nitroxides such as TEMPO and PTMA are catalytic
oxidation of primary and secondary alcohols and ESR imaging. The
PTMA micelles could be employed for both of these applications. In-
deed, for catalysis, the micelles can be easily removed from the reaction
medium after reaction by dialysis or filtration.

The fabrication of solid nanostructured organic radical cathodes was
investigated in parallel. The objective was to create a thin nanostruc-
tured cathode combining the self-assembly properties of block copoly-
mers in thin films and the redox properties of PTMA. Block copolymers
with a PTMA block representing between 18 to 45 % of the polymer
weight were used for the self-assembly study (Chapter 6). Thin films
with a thickness of 80 nm were deposited onto silicon wafers by spin-
coating. The surface of the films was observed by AFM. Due to a lack
of phase separation after spin-coating, annealing of the polymer thin
films was investigated. Thermal and rapid thermal annealing revealed
to be inefficient to improve the phase separation and were therefore aban-
doned. Solvent annealing into different solvent vapors was studied. The
choice of the solvent appeared to be a crucial parameter in order to ame-
liorate the phase separation inside the polymer film. Different domain
orientation, e.g. domains parallel or perpendicular to the surface, were
observed depending on the solvent selected for the annealing. The best
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phase separation was obtained with a mixture of DMF and DEC vapors.
Another essential parameter was the annealing time and an optimum of
6 h of annealing was found for our system. Different morphologies from
spherical to lamellar were observed depending on the PTMA ratio in
the block copolymer. The targeted cylindrical morphology with cylin-
ders perpendicular to the surface was obtained for block copolymers with
23 wt% of PTMA, annealed 6h into DMF and DEC vapors. The elec-
trochemical performances of the thin films were investigated revealing
a stable capacity over cycling. Further work on PTMA-b-PS thin films
should investigate the internal structure of the films by combining thin
film sectioning methods, such as microtomy, and microscopy techniques
such as SEM or TEM. Moreover, it would be interesting to investigate
if the electrochemical performances of the films are dependent of the
nanodomain structure or the film thickness.

The formation fo PTMA-5-PS thin film cathodes is a first step for the
fabrication of thin solid batteries (thinner than 0.5 um) created by super-
posing the different constituents, as illustrated in Figure 8.2. As a first
experimentation to reach this goal, a film of PEO-b-PS was deposited
onto a PTMA-6-PS thin film (Figure 8.3). The film of PTMA-b-PS was
solvent annealed and UV-crosslinked before spin-coating the PEO-b-PS
thin film. Finally, a solvent annealing of the superposed films allowed to
promote the phase separation of the PEO-b-PS. Indeed, PEO is known
to act as solid electrolyte. However, PEO tends to crystallize, decreasing
its ionic conductivity.l'l' A PEO-5-PS thin film with cylinders of PEO
inside the matrix of PS could overcome this limitation by preventing the
crystallization via confinement effects. Such layered systems need section
imaging in order to check if the PEO domains cross the entire film and
align with the PTMA domains. Moreover, electrochemical analysis of
such superposed thin films would be a challenging task due to the thick-
ness of the constituents. The phase separation of the PTMA-5-PS could
be ameliorated by depositing the film onto a PEO-5-PS thin film which
could act as a nanopatterned surface, orientating the phase separation
of the PTMA-b-PS. Finally, the PS block could be switched for another
block such as an ion conducting block or a doping element, offering a syn-
ergy with PTMA. For example the PS could be replaced by a polymer
like PEQ, increasing the ionic conductivity inside the nanostructured
cathode.

As for micelles, block copolymer thin films with nitroxide functions
could be employed for the catalytic oxidation of alcohol by swelling the
PTMA domains with homoPTMA. After washing of the film, the ho-
moPTMA will be removed, creating an interstitial porosity. The film
could be used as catalytic membrane for the oxidation of alcohols by
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passing the reaction medium through the porous thin film.

© pTMA @ Carbon

Figure 8.2: Schematic representation of a possible nanostructured thin
half cell battery made by successive deposition of thin films. The use
of block copolymer thin films should allow the creation of a full micro
battery, thinner than 0.5 pum.

Figure 8.3: AFM height images (1.0 x 1.0 pum?) of PS-6-PEO (b) an-
nealed 4h into benzene (L), deposited onto PTMA-b-PS thin film an-
nealed 6h with DMF (L) and DEC (M) (a). The PTMA-5-PS thin film
was irradiated 45 min with UV light (253 nm) prior spin-coating of the
PS-6-PEO thin film.

The last chapter focused onto the replacement of the electrochemi-
cal inactive PS block by an active one (Chapter 7). A styrene deriva-
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tive monomer bearing a protected nitroxide function (SSi) was therefore
synthesized and its polymerization was investigated. PSSi was firstly
obtained by free radical polymerization. The controlled radical poly-
merization of this monomer was more challenging than expected. In-
deed, ATRP and RAFT appeared to be inefficient to polymerize the
monomer due to the presence of side reactions. The protected nitroxide
was degraded during the polymerization due to the high temperature em-
ployed for the reaction. Therefore, a polymerization method working at
room temperature was employed, i.e. Cu’-RDRP. PSSi were obtained.
However, this reaction didn’t allowed a perfect control over the poly-
merization and needs further investigations. Despite that, Cu’~-RDRP
allowed the formation of PTMPM-5-PSSi block copolymers by initiating
the polymerization from a PTMPM-Br macroinitiator. The PTMPM-
Br was synthesized either by ATRP or Cu’-RDRP. The block copolymer
was reacted with mCPBA and PSSi appeared to be deprotected during
the reaction. This is the first report of the deprotection of protected ni-
troxide by mCPBA. Even so, with only 20 % of active nitroxide inside the
polymer, the deprotection/oxidation of the block copolymer still needs
some optimizations. A thin film with domains of PTMA inside a matrix
of PSNO was obtained. Cyclic voltammetry of the film revealed one
unique peak at 0.31 V vs Fc/Fct. Indeed, PTMA and PSNO present
the same reduction potential allowing the formation of a cathode with an
unique working potential. During the experiments, PSNO appeared to
undergo self-crosslinking, leading to insoluble materials. This crosslink-
ing reaction was tentatively attributed to the nitroxide reacting with the
PS backbone. Further investigations should be performed in order to
understand and control this side reaction. Indeed, the self-crosslinking
of the PSNO could be exploited to generate auto-crosslinked thin films
after spin coating or micelles with a reticulated core. The replacement of
PS by another block was a first approach demonstrating the possibility
to make a synergy between the constituting blocks.

To conclude, PTMA and in more general stable nitroxide bearing
polymers have attracted a great interest over the past decade. Indeed,
rare inorganic elements can be replaced by organic ones. Moreover they
allow a fast charge/discharge process compared to their inorganic coun-
terpart. PTMA has essentially been studied in mixtures with additives
such as conductive carbons. This thesis highlights the first study of
nanostructured organic radical cathodes, combining the advantages of
PTMA with the typical characteristics of block copolymers. Polymer
chemistry offers an infinity of building blocks and therefore a limitless
number of possibilities for the fabrication of innovative materials. This
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work brings the foundations of a new class of organic batteries, named
nanostructured organic radical batteries, and is a first approach toward
a miniaturization of the batteries for applications such as microbotics or
microelectromechanical systems (MEMs).
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