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ABSTRACT

Technological advances in the aerospace, biomedical, and robotics industries
stimulate the need for innovative and sustainable devices, such as
electromechanical devices (EMDs), which are bio-inspired materials capable of
mimicking biological systems in appearance, functionality, and operation. For
practical applications, EMDs must combine several properties, such as i) high
ionic conductivity, ii) flexibility, iii) mechanical resistance, and iv) chemical,
thermal, and structural stability. Such properties can be obtained by engineering
amphiphilic  copolymers, which can self-assemble into well-defined
morphologies with nanometric domains. Thus, it is possible to effectively
dissociate ionic conductivity from mechanical properties, adjusting the flexibility,
Young's modulus, and ionic conductivity according to the size of the blocks and
the number of functional groups. Therefore, in this project, reversible addition-
fragmentation chain transfer (RAFT) polymerization was used to synthesize the
diblock copolymer Poly(butyl methacrylate)-b-(sulfonated polyneopentyl
styrene-r-polystyrene) (PBMA-b-( PNeoSS-r-PS)). Subsequent thermolysis of
the PNeoSS segments removes the neopentyl group, resulting in a sulfonated
polystyrene-r-polystyrene (PSS-r-PS) backbone, yielding an amphiphilic block
copolymer with ionic conductivity, which was used to prepare an EMD. In
general, it can be concluded that RAFT polymerization is a robust and versatile
technique that allows control of the degree of polymerization, molecular weight,
polydispersity, and chemical composition of the copolymer. The copolymer
presented a molecular weight of 65 kg.mol?, with a 50% ratio between flexible
and rigid blocks, alongside an 8.8% degree of sulfonation, lamellar morphology,
capable for enhancing flexibility and ionic conductivity. Finally, the device was
tested and characterized electromechanically using an electromechanical

characterization system, showing promise for application as a sensor.

Keywords: Electromechanical devices; Amphiphilic block copolymer;

Electromechanical response; RAFT polymerization; Sensor
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RESUMO

DESENVOLVIMENTO DE DISPOSITIVOS ELETROMECANICOS BIOINSPIRADOS
BASEADOS EM COPOLIMERO EM BLOCO ANFIFILICO DO TIPO PBMA-b-(PSS-r-PS)

Os avancos tecnoldégicos na industria aeroespacial, biomédica e robdtica estéo
estimulando a necessidade de dispositivos inovadores e sustentaveis, como 0s
dispositivos eletromecéanicos (EMDs), que sdo materiais bio-inspirados capazes de
imitar sistemas biol6gicos em aparéncia, funcionalidade e operacdo. Para aplicacfes
praticas os EMDs devem combinar diversas propriedades, como: i) alta
condutividade ibnica, ii) flexibilidade, iii) resisténcia mecanica e iv) estabilidade
quimica, térmica e estrutural. Tais propriedades podem ser obtidas por meio da
engenharia de copolimeros anfifilicos, uma vez que podem se auto montar em
morfologias bem definidas com dominios nhanométricos. Assim, é possivel dissociar
a condutividade i6nica das propriedades mecanicas, ajustando a flexibilidade o
moédulo de Young e a mobilidade idnica conforme o tamanho dos blocos e
quantidade de grupos funcionais. Portanto, neste projeto a polimerizagcdo por
transferéncia reversivel de cadeia por adicdo-fragmentacdo (RAFT) foi usada para
sintetizar o copolimero dibloco Poli(metacrilato de butila)-b-(poli neopentil estireno
sulfonado-r-poliestireno) (PBMA-b-(PNeoSS-r-PS)). Subsequente termdlise dos
segmentos PNeoSS remove o0 grupo neopentil, resultando em uma cadeia principal
de poliestireno sulfonado-r-poliestireno (PSS-r-PS), originando um copolimero em
bloco anfifilico com condutividade ibnica, utilizado para preparar um EMD. De um
modo geral, pode-se concluir que a polimerizacdo RAFT é uma técnica robusta e
versétil, que permitiu o controle do grau de polimerizacdo, peso molecular,
polidispersividade e composicdo quimica do copolimero. O copolimero sintetizado
usado para preparar o EMD apresentou peso molecular de 65 kg.mol*, uma relagéo
de 50% entre os blocos flexiveis e rigidos, com um grau de sulfonacéo de 8,8%,
morfologia lamelar, e ha potencial para otimizar sua flexibilidade e condutividade
ibnica. Por fim, o dispositivo foi testado e caracterizado eletromecanicamente, se

mostrando promissor para aplicagdo como sensor.

Palavras-chave: Dispositivos eletromecéanicos; Copolimero em bloco anfifilico;

Resposta eletromecéanica; Polimerizacdo RAFT; Sensor.
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1 INTRODUCTION
1.1 Motivation

Technological advances in the aerospace industry, biomedicine, and
robotics drive the need for innovative, more efficient, and sustainable materials.
Therefore, researchers increasingly seek nature-inspired technological
solutions, focusing on developing bio-inspired devices [1]. This field aims to
imitate biological behaviors regarding appearance, functionality, and operation
by developing artificial intelligence, artificial vision, and artificial muscles [2].
Biomimicry provides efficient, simple, low-cost solutions with little environmental
impact for developing these devices [3]. Thus, using advanced materials
becomes essential since their inherent characteristics make them similar to

organic systems, as illustrated in Figure 1 [3].
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Figure 1: Bio-inspired materials and devices presenting some applications.



An essential class of advanced and bio-inspired materials is represented
by electromechanical devices, such as lonomeric Polymer-Metal Composites
(IPMCs), which are devices capable of mimicking biological systems in terms of
appearance, functionality, and operation [4]. They are sandwich-type
composites formed by an ionic conductive polymeric membrane between
metallic electrodes and can bend in response to electrical stimulus and vice-
versa [5]. Its main advantages over other types of actuators are low density,
miniaturization capability, biocompatibility, and low driven voltage (<5V) [6]. For
this reason, they are promising materials for a wide range of technological
applications in strategic areas, such as actuators [7, 8], sensors [9-11], artificial
muscles [12, 13], robotics [14-16], aerospace industry [17], oil exploration [18],
energy harvesting [19], and biomedicine [19, 20], as illustrated in Figure 2.
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Figure 2: Bio-inspired electromechanical devices applications.



Perfluorinated commercial membranes like Nafion, Flamion, and Aciplex
are widespread in the fabrication of IPMC devices due to their high ionic
conductivity and excellent chemical, thermal, and structural stability [22], [23].
However, it is worth mentioning that these membranes were initially designed
for fuel cell applications, and their properties were subsequently adapted for use
in IPMCs [24]. One significant drawback is their random and complex
morphology, which undergoes variations based on the membrane's hydration
level [25]. Consequently, devices made with these membranes often exhibit
non-linearities and time-dependent behaviors. Thus, complex and adaptative
models are required to describe ion migration and control IPMCs [26]-[28].
However, there is room for improvement in the design and development of
membranes specifically tailored for IPMC devices by focusing on developing
membranes with a more stable and controllable morphology [29].

In fact, for practical applications, electromechanical devices must possess
1) well-defined morphology, ii) high ionic conductivity, iii) flexibility, iv)
mechanical resistance, and v) chemical, thermal, and structural stability [30].
These requirements can be fulfilled by engineering the structure of amphiphilic
block copolymers that serve as electroactive membranes in the devices. These
copolymers can self-assemble into well-defined morphologies with nanosized
domains [31]. Besides, when a rigid, conductive phase is dispersed in a low
glass transition temperature (Tg) domain, good mechanical properties and
elevated ionic conductivity are simultaneously attained [32], [33]. Hence, it is
possible to effectively decouple the conductivity from mechanical properties,
adjusting the flexibility and Young's modulus of the material by tuning the
block’s size.

These amphiphilic block copolymers are usually prepared by sulfonating
the polystyrene-based block copolymers using sulfonating agents [34].
However, this procedure presents many drawbacks (Figure 3), such as difficulty
in controlling degree of sulfonation, formation of undesired by-products, chains
scission and sulfoxide crosslink [35], oxidation [36], incomplete sulfonation [37],
and extensive post-treatment steps (washing, neutralization, or purification, to

remove residual sulfonating agents and by-products), scale-up challenges, and



the disposal of reaction by-products or unreacted sulfonating agents may
require careful management to prevent environmental harm [38]. To overcome
this, direct polymerization of sulfonated monomers in aqueous media using
controlled radical polymerization has been demonstrated [39]. Nevertheless, it
iS not easy to prepare non-polar/polar block copolymers by this route because
of the insolubility of hydrophobic monomers in agueous media [40][41].

On the other hand, researchers have addressed the synthesis challenge
of ionic-neutral block copolymers by strategically introducing protecting groups
into the hydrophilic monomer [42]-[44]. This innovative approach entails
transforming the hydrophilic units into hydrophobic monomers, thereby
expanding the versatility and functionality of the resultant copolymer. Through
this method, copolymers could be initially synthesized conventionally in organic
solvents using techniques such as nitroxide-mediated polymerization (NMP)
[45][46], atom transfer radical polymerization (ATRP) [47][48], and reversible
addition—-fragmentation chain-transfer (RAFT) polymerization [49][50] followed
by a conversion into amphiphiles through chemical or heat treatments at low

temperatures.
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Among these techniques, RAFT stands out as one of the most versatile
techniques. It offers unprecedented flexibility as it can be employed in various
systems and reaction conditions, enabling the synthesis of polymers and
copolymers with well-defined architecture and narrow molar weight distribution
[51]-[53]. Therefore, in this work, RAFT polymerization was used to synthesize
Poly(butyl methacrylate)-b-(poly(neopentyl p-styrene sulfonate)-r-polystyrene)
(PBMA-b-(PNeoSS-r-PS)) block copolymer with well-defined morphology.
Subsequent thermolysis of PNeoSS segments removes the neopentyl group,
resulting in a polystyrene sulfonate-r-polystyrene (PSS-PS) backbone with the
desired ionic conductivity. Finally, this copolymer was used to prepare
optimized electromechanical devices, presenting high ionic conductivity,
flexibility, and mechanical resistance suitable for sensor application.

1.2 Objectives

This project aims to develop an amphiphilic block copolymer specifically
synthesized to be applied as an bio-inspired electromechanical device. And as
specific objectives:

i) Synthesize PBMA-b-(PNeoSS-r-PS) block copolymer with lamellar
morphology, varying the molecular weight of the blocks and degree of
sulfonation;

ii) Prepare an amphiphilic block copolymer PBMA-b-(PSS-r-PS) through
deprotection of the sulfonic acid group using thermolysis of the NeoSS
segments;

i) Prepare an electromechanical device (lonomeric Polymer-Metal
Composite) that presents flexibility, mechanical resistance, and elevated
ionic conductivity using the electroless plating process;

iv) Prepare an electromechanical system capable of characterizing the
device at different relative humidity;

V) Investigate its electromechanical response, correlate it with its
morphology, sulfonation degree, and determine the best application

(sensor or actuator).



1.3 State-of-the-art and unique contributions

The synthesis of new materials drives technological development,
fostering innovation, improving existing technologies, and creating entirely new
applications. Continually exploring novel materials plays a pivotal role in
addressing societal challenges, advancing scientific knowledge, and shaping
the future of technology. In this case, synthesizing a new amphiphilic copolymer
is crucial for creating versatile electromechanical devices with tailored
properties, making them valuable in a wide range of state-of-the-art
technologies, especially in medicine, nanotechnology, and materials science.

Besides, despite extensive research on charged polymers
(polyelectrolytes and ionomers), a thorough understanding of these systems is
far from complete. The situation of charged neutral block copolymer melts is
even worse. Thus, in this project, the morphological investigation and analysis
of the copolymer is fundamental to deepening our understanding and unlocking
their full potential and applications.

Also described in this thesis is the development of a low-cost system for
the control and characterization of electromechanical devices in different
relative humidity. Combining electromechanical and electrochemical data, some
behaviors could be better understood and related to some characteristics of this

device, enabling the identification of the most suitable applications.



2 LITERATURE REVIEW
2.1 Active polymers

In general, polymers have low density, low cost, malleability, easy
processing and fabrication, ability to be molded into complex shapes, and their
properties can be adjusted according to demand [54]. Besides these properties,
active polymers can respond to external stimuli such as pH, temperature,
humidity, and electricity with mechanical deformation, color, and size variation
[55]. Such characteristics make active polymers promising in developing

technologies and bio-inspired devices with reduced size and weight and more

profitable, sustainable, and efficient, as illustrated in Figure 4 [56].
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Figure 4: Active polymer applications.



Active polymers capable of responding to electrical stimuli are known as
electroactive polymers (EAPs). Figure 5 illustrates the critical milestones in
discovering and developing active polymers. The field of EAPs can be traced
back to 1880 when Wilhelm Roentgen experimented to investigate the impact of
an electric current on the mechanical properties of an elastic band [57]. This
work laid the groundwork for the field, as later, in 1899, Sacerdote [58] built
upon Roentgen's findings and proposed a theory about the deformation
response to an applied electric field. Following this historic milestone, Eguchi
discovered the first piezoelectric polymer in 1925. In 1969, Kawai's discovery
that polyvinylidene fluoride (PVDF) exhibits a robust piezoelectric effect sparked
interest in developing other conductive polymer systems with similar capabilities
[59].

After discoveries made by Kawai, Bar-Cohen and his team embarked on
research to examine other polymeric systems. These efforts led to the
emergence of a series of materials with similar responses [60]. Since the early
1990s, many electroactive polymer actuators have been developed with
exceptional deformation capabilities, revolutionizing their potential for high-
technology applications. The first commercial device that used an EAP was an
artificial muscle developed by Eamex Corporation, Japan, in 2002 [61]. Unlike
electroactive ceramics (EAC), EAPs can generate deformations that are two
orders of magnitude greater. Additionally, they have advantages over shape
memory metal alloys (SMASs) in terms of response speed, low density, and
resilience [60]. However, EAPs still face limitations such as low actuation force
and reduced displacement amplitude [62].

Wilhelm Roentgen Eguchi Bar-Cohen
Electric current on the mechanical First piezoelectric Development of electroactive
properties of an elastic band Polymer polymer sensors and actuators
Sacerdote Kawai

Theory about the deformation Discovery that polyvinylidene fluoride
response to an applied electric field exhibits a strong piezoelectric effect

Figure 5: Timeline of active polymers landmarks and development.



Table 1: Classification of Electroactive Polymers.

EAP Actuator Actuation Activation Response

Type Type Mechanism Voltage Time Example

) Poly(vinylidene
Ferroelectric

Piezoelectricity 0.1 kV Fast fluorine)
Polymers
Electronic (PVDF)
Dielectric Electrostatic Field Si Elastomer,
0.4 kv Fast
Polymers Force Polyurethane
Conductive Polypyrrole,
Polymer, Electromechanical 1.0-5.0V Slow Nafion,
] IPMC Flemion
lonic ]
lonic - ) )
lon diffusion via Polyvinyl
Polymer 1.0V Slow
polymer gel Alcohol
Gels

These multifunctional devices can be used for actuation, sensing, energy
generation, and the development of IPMCs. As presented in Table 1, they can
be classified, in terms of their operation mechanism, into two categories [59]: 1)
electronic EAPs (eEAPs), which are driven by electric fields or coulombic
forces, and ii) ionic EAPs (iEAPs), which change shape and size by mobility or
diffusion of ions [63]. This ionic motion causes a pressure gradient across the
membrane, leading to a spatially nonuniform mass accumulation, which causes
the device to bend [59][64]. A schematic representation of the operating
mechanism of an eEAP and iEAP is shown in Figure 6.

An iEAP can be activated at 1 to 5 volts, inducing a bending displacement
or change in shape. Therefore, versatile devices based on IEAPs could be
developed for many technological applications. For example, NASA’s Jet
Propulsion Laboratory (JPL) designed a wiper for the camera lens of the
MUSES-CN rover that used an IPMC [65]. Likewise, European Space Agency
(ESA) researchers created a spherical wind-propelled tumbleweed rover to
jump over obstacles. The conceptual design selected a Si-based EAP
[poly(dimethylsiloxane)] for the artificial muscle that would allow the spherical

rover to jump over obstacles [66].
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Other examples of applications are artificial muscles [67], amperometric
sensors of motion [68] and humidity [69], energy harvesting [70], and
supercapacitors [71]. Examples of IEAPs include gels [72], conductive polymers
[73], carbon nanotubes [74], and IPMCs [75]. Disadvantages include high
humidity maintenance requirements, difficulties sustaining constant
displacement with direct bias, and relatively slow deformation due to charge and

molecule migration in the polymeric phase [76].

2.2 Sensors and actuators based on iEAPs

IPMCs (Figure 7a) are the most studied materials for sensors and actuator
applications because of their versatility, low weight, and significant deformation
capability (>40%) with low activation energy (<5V) [75]. The study with IPMCs
began in 1939 by preparing these composites using colloidal platinum
precipitation on polymeric substrates [77]. However, the metallic layer
experienced delamination, rendering its use impractical. Introducing sputtering
deposition techniques opened up new possibilities for developing these
composites. However, even with these advancements, the produced samples

still exhibited delamination of the metal surface [78].
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Figure 7: a) IPMC, b) Nafion's chemical structure, c) IPMC bending movement,
and d) Nafion's morphology, showing the ionomeric channels (light blue).

It was not until 1960 that researchers at Dow Chemical demonstrated that
the permeability characteristic of ionomeric resins could facilitate the selective
reduction of metallic salts on the surface of polymeric membranes. This was
achieved using chemical reducers like sodium borohydride (NaBH4) or
hydrazine (N2Ha4) [79]. Subsequently, in the 1980s, several Japanese groups
further refined and optimized this method, paving the way for developing more
sophisticated and durable composites [77].

The concept of IPMCs as multifunctional smart devices with actuation,
energy harvesting, and sensing capabilities was initially introduced by
Shahinpoor, Bar-Cohen, and their collaborators in 1997-1998. NASA JPL
supported this research. However, the original idea of ionic polymers and gel
polymer actuators can be traced back to the early 1990s [6]. In fact, Japanese
researchers Adolf et al. [80] and Oguro, Takenaka, and Kawami [81] were
granted the first two patents on IPMC in 1993. Subsequently, patents were
issued for actuation and sensing applications, leading to numerous

developments and research in this field [6].
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Nafion® is the most used electroactive polymer to prepare IPMCs. This
polymer is formed by a backbone similar to poly(tetrafluoroethylene), PTFE,
with sulfonated groups grafted laterally to the main chain, as shown in
Figure 7b. It is an ionomer, where the counterion can be monovalent or bivalent
cations and ionic liquids [82]. Due to chemical incompatibility with the
continuous phase (PTFE), the sulfonated groups agglomerate in an inverted
micelle structure, in which the ionic part of the polymer remains confined [83].
Mobile counterions guarantee the system's neutrality within these micelles. A
sufficient amount of sulfonated groups ensures the coalescence of these
micelles in channels that extend three-dimensionally [84], Figure 7d.

The ionomeric phase is highly hydrophilic, absorbing water molecules that
become complex with the cation [85]. So, the IPMC device operation
mechanism consists of the migration of hydrated ions in response to an electric
field generated between the electrodes after applying a bias [86]. This ionic
movement causes a pressure gradient, leading to an anisotropic mass
accumulation that generates the device's bending, as shown in Figure 7c. This
electromechanical response depends on the electrical stimulus intensity [59],
counterion type [87], and the membrane's hydration level, which depends on

environmental conditions such as humidity and temperature [88].

2.3 Nafion morphology

The perfluorinated ionomers Nafion, Flemion, and Aciplex were developed
by DuPont, Asahi Glass Company (AGC), and Asahi Kasei, respectively [82].
They are generated through the copolymerization of a perfluorinated vinyl ether
comonomer with tetrafluoroethylene (TFE), resulting in a chemical structure
consisting of a PTFE-like main chain with sulfonated groups laterally grafted
onto it. Since the introduction of these ionomers, numerous structural models
have been proposed for Nafion [89-101] to establish the connection between its
distinct properties and morphology. Figure 8 showcases the most important

models that have been created.
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Figure 8: Most important morphological models for ionomers. a) lonic cluster
network, b) core-shell, c) local order, d) sandwich-like, e) rod-like, f) water
channel, and g) unified morphological.

The ionic cluster network model developed by Gierke et al. [89]-[91] in the
1980s remains a significant contribution to the morphological studies of
polymeric membranes. This model has served as the underlying conceptual
framework for understanding the properties of these membranes, including the
transport of ions and water as well as ionic permeability. In this model, the
clusters (40 A), with sulfonated ends organized as inverted micelles, are
believed to act as ion exchange sites, while the cylindrical pores or channels
(10 A) provide a pathway for ionic transport.
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Several other morphological models have been proposed and are also
noteworthy. They include the modified core-shell model proposed by Fujimura
et al. [92], the local order model proposed by Dreyfus et al. [93], the lamellar
model proposed by Litt [94], the sandwich model proposed by Haubold et al.
[95], and the rod-like model proposed by Rubatat et al. [96]. These models all
share the understanding that ionic groups form clusters within the polymer
matrix, creating a network that allows for significant swelling by polar solvents
and efficient transport of ions through these nanometer-scale domains.
However, they differ significantly regarding these ionic clusters' geometry and
spatial distribution.

The study conducted by Elliott et al. [97] made significant progress in
interpreting SAXS data using the maximum entropy method. This method
demonstrated a consistent morphological pattern, which reconciled these
materials’ microscopic and macroscopic swelling behavior. The results showed
that as water absorption increased, there was a corresponding increase in the
average separation between clusters and a decrease in the number of clusters.
This finding concluded that the most probable scattering model for Nafion is one
of an ion cluster morphology with a hierarchical scale of structures.

These discoveries led Gebel [98] to propose a conceptual explanation for
this polymeric membrane's swelling and dissolution behavior. In this qualitative
model, the membrane under investigation, which has a higher concentration of
sulfonated groups than a commercial membrane, is assumed to be dry and
contain isolated spherical ionic clusters. Upon exposure to water, these clusters
swell and eventually percolate, resulting in an inversion of the structural
arrangement (forming inverted micelles). This process continues until the
membrane completely dissolves in the solution, forming rod-shaped structures
that separate to produce a colloidal dispersion of isolated rods.

In two subsequent papers, Schmidt-Rohr and Chen [99], [100] introduced
a novel method for calculating the SAXS curve by numerically transforming a
given scattering density distribution through Fourier transformation. Their model
proposes the existence of long, parallel hydrophilic channels filled with water

that form cylindrical inverted micelles (ionomeric channels) in Nafion,
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particularly in its 20% hydrated form. This model can accurately reproduce all
the SAXS characteristics observed in Nafion, providing a detailed explanation
for the material's exceptional transport properties.

In 2011, Elliot et al. [101] introduced a groundbreaking model
incorporating structural information on SAXS patterns. This model employed a
maximum entropy approach with mesoscale morphology simulations using
Dissipative Particle Dynamics (DPD). The DPD parameters were derived from
atomistic calculations and the Density Functional Theory (DFT). The integration
of these two methods revealed that the nanoscale ionic clustering in Nafion is
closely associated with the larger-scale organization of the CF2 main chain,
although it exists in a spatially distinct manner.

Although many different structural models have been proposed for Nafion
and are similar to explain the effect of membrane morphology on its properties,
such as the water absorption capacity and ion transport, the exceptionally high
degree of disorder in these materials makes it difficult to deduce their
morphology and, consequently, explain precisely its properties. Moreover, when
Nafion is used to prepare IPMCs, the interactions between chemical, electrical,
and mechanical phenomena result in nonlinear mechanical responses and time-
varying behaviors [102]. For this reason, modeling, describing, and controlling
Nafion-based IPMC actuators has been challenging.

Therefore, substituting perfluorinated ionic polymers with non-
perfluorinated ionic copolymers with a well-defined morphology is highly
desirable [72]. In this regard, block copolymers containing both rigid charged
and flexible neutral blocks have garnered significant attention [103]. This is
because block copolymers can spontaneously organize into precise structures,
allowing for the independent control of mechanical properties and conductivity.
As a result, it becomes possible to fine-tune both the mechanical and ionic
conductivity characteristics [32][33]. Additionally, it has been shown that
charged-neutral block copolymers exhibit the potential for achieving higher
proton conductivity when compared to ionomers such as Nafion, Aciplex, and

Flamion [29][104], as well as random ionic copolymers [105].
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2.4 Block Copolymers (BCPs)

Block copolymers (BCPs) are a highly adaptable type of polymers that
consist of distinct monomeric units arranged strategically in discrete blocks
along the chain [106]. The study of BCPs is currently a significant focus in
macromolecular chemistry, physics, and materials science, as researchers aim
to enhance synthetic methods, molecular architectures, properties, and
applications [107]. The unique attribute of copolymers is their ability to exhibit a
wide range of molecular architectures, including linear [108], blocks [109],
branched (graft and star) [110], and even cyclic structures [111]. This versatility
provides various compositions and structures, allowing many applications
across different industries.

In fact, since the advent of living anionic polymerization demonstrated by
Michael Szwarc in 1956 [112][113] and the discovery of reversible-deactivation
radical polymerizations (RDRP) in the 1990s [114], extensive research on BCPs
has revolutionized industrial production. These polymerization reactions present
a rapid initiation rate and negligible chain termination speed compared to
propagation [115]. This allows for precise control over chain growth, resulting in
a narrow molar mass distribution and copolymers with well-ordered structures
[116], allowing the application of these materials in different sectors, such as
food packaging [117], drug delivery [118], biomedical [109], membranes [119],
electromechanical devices [103], biosensors [120], biodegradable materials
[121], among others [122][123] (Figure 9).

This versatility is particularly intriguing for applications that require a well-
defined morphology and a combination of antagonistic properties, such as
flexibility and mechanical resistance, as seen in electromechanical devices. For
instance, thermoplastic elastomers (TPEsS) are a typical class of BCPs and
consist of a rigid domain (A) dispersed within a matrix of soft species (B) with a
low glass transition temperature (Tg) [124]. Typically, the rigid domain is
composed of polystyrene and its derivatives, while the matrix comprises rubbery
domains such as dienes, (meth)acrylates, ethylene oxide, and so on [125].
Despite being immiscible and undergoing microphase separation, these phases

maintain their individual properties even when mixed [126][127].
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Figure 9: Block copolymer applications, including drug delivery, sutures,

biosensors, solar cells, electromechanical devices, and sustainable materials.

Therefore, the development of optimized electromechanical devices
requires the synthesis of amphiphilic block copolymers composed of a rigid
conductive phase and flexible domain. These materials can possess several
advantageous characteristics, including i) Well-defined morphology, allowing for
precise control over their properties and functionality; ii) high ionic conductivity,
enabling efficient ion transport ensuring superior performance; iii) flexibility,
allowing mechanical deformations without compromising their functionality; iv)
mechanical resistance, ensuring the longevity and durability; v) chemical,
thermal, and structural stability, making the device highly reliable for a wide
range of applications. By harnessing these crucial features, the synthesis of
amphiphilic block copolymers plays a vital role in advancing the performance
and functionality of electromechanical devices.

2.4.1 Block copolymers synthesis

The groundbreaking discovery of synthesizing block copolymers was
initially demonstrated by Szwarc et al. in 1956 [128]. This pioneering work shed
light on the potential of organometallic initiators in inducing anionic
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polymerization mechanisms. In particular, researchers uncovered an electron
transfer process that enabled these complexes to initiate the polymerization of
conjugated monomers. Scientists achieved precise stoichiometric control over
this homogeneous anionic polymerization by meticulously controlling reaction
conditions and eliminating factors such as oxygen, water, and impurities.
Moreover, this study revealed the absence of termination reactions for the first
time, thereby coining the term "living" anionic polymerization (LAP).

In their experiments, a sodium-naphthalene complex with a vibrant green
color was utilized to initiate the polymerization reaction of styrene monomers.
The transformation of the reaction medium from green to red occurred
instantaneously, indicating the successful occurrence of polymerization. This
color change is attributed to the specific color of the anionic end of polystyrene
(PS"). The sustained presence of the red color for several days corroborated
that the reaction was irreversible. Notably, when additional amounts of styrene
and solvent were introduced in stoichiometric proportions, the viscosity of the
solution increased. In other words, the addition of excess styrene prompted
polymerization to restart until all the reactants were consumed, resulting in an
enlargement of the polymer chains [129].

Through this experiment, Szwarc and his colleagues made significant
observations that have significantly advanced our understanding of
polymerization: i) the initiation reaction occurs rapidly, as evidenced by the
instant color change in the reaction; ii) the absence of termination processes
such as combination or disproportionation allows the polymer chains to continue
growing as long as there are monomers available, enabling the synthesis of
polymers with high molar mass; iii) the molar mass distribution of the polymers
is narrow because all chains grow at the same average propagation speed; iv)
the reaction allows for the preparation of block copolymers and the formation of
polymers with functionalized chain ends, including hydroxide, -NH2, COCHgs, -
OH, -COOH, -SH, -CHO, and epoxides. These findings have paved the way for
numerous well-controlled polymerizations of cyclic and vinyl polymers, which

hold significant commercial value [130].
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Figure 10: Commercial synthesis of styrene-butadiene-styrene (SBS) block
copolymers by living anionic polymerization.

Commercially, LAP enables the production of block copolymers with well-
defined structures and narrow molecular weight distributions [111][126]. The
process involves three stages: initiation, propagation, and termination.
Figure 10 presents the commercial synthesis of an ABA triblock copolymer. The
polymerization process starts with butyl lithium (CasHoLi) catalysts, which
generate nucleophilic carbon anions. Subsequently, the addition of monomer A
promotes the propagation of the reaction, leading to an increase in the molar
mass of the polymer over time. Further incorporation of monomer B allows for
the growth of a distinct block within the copolymer.

However, adding more monomer A does not form a true triblock
copolymer since monomer A's reactivity is generally higher than monomer B's.
In light of this necessity, adding dimethyldichlorosilane (C2HsCl2Si) to the
reaction mixture is crucial. This compound facilitates the formation of a
chlorosilane-terminated copolymer, which then reacts with the live monomer A,
like how C2HsCl2Si reacts with the A-B copolymer. The result is the creation of
an ABA triblock copolymer, which exemplifies the synthesis of the styrene-b-
butadiene-b-styrene (SBS) copolymer.

Despite several advantages, living anionic polymerization is only

compatible with a limited range of monomers. It is highly sensitive to chemical
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components, impurities, and changes in reaction conditions, necessitating
specific polymerization conditions such as high vacuum and high reaction
temperatures. Furthermore, it exhibits sensitivity to acidic or protic monomers
[131][132]. Consequently, by employing conventional monomers, researchers
have been exploring alternatives to this polymerization method to obtain
polymers with complex architectures, lower costs, and amphiphilic
characteristics. As a result, living/controlled free radical polymerization (CLRP)
[133] or, as recommended by IUPAC [134], reversible deactivation radical
polymerization (RDRP) has been developed.

2.4.2 Reversible deactivation radical polymerization (RDRP)

Reversible deactivation radical polymerization (RDRP) is an innovative
approach that combines the advantages of both radical and ionic polymerization
techniques to synthesize polymers with well-defined architectures under
conventional reaction conditions [135]. Unlike conventional radical
polymerization, RDRP reactions involve free radicals and exhibit characteristics
of living polymerization, where termination and other secondary reactions that
lead to the termination of propagating species are minimized [133].

This unique feature allows for high control over the polymerization
process, which is difficult to achieve in traditional radical polymerization
methods [136]. Conventional free radical polymerization (RP) follows a chain
mechanism, which involves four types of reactions with free radicals [137]: (i)
initiation, where radicals are generated from non-radical species, (i)
propagation, where radicals add to substituted alkenes, (iii) atom transfer and
atom abstraction reactions (chain transfer and termination by
disproportionation), and (iv) radical-radical recombination reactions (termination
by combination).

This polymerization process forms very short-lived intermediates
(propagating species), lasting only a few seconds, resulting in polymers with a
degree of polymerization (DP) ranging from 103 to 10* and broad molecular

weight distribution (usually, B > 1.5) [138], as presented in Figure 11a.
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Figure 11: Simplified schematic representation of radical polymerization, living
anionic polymerization, and reversible deactivation radical polymerization.

Indeed, the recombination and/or disproportionation of radicals occurs at a
rate approaching the diffusion-controlled limit ki = 108 (mol s), which is much
higher than the propagation rate, kp = 103 (mol s)* [139]. Therefore, a radical
can survive only some seconds or fractions of a second before encountering
another radical species. Furthermore, the initiation step is typically incomplete
due to the slow decomposition of radical initiators (ka = 10 s). These kinetic
factors produce polymers with undefined molar mass, broad molar mass
distribution, and uncontrolled structures [140].
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On the other hand, while the growing end-groups in RP are electrically
neutral, they become charged in ionic polymerizations, with cationic
polymerization having a positive charge and anionic polymerization bearing a
negative charge [141]. In an ideal living polymerization (Figure 11b), all chains
are initiated simultaneously, grow uniformly, and do not undergo irreversible
termination due to electrostatic repulsion [139]. However, this type of
polymerization is more complex, highly sensitive to impurities, and limited to
specific monomers. Therefore, achieving such living characteristics in RP,
which prevent irreversible chain termination, is particularly interesting. This can
only be feasible when introducing specific reagents that either reversibly
deactivate the propagating radicals or enable reversible chain transfer [140].

By employing these reagents, the polymer chains remain in a "dormant
form" for most of the polymerization process, thereby avoiding premature
recombination and disproportionation (Figure 11c). Consequently, researchers
have focused on discovering and understanding these new mechanisms to
improve control over these polymerizations, ultimately developing reversible
deactivation reactions [142]. Otsu and Yoshida first introduced the concept of
reversible deactivation in 1982 [143]. They discovered that a new reaction,
called reversible chain-end deactivation, could be incorporated into
conventional RP. A chemical compound known as initiator-transfer agent-
terminator (INIFERTER) was used to do so. For RDRP to be successful, this
reaction must occur frequently and within the propagation time scale, typically
between 0.1 and 10 ms [138].

This discovery led to an explosion of interest in developing effective
strategies to impart living characteristics to RP. The 1990s witnessed the
emergence of several highly efficient techniques and strategies for RDRP,
distinguished by their unique reaction mechanisms, reagents, and conditions.
These systems can be broadly categorized into three distinct chemical
mechanisms, as illustrated in Figure 12: stable radical-mediated polymerization
[144], atom transfer radical polymerization [145], and degenerative-transfer

radical polymerization [146].
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Figure 12: Simplified radical polymerization mechanisms by reversible
deactivation. a) stable radical-mediated polymerization, b) atom transfer radical
polymerization, and c) degenerative-transfer radical polymerization.

In these systems, the dormant-active balance is fast with respect to chain
growth and is achieved with the aid of control agents (X). In the stable radical-
mediated polymerization mechanism (Figure 12a), dormant polymer chains (Pn—
X) undergo thermal or photochemical dissociation to yield propagating radical
species (Pn*) and stable free radicals (X*). These X* remain inert and do not
undergo any reactions apart from combining with Pn*. Therefore, these radicals
do not react with each other, do not initiate polymerization, and do not undergo
disproportionation with Pn* [147]. One of the most well-known examples of
stable free radicals is nitroxides, including 2,2,6,6-tetramethylpiperidinyl-1-oxy
(TEMPO) [148]. The combination rate constants (Kc) and dissociation rate
constant (kd) are related to the activation rates (kact) and deactivation rates
(Kdeact) as follows: Kact = ka and Kdact = ke [X*] [147], [148].

In the atom transfer radical polymerization mechanism (Figure 12b), Pn-X
is activated through the catalysis of an activator (A™M), which results in the
formation of a stable species (A™1X) [147]. Reversible deactivation radical
polymerizations in this category commonly use halogens like chlorine (Cl) and
bromine (Br) as the controlling agent, along with transition metal halide
complexes such as copper (Cu) and ruthenium (Ru) as activators [118]. The

activation rate constants and deactivation rate constants can be expressed in
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terms of Kact and Kdeact as follows: kact = ka [A™] and Kdeact = kda [A™1X] [106],
[111].

In degenerative-transfer radical polymerization (Figure 12c), the
propagating radical (Pm*) attacks Pn-X, resulting in the formation of the active
species Pn* and a dormant species (Pm-X). This process is considered an
exchange reaction. The radicals Pn* and Pm* typically exhibit comparable
kinetic properties, leading to equal degenerative chain transfer rate constants
(k"ex = k™Mex). Therefore, we can express the activation rate constant as Kact = Kex
[Pn*] and the deactivation rate constant as Kdeact = Kex [Pn-X] [147].

This mechanism is found in two types of polymerization: i) When X
represents an atom or a simple group, such as iodine (I) [150]. In such cases, X
is transferred directly from one radical to another without forming any kinetically
significant intermediate; ii) When X is a group with a double bond accessible to
adding P* [53]. Under these circumstances, the exchange reaction proceeds by
adding Pm* to Pn-X, forming an intermediate radical Pn-(X*)-Pm. This
intermediate subsequently fragments into Pn* and Pm-X, completing the
exchange reaction [147].

In general, these mechanisms involve the ability to facilitate the
simultaneous growth of all polymer chains. Also, by carefully selecting
polymerization conditions, the concentration of dormant polymer chains
significantly surpasses that of actively propagating species during
polymerization. Typically, the ratio of dormant polymer chains to active ones
([Pn-X]/[Prn*]) exceeds 10° [147]. This means that a large portion of the
polymerization time is spent in the dormant state, with numerous activation-
deactivation cycles taking place (each lasting between 0.1 to 10 ms).
Consequently, by the end of the reaction, all chains have nearly identical sizes,
resulting in a polymer with a polydispersity close to 1.0.

Although numerous techniques have been developed, three of the most
significant ones are Nitroxide-Mediated Polymerization (NMP), Atom Transfer
Radical Polymerization (ATRP) [151], and Reversible Addition-Fragmentation
Chain Transfer (RAFT) [142]. Table 2 summarizes the characteristics and

challenges for each polymerization type.
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As observed, RAFT stands out as one of the most versatile techniques

among these techniques [152]. It offers unprecedented flexibility as it can be
employed in various systems and reaction conditions, enabling the synthesis of
polymers and copolymers with well-defined architecture and narrow molar
weight distribution. Hence, RAFT demonstrates immense potential for
advancing polymerization methods and synthesis of well-defined amphiphilic

block copolymers for bio-applications, such as electromechanical devices [131].

2.4.3 Reversible Addition-Fragmentation Chain Transfer (RAFT)

RAFT-type polymerization is a modified version of radical polymerization

that involves using a chain transfer agent (CTA), also known as an RAFT agent.
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This method was first reported by the Commonwealth Scientific and Industrial
Research Organization (CSIRO) [153], [154], in which methacrylates were used
to create block copolymers. Initially, the technique had limited applications.
However, in 1998 [131], Dr. Ezio Rizzardo demonstrated the optimization of
RAFT polymerization by introducing thiocarbonyl compounds, which regulated
the degenerative exchange of propagating radical species generated by
conventional initiators [155].

Afterward, a breakthrough occurred in the field of polymerization with the
disclosure of RAFT polymerization in a CSIRO/DuPont patent, which was
published in January 1998 [156]. This landmark invention was swiftly followed
by another patent, issued in December 1998, detailing the parallel development
of Macromolecule Design by Xanthate Exchange (MADIX) at Rhodia [157]. The
successive advancements of the RAFT technique were comprehensively
elucidated in a series of reviews that graced the Australian Journal of Chemistry
pages. This elucidation commenced in 2005 [140], followed by subsequent
updates in 2006 [158], 2009 [159], and 2012 [160]. The intellectual pioneers
behind this ground-breaking technique cemented their mastery of the subject by
publishing a handbook on RAFT polymerization in 2008 [161].

Over the years, significant advancements have been made in the field,
leading to the development of copolymers with various compositions,
architecture, and morphologies (including block [162], star [163], branched,
hyper-branched, network [164], and many others), topologies, molecular
composites, and functionalities using the RAFT technique [165], as illustrated in
Figure 13.

These advancements have paved the way for strategic applications, such
as stimuli-responsive materials [52], surface-functionalized copolymers [166],
nanoparticles and nanocomposites [167], sustainable materials [168],
electromechanical devices [169], and bioapplications [135]. It is worth noting
that the topic has garnered immense attention, with over 10500 publications
discussing it. Notably, the article published by the CSIRO group [131] currently
holds the record as the most cited article in the journal Macromolecules, with
more than 4500 citations.
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Figure 13: Schematic representation of controlled topologies, compositions, and
functionalities of polymers and copolymers prepared by RAFT.

Many conventional radical polymerizations, especially solvent-based ones,
have the potential to be improved by utilizing the RAFT polymerization
technique. The same solvents, initiators, and reaction temperatures can be
employed, and the RAFT mechanism offers a more intricate reaction pathway.
lllustrated in Figure 14, the RAFT mechanism can be described in five
sequential steps, namely i) initiation, ii) pre-equilibrium, iii) reinitiation, iv) main
equilibrium, and v) termination. To ensure optimal control of the RAFT process,
careful management of initiator concentration and the selection of the CTA are
crucial. A recommended ratio for reagent quantities is as follows:
[I]:[CTA]:[M] = [1]:[4-10]:[2000-5000] [51].

The reinitiation step plays a crucial role in the process, as it involves the
reaction of the radical (R*) with another monomer, forming a new propagating
radical (Pn*). This step marks the beginning of the main equilibrium stage, which
is of utmost importance throughout the entire process [170]. During this stage,
there is a rapid equilibrium between the active propagating radicals (Pn* and
Pm*) and the dormant polymeric thiocarbonyl compounds (3) via an intermediate

component (4).
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Figure 14: Proposed mechanisms for RAFT polymerization.

This equilibrium ensures an equal probability of chain growth. Once the
polymerization is complete or stopped, the majority of the chains remain
dormant, characterized by having a thiocarbonyl terminal group [i.e.,
PnS(Z)C=S] (3). These dormant chains can be isolated and obtained as stable
materials. Finally, chains in their active form have the potential to undergo bi-
radical termination, a process in which they react to form chains that cannot
undergo further reactions. This leads to the formation of dead polymers. The
optimal control in RAFT polymerization reactions involves selecting the
appropriate CTA. Figure 15 presents a schematic representation demonstrating

the general structures of these compound classes.
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Figure 15: Chemical structure of the main RAFT agents.
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The Z and R groups are crucial in determining the polymerization
outcome. They govern the rate of addition and fragmentation, controlling the
efficiency of chain transfer and the chances of retardation or inhibition [171].
The research literature extensively documents numerous thiocarbonyl RAFT
agents, such as dithioesters (Z = alkyl or aryl), trithiocarbonates (Z = SR’),
xanthates (Z = OR’), and dithiocarbamates (Z = NR'R").

In general, the primary function of the Z group is to facilitate the activation
of the double bond (C=S) in the RAFT agent. This activation is essential for
adding radicals, which helps prevent rapid and excessive radical propagation
before the initial chain transfer occurs. Moreover, the Z group plays a crucial
role in stabilizing radical intermediates that are formed in both the pre-
equilibrium and main equilibrium of the RAFT process, thereby prolonging their
lifetimes [172].

A higher activation level of the double bond between carbon and sulfur
enhances the likelihood of propagating chains adding to the CTA.
Consequently, this allows fewer monomer units to join the growing chains
between transfer events. However, it is essential to be cautious as the
excessive stabilization of intermediate radicals can result in slow fragmentation.
Slow fragmentation leads to delays in the polymerization process and increases
the chances of intermediate radical termination [173].

The contribution of the R group is primarily associated with the pre-
equilibrium phase. Its primary function is to efficiently break down the
intermediate radical and initiate the polymerization process again. For this
reason, the stability of the expelled R* radical needs to be as high as, or higher
than, that of the Pn* oligo radical to allow successful fragmentation of the
intermediate radical. However, it is also crucial for the reactivity of R* to be
sufficiently high to reinitiate the monomer polymerization promptly.

The leaving group substituent R can be compared to the ability of R* to
initiate polymerization once again. So, to ensure optimal polymerization, it is
crucial to select the appropriate CTA [173] carefully. Table 3 provides valuable
insights into the correlation between the primary CTA and monomers, aiding

decision-making.
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Table 3: Correlation between the main chain transfer agents and monomers.
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The commercial names of the CTAs present in Table 3 are 1:
Cyanomethyl methyl(phenyl)carbamodithioate, 2: Cyanomethyl dodecyl
trithiocarbonate, 3: 2-Cyano-2-propyl benzodithioate, 4: 4-Cyano-4-
(phenylcarbonothioylthio)pentanoic  acid, 5: 2-Cyano-2-propyl dodecyl
trithiocarbonate, 6: 4-Cyano-4-[(dodecyl sulfanyl thiocarbonyl)sulfanyl]pentanoic
acid, and 7: 2-(Dodecylthiocarbonothioylthio)-2-methyl propionic acid. The (-)
symbol indicates that the CTA is incompatible with the monomer. Conversely,
the symbol (+) signifies that the RAFT agent is compatible, with more symbols
(+) indicating enhanced suitability. For instance, RAFT agent 4 is unsuitable for
vinyl esters and vinyl amides but can be used with acrylates and acrylamides. It
demonstrates good compatibility with styrenes and excellent compatibility with

methacrylates and methacrylamides [174].

2.4.4 Phase separation in block copolymers

The properties of block copolymers are closely linked to how the different
polymer units, or mers, that make up the blocks are combined. This

combination is determined by thermodynamic phase separation parameters [76,
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77]. A delicate balance between enthalpy and entropy is crucial for the
formation of the desired structure, and this relationship is captured by the
product ZasN. This parameter reflects the thermodynamic incompatibility

between the mers. The first term, %as, represents the interaction parameter in

the Flory-Huggins model [177].

It describes the enthalpic behavior of the system, specifically the
interaction energy between two distinct polymer mers. The Gibbs energy of
mixing includes both an enthalpy term and an entropy component. In the realm
of regular solutions formed by molecules with comparable size, it's normally
assumed that the entropy term mirrors that of an ideal solution, directing
attention towards the enthalpic aspect of mixing. However, when considering
solutions of molecules of different sizes, it is useful to presume a null enthalpy
of mixing and place emphasis on the entropy of mixing (AmixS) instead [178].

Solutions with a zero enthalpy of mixing are termed “athermal solutions”
due to their characteristic of neither releasing nor absorbing heat when mixed
under constant temperature and pressure conditions. While true athermal
behavior is rarely observed, it is approached in mixtures of components that
share similar chemical characteristics, even if their sizes differ [179].

Typically, it's advantageous to express the thermodynamic mixing
properties as the aggregate of two components: i) a combinatorial contribution
(ASF), reflected in entropy (and consequently in Gibbs and Helmholtz energies),
but not in enthalpy or mixing volume; and ii) a residual contribution (SR),
influenced by variances in intermolecular forces and free volumes among the

constituents. For instance, Equation 1 exemplifies the entropy of mixing.

AmixS = AS¢ + SR (1)

Where superscript C denotes the combinatorial contribution and superscript R
signifies the residual contribution. In scenarios where the interactions and free
volume of 2 fluid molecules (i.e., A and B) exhibit no disparity, isothermal and

isobaric mixing occurs at a constant volume. Consequently, the residual mixing
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properties become null, leaving only the combinatorial mixing properties to be
accounted for [180]. Building upon the concept of a quasicrystalline lattice as a
model for liquid, both Flory [181] in 1941 and Huggins [182] in 1942
independently derived expressions for the combinatorial entropy of mixing.
Their derivations rely on statistical reasoning and several well-defined
assumptions.

In the context of mixing a solvent (A) and a polymer (B), the solvent is
predicted as individual spheres, while the polymer adopts a behavior similar to
flexible chains, characterized by a multitude of mobile segments. Within this
framework, it is postulated that each site of the quasilattice is either occupied by
a solvent molecule or a polymer segment, with adjacent segments occupying
adjacent sites [183]. Assuming Ma solvent molecules and Mg polymer
molecules, each comprising r segments, the total number of lattice sites
amounts to (Ma + rMg). The fractions @, and &g, denoting the proportion of
sites occupied by the solvent and the polymer respectively, are determined by
Equation 2.

MA I‘MB

=— A2 and of=— D 7
M, +rMg B~ M, +rMg @

D

Flory and Huggins have shown that if the polymer and the solvent mix

without any energetic effects (i.e., athermal behavior), the change in Gibbs

energy (4G¢) and entropy of mixing (45¢) are giving by the remarkably simple
Equation 3:

AGE  AS© . . 3
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Where R represents the gas constant, and T denotes the temperature. This
equation is similar to that for regular solutions except that segment’s fractions

are used rather than mole fractions, as presented in Equation 4:
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AmixS _ 1 aAmixa
T R\ 4T

> = —XAlnXA+ XB lnXB (4)

v

Here, v represents volume, x denotes mole fraction, and a stand for the molar
Helmholtz energy. In the specific instance where r = 1, the entropy change
described by Equation 3 simplifies to that of Equation 4. However, for r > 1,
Equation 3 consistently yields a combinatorial entropy greater than Equation 4
for identical values of Ma and Mg. Extensive deliberations on these equations
led Hildebrand in 1947 to conclude that for nonpolar systems, Equation 4
provides a lower limit for the combinatorial entropy of mixing, while Equation 3
yields an wupper limit [178]. The ‘true’ combinatorial entropy likely lies
somewhere in between, depending on the size and configuration of the
molecules involved.

Various modifications to this equation have been proposed by several
researchers, including Huggins [184], Guggenheim [185], Staverman [186],
Tompa [187], and Lichtenthaler [188]. The adjustments introduced by
Lichtenthaler, akin to those by Tompa, offer a viable approach for calculating
ASC for mixtures of molecules differing not only in size but also in shape.
Lichtenthaler's model assumes that the ratio of the molecular (Van der Waals)
volumes of the polymer to the solvent determines r, the number of segments in
the polymer molecule.

Similarly, the ratio of the surface areas of the polymer and the solvent
determines g, representing the external surface area of a polymer molecule.
The ratio g/r serves as a metric for the shape of the polymer molecule, with a
monomer having g/r = 1. As r grows large, approaching infinity for a linear
chain, q approaches 2/3, whereas for a sphere or cube, g/r tends towards 0. For
globular molecules, the g/r ratio typically falls between zero and unity.
Combinatorial entropies of mixing, computed using Lichtenthaler's expression,
tend to fall between those derived from Equations 3 and 4, depending upon the
g/r ratio [188]. When molecules A and B share identical size and shape,

resulting in g =r = 1, Lichtenthaler's expression simplifies to Equation 4.
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Conversely, as the coordination number (the count of nearest neighbors
around a solvent molecule or segment) increases significantly, approaching a
large value, g/r tends towards 1, rendering the expression identical to Equation
3, regardless of molecular shape. Although the simple Flory-Huggins
expression may not always vyield the presumed correct quantitative
combinatorial entropy of mixing, it qualitatively captures many features of
athermal polymer solutions [189].

To apply the theoretical findings of Flory and Huggins to real polymer
solutions, which typically deviate from athermal behavior, it has become
customary to supplement the combinatorial component of the Gibbs energy, as
expressed in Equation 3, with a semiempirical term accounting for the residual
contribution. Essentially, this entails incorporating a term that, in the absence of
disparities in free volume, corresponds to the enthalpy of mixing. The structure
of this term mirrors that employed in the van Laar-Scatchard-Hildebrand theory
of solutions [190]. Specifically, the excess enthalpy is set proportionally to the
solution's volume and the product of the volume fractions. Consequently, the
Flory-Huggins equation for real polymer solutions can be represented by

Equation 5:

AmixG  AGt  GR \ ) . s 5
o= == oo = MaIn®j 4 MpIn®p + xPiP5(Ma+ M) )

From this equation, it is observed that the Flory-Huggins interaction

parameter () is governed by intermolecular forces. Since the pioneering work

of Flory and Huggins in the 1940s, a multitude of polymer-solution theories have
emerged. For instance, Freed and colleagues [191] formulated a lattice-field
theory for polymer solutions, offering a mathematically exact solution for the
Flory-Huggins lattice. Notably, Freed's theory demonstrated good agreement
between computed values and data from computer simulations. This approach
has found successful application in the study of polymer blends, binary polymer

solutions, and block copolymers [192].
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The determination of % for BCPs has posed a longstanding challenge,
prompting the application of numerous strategies [193]-[198]. However, these
methods often yield disparate values of %, leading many to speculate that %'s
value hinges on factors such as architecture, composition, molecular weight,
polydispersity, or essentially all system details. Some even question whether a
consistent definition for %4 exists at all. This ambiguity arises from the
methodology used to determine %, which typically involves experimental (or

simulation) measurements followed by fitting to predictions from the standard
Gausian Chain Model [199].

Accuracy in determining % demands precision not only in the

measurement process but also in the predictive model. Typically, predictions
rely on mean-field theory, where fluctuation corrections are effectively

embedded within 4. Consequently, it's unsurprising that % values derived from

different quantities vary, as each possesses unique fluctuation corrections.
Moreover, fluctuation effects are contingent upon all system parameters,
leading to 4's dependency on these parameters as well [199]. In recent years,
significant strides have been made in precisely determining the Flory-Huggins %
parameter [200]. Researchers have leveraged data on order-disorder transitions
(ODTs) in symmetric diblock polymer melts, employing mean-field theory for
fitting purposes. This approach capitalizes on the accuracy of order-disorder
transition temperature (Toor) measurements and their pronounced reliance on

%, rendering it an effective means of elucidating #%'s value.

The second term, N, stands for the degree of polymerization and
corresponds to the contribution of entropy to the Gibbs free energy. This implies
that to maintain a stable structure, the blocks are organized in such a way as to
minimize the amount of free energy at the interface between the different
domains. This organization leads to the formation of distinct phases, which can
be considered separate microdomains [201]. The #asN product determines

whether the phase structure will exhibit order or disorder. When the ZasN

product surpasses a critical value, the system experiences phase separation,

forming periodic and orderly structures.
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Conversely, if the ZasN product falls below the critical value, the system is

governed by entropic factors, leading to a mixture of phases and a disordered
phase structure [202]. Essentially, higher %asN values encourage the

development of well-organized microdomains, while lower ZasN values promote

phase mixing. In other words, a strategy that can be used to obtain phase
separation is to use monomers with different characteristics and synthesize
copolymers with high molecular weights.

The copolymer blocks possess the remarkable ability to self-organize
according to the system's energy, leading to the formation of diverse
morphologies [203], as illustrated in the phase diagram in Figure 16. These

morphologies can be effectively depicted in a phase diagram, wherein the %asN

product is plotted against the volume fraction of each phase (f). Besides, this
diagram allows us to identify the stability regions for different morphological
structures [204].
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Figure 16: Phase diagram of symmetric conformational diblock copolymer [205].
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The diagram illustrates the different structures that can be formed by
BCPs, including spherical, cylindrical, lamellar, and cubic continuous structures
with gyroid symmetry [206]. Additionally, more complex structures, such as
perforated hexagonal layer arrangements [90, 91] and hexagonal ripple
structures [209], can also be observed. The volume fractions of the blocks
influence the formation of these structures due to curvature effects at the
interface between the domains [93, 94].

Several theories have been proposed to elucidate the phase separation
phenomenon in copolymers [205][212]. Based on the phase diagram, we can

define two distinct regimes based on the %asN product [213]. The first regime is

known as the Weak Segregation Limit (WSL), characterized by relatively small

Za8N values (¥asN << 1), resulting in weak interactions between microdomains.

Consequently, an ordered phase is formed [86, 87]. The second regime
corresponds to the Strong Segregation Limit (SSL), wherein the ZasN product

attains large values (2asN >> 10), promoting the strong segregation of domains,

thereby yielding well-defined individual domains [216].

The thickness of a domain is directly proportional to its volume fraction.
Therefore, when the volume fraction of block A (fa) is equal to that of block B
(fs), or when fa = fs = 0.5, a flat interface is formed, resulting in a lamellar
morphology. On the other hand, when the volume fraction of one block is
between 0.3 and 0.5, the phase formed by this block exhibits a particular
curvature at its interface, creating a cylindrical morphological structure in
smaller quantities. If the volume fraction is less than 0.3, the curvature becomes
more pronounced, resulting in a spherical morphology [217].

Correspondingly, it is important to note that the ZasN term is inversely
proportional to temperature. Consequently, as the temperature rises, the
domains become less ordered, shifting towards disorder [218]. Thus, the Toor is
essential for copolymers because it determines their physical properties,
behavior, and applications. Moreover, this parameter holds paramount
significance in delineating the Flory-Huggins parameter, underscored by the

demonstrated robust correlation between % and Topr [219].
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2.4.4.1 Order to disorder transition (ODT)

In block copolymers, the incompatibility between the two phases gradually
diminishes at elevated temperatures. This transition results in a spatially
homogeneous state, where the polymer chains exhibit properties similar to a
randomly mixed phase [220]. Figure 17 illustrates this phenomenon, where
increasing the temperature disintegrates the ordered microphase-separated
structure. So, an isotropic phase is formed, wherein the binary block chains
interpenetrate each other.

According to Gibbs free energy equation (AG = AH - TAS), at higher
temperatures, the value of #Zas (enthalpic contribution, AH) decreases
significantly, increasing entropy (-TAS). This increase in entropy contributes to
minimizing the overall change in free energy (AG). Conversely, when the
temperature drops, Zas becomes larger. Upon reaching a critical value, the
entropy term begins to dominate, causing the free energy of mixing to increase.
As a result, the number of contacts between the two blocks decreases, leading
to phase separation at the microscale.

This transition from a structured arrangement to a mixed state signifies a
significant structural transformation, resulting in notable variations in material
properties. As such, the ODT in BCPs is often identified experimentally via
rheological analysis [221]. When the block copolymer sample is subjected to
shear, the ODT can be identified by observing a sharp reduction in the
isochronal dynamic elastic moduli (or storage modulus, G’) as the temperature
increases. It has been shown that analyzing the relationship between log G' and
log G" (loss modulus) can be applied to determine the Toot in BCPs [222].

As a burgeoning field of study, there has been considerable enthusiasm
surrounding block copolymers incorporating both charged and neutral blocks.
This excitement stems from the vast potential of these copolymers in numerous
applications [223]. Nonetheless, to create innovative materials with precise
morphology, exceptional mechanical properties, and heightened proton
conductivity, a more profound comprehension of micro-phase separation in the

presence of charges is indispensable and warrants further investigation.
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Figure 17: Order and disorder states in a symmetric diblock copolymer.

2.4.5 Phase separation in amphiphilic block copolymers

Amphiphiles, derived from the Greek words "amphis,” meaning both, and
"philia," meaning love or friendship, are remarkable molecules that display an
affinity for two different types of environments. This extraordinary dual nature is
achieved by carefully linking portions of the molecule that possess distinct
properties through covalent bonds. When given an opportunity, these
contrasting components minimize their interaction, resulting in a preferred
segregation for amphiphilic molecules [224].

Surfactants, known as surface-active agents and polar lipids, are low
molecular weight amphiphiles with distinct hydrophilic and hydrophobic
components. These classes of compounds have been widely studied due to
their broad technical applications and biological functions throughout the 20%
century, resulting in a comprehensive understanding of their properties and
behavior [225]. The amphiphilic nature of surfactants and lipids allows them to
interact differently with polar or nonpolar solvents and surfaces.

For this reason, these molecules can self-assemble in solution (Figure
18a) or adsorb at a surface or interface (Figure 18b) to create favorable
intermolecular contacts while eliminating unfavorable ones [226]. Self-assembly
is characterized by the organized formation of domains consisting of
hydrophobic groups, which typically contact nonpolar solvents or surfaces, and
hydrophilic groups, which are in contact with water or other polar solvents or

hydrophilic surfaces.
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Figure 18: a) lllustration of a spherical micelle self-assembling in solution and b)

adsorption at a surface.

This process exhibits a wide range of topological variations and diverse
intermicellar arrangements, leading to various self-assembled microstructures,

as shown in Figure 19.
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Figure 19: a) Amphiphilic structures self-assembly leads to a range of different
structures: a) Spherical micelle, b) lamellar phase, c) inverted micelle, d)

cylindrical micelle, and e) vesicle.
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The complexity of the phase behavior is often associated with the size of
the surfactant molecule [227][228]. Increasing the size of an amphiphilic
molecule offers numerous benefits in both technical applications and biological
functions. Firstly, a stronger amphiphile with low monomeric solubility exhibits a
greater interface affinity, making it highly surface active. This enhanced
surfactant ability makes it an ideal choice for applications such as detergents,
dispersion stabilizers, surface modifiers, membranes, and others [229].
Secondly, larger amphiphiles provide richer self-assembly polymorphism,
allowing precise control over macroscopic and microscopic properties. This
versatility enables the customization of desired characteristics in various
systems [230].

Another advantage lies in the dynamic nature of self-assemblies.
Surfactant micelles and other aggregates are inherently dynamic, with
surfactant molecules constantly exchanging positions. However, by increasing
the size of the amphiphilic molecule, the residence times of the molecules within
the aggregates significantly increase. This increased stability of self-assemblies
is crucial in making technical systems and biological structures more resilient
and less susceptible to disturbances [229]. Therefore, there is a strong incentive
to enhance molecular size, as it improves the efficiency and effectiveness of
surfactant properties and enhances stability, making it a desirable trait for
various applications.

Most surfactants typically consist of a small polar component, usually just
a few angstroms in size, accompanied by a nonpolar component that is
significantly larger [230]. However, there are certain nonionic surfactants in
which both components are similar in size. These particular nonionic surfactants
can be compared to short AB block copolymers (where A is the charged phase)
and exhibit a diverse range of phase behaviors, including various solution and
liquid crystalline phases, in which the specific type of aggregation is determined
by the relative proportions of the hydrophilic and hydrophobic portions present
[231], similar to block copolymers. Small amphiphilic molecules are primarily
restricted to the AB, ABA, and BAB chemical structures, as illustrated in
Figure 20.



42

Diblock copolymer Star copolymer End-capped block copolymer

Hydrophobic Hydrophilic % i

Triblock copolymer Graft copolymer Graft copolymer

reoose SO o Y

Figure 20: Schematics of block, star, and graft amphiphilic block copolymers.

However, when the Mn increases, a wide range of possibilities become
available. This becomes a significant advantage when transitioning to higher
molecular weight amphiphiles, as the molecular architecture can become much
more diverse. It opens up the potential for block, graft, and star copolymers.
Amphiphilic polymers, which have already garnered significant scientific
attention and widespread industrial applications, consist of block copolymers
using the AB, ABA, or BAB types and various graft copolymers [230].

Large amphiphilic molecules, such as diblock and triblock copolymers and
graft copolymers with long grafts and flexible backbones, can self-assemble into
micelles when dissolved in specific solvents. These molecules can also adsorb
on surfaces. Initially, research focused on amphiphilic BCPs in organic solvents
[232], but other studies have explored the formation of micelles in aqueous
solutions [233]. BCP micelles differ from micelles formed by small amphiphiles
in size and segregation, but most functional properties are common.

Hence, investigating small amphiphiles in solution is crucial for
comprehending the self-assembly tendencies exhibited by amphiphilic
copolymers and, then, in their solid-state counterparts [234]. In simpler systems,
the morphological features of copolymer aggregates, such as spherical, rod- or
worm-like micelles, and vesicles, can be predicted using the packing parameter
(p = v/aoLc). This parameter takes into account the volume of the hydrophobic
segment (v), the contact area of the head group (ao), and the length of the
hydrophobic segment (Lc) [235]. Figure 21 illustrates the relationship between

the packing parameter and the micellar transition.
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Figure 21: Different block copolymer self-assembly as a function of packing

parameter p-range.

Therefore, many studies with micelles have been expanded to understand
the behavior of amphiphilic polymers and copolymers, with significant progress
in self-assembly. Researchers have extended these studies to comprehend a
vast composition space, exploring mixtures of block copolymers with selective
solvents [236]. These investigations have identified various well-defined
structures in nanometer scale dimensions, mirroring those found in neutral
block copolymers. Additionally, initially developed for polymer blends, scaling
theories and mean field lattice models have been successfully applied to
amphiphilic block copolymer solutions, yielding encouraging results [237].

The challenge and the opportunity in this field lie in the controlled
manipulation and fine-tuning of morphology, specifically in selecting the
appropriate components and conditions to yield the desired microstructure.
Notably, large amphiphiles possess exceptional flexibility in achieving various
microstructures in the absence and presence of solvents and/or other additives.
Moreover, their macromolecular nature enables access to an expansive range
of length and time scales. Therefore, amphiphilic block copolymers have

immense potential for contributing to various applications [238].
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Over the years, essential insights into the complex behavior of charged-
neutral block copolymers were achieved through extensive studies of the
physical properties of amphiphilic molecules and ionized multiblock
thermoplastic elastomers [239]. Eisenberg et al. [240] and McGrath and Wilkes
et al. [241] performed comprehensive structural investigations of block
copolymer ionomers. The bulk morphologies primarily comprised spherical or
rod-like ionic domains of fully charged, short ionic blocks. Other experiments
have been conducted [242][243] to gain a deeper understanding of the behavior
of ionic block copolymers in molten states.

Incorporating ionic or charged functional groups into one or more blocks of
the copolymers expands the range of factors that can be manipulated to control
the morphologies, but it also adds complexity to the phase behavior [244]-[246].
The explicit Coulomb interactions between the charged species also introduce
further intricacies that have impeded progress in theoretical and simulation
studies [247]. Recently, due to the versatility of controlled polymerizations,
various monomers can be used to prepare amphiphilic copolymers being
neutral blocks (hydrophilic or hydrophobic) or polyelectrolyte (anionic, cationic
or zwitterionic) [248]-[250].

The hydrophilic block in such copolymers can be formed by polyethylene
oxide (PEO) or polyethylene glycol (PEG), poly(N-isopropyl acrylamide)
(PNIPAM), polyvinyl caprolactam (PVCL), Poly(N,N-dimethylacrylamide)
(PDMA), poly(2-methyl-2-oxazoline) (PMeOx), polyvinyl pyrrolidone (PVP),
polyvinyl alcohol (PVA), polystyrene sulfonated (PSS), poly(2-hydroxypropyl
methacrylamide) (PHPMA), as well as some poly acids and polybases are also
well-known [235]. The hydrophobic blocks can be of polypropylene oxide
(PPO), polylactic acid (PLA), polytetrafluoroethylene (PTFE), polycaprolactone
(PCL), polybutylene oxide (PBO), polystyrene oxide (PSO), polybutadiene (PB),
polystyrene (PS), poly(butyl methacrylate) (PBMA), poly(butyl acrylate) (PBA),
etc. Some common examples of most common the hydrophilic and hydrophobic
blocks used to prepare amphiphilic block copolymers are illustrated in Figure
22.
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Figure 22: Examples of polymers with varied nature of hydrophilic and

hydrophobic blocks.

lon-containing block copolymers, with only one block sulfonated, are
highly desirable due to their ability to combine the advantages of regular
structure and ion conduction (movement of ions within the polymer matrix). One
microdomain with the ionic moiety in these copolymers facilitates efficient
transport, while the nonionic microdomain offers mechanical support to the
membrane. These sulfonated block copolymers are particularly interesting as
they allow for the creation of highly ordered morphologies with tailored transport
properties, offering great potential for reliable applications.

Sulfonated block copolymers were first mentioned in patent literature in
the 1960s [251]. However, it wasn't until the 1990s that academic literature
began to explore this topic. During this decade, research efforts primarily
focused on the sulfonation and subsequent thermal and structural
characterization of styrene-based block copolymers, with a particular interest in
low ion exchange capacities (IECs) of less than 0.5 meq g [252]-[255].

One noteworthy result from this period is the work conducted by Wiess
and colleagues [256] on sulfonated poly(styrene-b-(ethylene-r-butylene)-b-

styrene). Their research revealed the coexistence of morphological length
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scales, with ionic clusters spaced approximately 3-4 nm apart within block
copolymer microdomains, with a spacing of around 20-30 nm.

In the 2000s, research focused on sulfonated block copolymers with
increased IECs of approximately 1-2 meq g?, and their transport properties
were examined. Notable examples of these copolymers include sulfonated
poly(styrene-b-(ethylene-r-butylene)-b-styrene) [257][258], sulfonated
poly(styrene-b-isobutylene-b-styrene)  [259], sulfonated  poly(vinylidene
difluoride-co-hexafluoropropylene-b-styrene) [260], and sulfonated poly(arylene
ether)s [261].

Other studies have showcased noteworthy advancements in proton
conductivity when utilizing sulfonated block copolymers compared to sulfonated
random copolymers. These copolymers exhibit conductivities across a wide
range of temperatures and relative humidity that surpass those of Nafion (0.91
meq g?t), the industry standard for polymer membranes [262]. This
advancement highlights the potential for these sulfonated block copolymers to
outperform traditional materials in proton exchange applications [32].

Block copolymers containing both charged and neutral blocks have
attracted considerable attention since they can combine antagonistic properties
with controllable morphology. Besides, it has been shown that charged-neutral
block copolymers exhibit the potential for achieving higher proton conductivity
[29][104] compared to ionomers such as Nafion, Aciplex, and Flamion, as well
as random ionic copolymers [105]. To accomplish this goal, further research
should focus on optimizing the proton transport channels through micro-phase
separation and enhancing the materials' mechanical properties [254], [263],
[264].
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3 MATERIALS AND METHODS
3.1 Materials

Below, the materials used for synthesizing the block copolymer, preparing
electromechanical devices, and the electromechanical system are presented in
alphabetical order.

3.1.1 PBMA-b-(PSS-r-PS) synthesis

2,2' - Azobis (2-methyl propionitrile) ([CHz)2C]2N2));
4—Cyano—4—(phenylcarbonothioylthio) pentanoic acid (C13H13NO2S>);
4-tert-butyl catechol (C10H1402);
4-vinylbenzenesulfonyl chloride (CsH7ClO2S);
Butyl methacrylate (CsH1402);

Dichloromethane (CH2Cl);

Dimetyl formamide (HCON(CD3)z2);

Hexane (CH3(CHz2)4aCHjs);

Magnesium Sulfate (MgOa4S);

Methanol (MeOH);

Milli-Q water (H20);

Neopentyl p-styrene sulfonate (C13HsNaOsS);
Neopentyl alcohol (CsH120);

Pyridine (CsHsN);

Sodium 4-vinylbenzenesulfonate (CsH7NaOsS);
Styrene (CgHs)

Tetrahydrofuran (CsHsO);

Thionyl chloride (SOCI2);

Toluene (CsHsCHsg).

3.1.2 Preparation of electromechanical device

Ammonium hydroxide (NH4sOH);
Ethyl acetate (CH3COOC:2Hs);
Hydrochloric acid (HCI);
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Hydrogen peroxide (H20x).

Lithium chloride (LiCl);

Milli-Q water (H20);

Potassium chloride (KCI);

Sodium borohydride (NaBHa);

Sodium chloride (NaCl);

Tetraamineplatinum (ll) chloride hydrate [Pt(NH3)4Cl2].

3.1.3 Electromechanical System

Acrylic chamber;

Air pumps (model NS350);

Arduino control board (open-source hardware);
Capacitors (100 nF)

Computer;

DHT?22 sensor,

Diodes (1N4001);

Electrolytic capacitors (1000 uF/25 V);
Flexible vinyl tubes;

Glass bottles;

High-resolution camera;

LM7812 (positive voltage regulator);
LM7912 (negative voltage regulator);
Load cell (MK Control, model PWZL3009);
Mini-compressors;

NI-9218 (data acquisition module);
NI-9263 (voltage output module);
OPAbL51 (current and voltage amplifier);
Relay module;

Resistor (10K ohm);

Symmetrical source (+12V/-12V);
Transformer (12/0/12V, 1A).
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3.2 Experimental

3.2.1 Synthesis of neopentyl styrene sulfonate (NeoSS) monomer

The neopentyl p-styrene sulfonate (NeoSS) was successfully synthesized
through a two-step process. In the first step, sodium 4-vinylbenzenesulfonate (NaSS)
prepared 4-vinylbenzenesulfonyl chloride. This intermediate product was then
protected with a neopentyl group (Figure 23a). The synthesis procedure closely
followed previously reported methods [265] but with several modifications to improve
the overall efficiency, yield, and purity of the final NeoSS product.

3.2.1.1 Synthesis of 4-vinylbenzenesulfonyl chloride

Thionyl chloride (80.8g, 679 mmol, 7eq) was added dropwise to the round
bottom flask containing 220 mg of 4-tert-butylcatechol and 60 ml of anhydrous DMF
at 0 °C. The solution was mixed for 1h, sodium 4-vinyl benzenesulfonate (20g, 97
mmol, 1eq) was added in small portions (1g.mint), stirred for 3h, and cooled in the
freezer for 24h. Then, 300 ml of Milli-Q water at 0°C was added in a separating
funnel, the reaction solution was slowly mixed, and the organic phase was extracted
three times with toluene (150 mL portions). It was washed three times with water
(150 mL portions), dried over anhydrous magnesium sulfate, concentrated on a
rotary evaporator at 30 °C, and dried under a reduced vacuum (10 mbar). A
yellowish liquid (169, 82% vyield) was obtained to synthesize neopentyl styrene
sulfonate monomer. *H NMR 500 (CDCIs, ppm): & 5.43 (d, 2H, -CH=CH2), 5.87 (d,
2H, -CH=CH), 6.70 (q, 1H, -CH=CH), 7.53 (d, 2H, aromatic -CH-, ortho to vinyl),
7.83 (d, 2H, aromatic -CH-, meta to vinyl) (Figure 23b).

3.2.1.2 Synthesis of Neopentyl p-Styrene Sulfonate

Neopentyl alcohol (9.13 g, 104 mmol, 1.3eq) and pyridine (27.3 g, 345.4 mmol,
4.4eq) were added in a 100 mL round-bottomed flask, it was cooled to 0 °C, and 4-
vinylbenzenesulfonyl chloride (16 g, 79 mmol, 1eq) was added dropwise. The
solution was stirred for 3h at 0 °C, forming a white powder. It was diluted with 200 mL
of dichloromethane, washed extensively with HCI/H20 solution (2 mol.Lt), and dried

over anhydrous magnesium sulfate.
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sulfonate.

Dichloromethane was removed under reduced pressure at 35 °C. A white
solid was obtained (17.75g, 88% vyield). *H NMR 500 (CDCls, ppm): & 0.89 (s,
9H, -CHgs), 3.66 (s, 2H, -CH2-), 5.43 (d, 2H, -CH=CH2), 5.87 (d, 2H, -CH=CH2),
6.70 (g, 1H, -CH=CH), 7.53 (d, 2H, aromatic -CH-, ortho to vinyl), 7.83 (d, 2H,

aromatic -CH-, meta to vinyl) (Figure 23c).

3.2.2 Synthesis of PBMA-CPADB macroinitiator

Butyl methacrylate (BMA) was polymerized using 4-Cyano-4-
(phenylcarbonothioylthio)pentanoic acid (CPADB) as a chain transfer agent and
initiated by 2,2'-Azobis(2-methylpropionitrile) (AIBN). In a 20 mL round-bottom
Schelenk flask, BMA, CPADB, and AIBN were solubilized in dimethylformamide
(DMF), mixed, degassed with argon for 1h, sealed, and polymerized at 80 °C in
an oil bath. The polymerization was carried out for 12 hours, and every 30
minutes, an aliquot of the reaction was removed using a degassed syringe to
determine monomer conversion and polymerization kinetics by nuclear
magnetic resonance (NMR) spectroscopy and gel permeation chromatography
(GPC). The reaction was terminated by precipitating the reaction in a cold
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H20:MeOH (9:1) solution. The precipitated was resolubilized in tetrahydrofuran
(THF), concentrated in a rotary evaporator, and precipitated in a cold
H20:MeOH solution. This procedure was repeated 3 times, and the poly(butyl

methacrylate) macroinitiator was dried under a high vacuum (10-2 Bar) for 12h.

3.2.3 Synthesis of PBMA-b-(PNeoSS-r-PS) block copolymer

The monomers NeoSS and Sty were copolymerized using a PBMA
macroinitiator and initiated by AIBN. In a 20 mL round-bottom Schelenk flask,
NeoSS, Sty, PBMA, and AIBN were solubilized in DMF, mixed, degassed with
argon for 1h, sealed, and polymerized at 80°C in an oil bath. The
polymerization was carried out for 8 hours, and every 30 minutes, an aliquot of
the reaction was removed using a degassed syringe to determine monomer
conversion and polymerization kinetics by NMR and GPC. The reaction was
terminated by precipitating the reaction in cold Hexene (100 mL). The
precipitated was separated, washed with MeOH (100 mL), concentrated in a

rotary evaporator, and dried under a high vacuum (102 Bar) for 12h.

3.2.4 Preparation of PBMA-b-(PSS-r-PS) amphiphilic block copolymer

To transform the block copolymer PBMA-b-(PNeoSS-r-PS) into an
amphiphilic material, removing the neopentyl group from sulfonated neopentyl
styrene is crucial. This can be accomplished through a procedure known as
thermolysis. During thermolysis, the thermochemical cleavage of neopentyl
groups generates sulfonic acid groups, forming a sulfonated ionic block. This
procedure was determined based on the thermal characterizations and should
be conducted at 160°C for 1 hour, followed by an additional 1 hour at 180°C,

both under vacuum.

3.2.5 Preparation of PBMA-b-(PSS-r-PS) membrane

After thermolysis, the amphiphilic copolymer, weighing 1.5g, was
dissolved in 8.5 mL of toluene, resulting in a 15% weight/volume solution. This

solution was then poured into a Teflon mold with dimensions of 40mm x
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100mm. The mold was left untouched for 24 hours to allow for efficient
evaporation. Afterwards, the mold was placed inside an oven at 100 °C, and left
for 6 hours to completely remove any remaining solvent. To further enhance the
material's properties, the temperature was raised to 140 °C, initiating an
annealing process. This additional step aimed to alleviate residual stress and
achieve the desired equilibrium morphology. After this annealing process (24h),
the sample was removed from the mold and is now prepared and available for

use in creating an electromechanical device.

3.2.6 Bio-inspired electromechanical device preparation

IPMC sample was assembled using an optimized and reproducible
method [266][267]. The reactions involved in the deposition step are presented
in Table 4, and were carried out in 500 mL beakers. Initially, the copolymer was
boiled for 30 min in milli-Q water. Then, an aqueous solution of [Pt(NH3)4Cl2]
containing 3.0 mg of Pt.cm? of the membrane and 2.0 mg of Pt.mL® of H20
was prepared. A 5% ammonium hydroxide (NH4OH) solution were added for pH
adjustment. The sample employed measures 5 cm x 5 cm, providing a total
surface area of 50 cm2 on both sides. Consequently, the experimental setup
required 150 mg of [Pt(NH3),Cl;] dissolved in 75 mL of H,O. Following this,

3.75 mL of a 5% ammonium hydroxide (NH,OH) solution were added.

Table 4: Reactions involved in the deposition process.

Reaction Description
[Pt(NH3)a(Cl)2] + 2NHa* + 20H" + 2H* > [Pt(NHs)s]*2+ 2H20 + 2CI + 2H* Hydrolysis
[Pt(NH3)s]*2 = Pt2* + 6NH3 Complex Activation
Pt*2+ 2NaBH4 > Pt + Hz + B2Hes + 2Na* Redox Reaction
B2Hs + 6H20 > 2B(OH)s + 6 Hz Disproportionation

[Pt(NHz)a(Cl)2] + 2NH4* + 20H- + 2H*+ 2NaBHa+ 4H20 > Pt0 + 7H; +

lobal React
2Na* + 2B(OH)s + 2CI- + 2H* + 6NHs Global Reaction
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The block copolymer was immersed in the solution for 24 h for adsorption.
Then, it was removed from the previous solution, immersed in deionized water
at 65 °C (6.0 ml of water per cm? of the membrane, 300 mL), and 25 mL the
(NaBHa) solution was added every 30 minutes for four times. After 2 hours of
the reduction process, an additional amount (75 mL) of the NaBH4 solution was
added to ensure that the absorbed Pt?>* ions had completely reduced to PtP.
Figure 24 shows the electroless plating process and the formation of platinum
electrodes on the surface of the PBMA-b-(PSS-r-PS) copolymer.

Rinse NaBH, Ion Exchange
Step 3
Step 1 Step 2
PBMA-b- (PSS r-PS) 'PMC @
30 min

30 min 24 h 24 h
“ g “ g C* = cation
100 °C 65 °C

Step 3 — Before adding NaBH, Step 3 — Before adding NaBH, Electromechanical Device Sized

PBMA-b-(PNeoSS-r-PS) PBMA-b-(PSS-r-PS) Electromechanical Device

Flgure‘ 24: Step-by- step of the electroless plating process, featuring samples

captured both before and after platinum reduction, resulting in the formation of
metallic electrodes.
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The IPMC sample was rinsed with deionized water and sized at
30.0mm x5.0 mm. The IPMC sample was exchanged with the desired
counterion (H*) by soaking it in an appropriate 0.5 mol L'? aqueous solution

(HCI) for 24 hours at room temperature

3.2.7 Electromechanical system development

The electromechanical control system wused to determine the

electromechanical performance of the EMD is presented in Figure 25.
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Figure 25: a) IPMC control system (top view) and b) humidity control system.
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In Figure 25a, all system components are visible, whereas Figure 25b
depicts a schematic of the RH control system. The entirety of the system
comprises the relative humidity control system, an acrylic chamber coupled with
a stepper motor (NEMA 17, 1.7 A, 4.2 kgf) (Annex A), a high-resolution camera,
a computer with Laboratory Virtual Instrument Engineering Workbench
(LabView), a NI-9218 data acquisition module, a NI-9263 voltage output
module, a current and voltage amplifier OPA551 (Buffer), and a +12V/-12V
symmetrical source (Figure 26). Each component of the system is presented in
detail below.

The relative humidity control system comprises an Arduino control board,
a DHT22 sensor (digital output), two air pumps (model NS350), a 2-channel
relay module, a 10K ohm resistor, two glass bottles, and four flexible vinyl
tubes. The vinyl tubes connect the mini-compressor, the glass bottles, and the
acrylic chamber. The control board connects the relay module (operated using a
220V power source) and sensor (inside the chamber). Thus, the sensor
measures the chamber RH and sends a digital signal to Arduino on the data
pin.

Based on the readings taken (updated every second), the respective relay
has trigged and powers up on a specific air pump that blows air through the
bottle containing water or silica gel, injecting moist or dry air into the acrylic
chamber respectively, keeping the RH as previously adjusted. In this manner,
the samples can be characterized under varying relative humidity conditions.
The software developed to control the system is presented in detail in Annex B.
This system has a 1-2% humidity control accuracy, determined according to
sensor limitations.

When the device is electrically tested, the samples must reach current
values exceeding 200 mA, higher than the nominal value of the NI equipment.
So, the implementation of a current amplifier becomes necessary. A Buffer was
specifically designed to address this requirement, incorporating a voltage and
current operational amplifier, namely the Texas Instruments model OPA551, in
a voltage configuration. A symmetric +12V/-12V source was developed to
operate the amplifier effectively, as presented in Figure 26.
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Figure 26: IPMC power source scheme.

To assemble the symmetrical source, a 12V (12-0-12) DC transformer,
four diodes (1N4001), two 1000uF/25V electrolytic capacitors, two 10 kQ
resistors, one positive voltage regulator (LM7812), one negative voltage
regulator (LM7912), and two 100 nF capacitors were used. National Instruments
modules and the electromechanical device are connected to the ground (0 V).
The buffer is powered by +12V/-12V symmetrical source output. So, NI-9263
current output can be amplified, and IPMC actuation is possible. NI-9218 is
responsible for acquiring current and voltage data. Likewise, under deformation,

the system can capture and amplify the sensor signal.

3.3 Characterizations
3.3.1 Gel permeation chromatography (GPC)

GPC is a separation technique in which polymer molecules are separated
based on their hydrodynamic volume, allowing the relative molecular weight and
the distribution of molecular weights to be determined [268]. GPC analyses
were conducted using a Malvern Viscotek TriSEC Model 302 instrument. The
studies were performed at an analysis temperature of 60 °C, with a 1 mL/min
flow rate. All samples were analysed in DMF containing 10 mM LiBr and the
concentration was kept at 0.1% by weight of DMF.
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3.3.2 Nuclear Magnetic Resonance (NMR)

NMR is an analytical technique used to study the structure and properties
of different types of molecules. It applies a magnetic field and radiofrequency
pulses to a sample, causing its atomic nuclei to resonate and emit signals
containing information about the molecular structure and dynamics [269].
Accordingly, 'H NMR measurements were performed using Bruker instruments
at field strengths of 500, 400, or 300 MHz for NMR experiments. The Bruker
TopSpin 3.2 NMR program was used for data analysis. The experiments were
conducted at a probe temperature of 297 K, with a residual internal standard
CDCIs (6 7.26). Monomer conversion calculations were performed according to

the method explained in section 4.1.

3.3.3 Fourier transform infrared spectroscopy (FTIR)

Overall, FTIR spectroscopy is a versatile analytical tool that uses infrared
light to scan test samples, providing valuable information about the chemical
composition, structure, and properties of diverse samples in a non-destructive
manner [270]. Therefore, a Nicolet FT-IR Nexus instrument was employed to
characterize the block copolymers before and after chemical modification by
thermolysis. To perform the analysis, 1 mg of the copolymer was mixed with
150 mg of Potassium Bromide (KBr). Subsequently, 7 tons was applied to the
mixture for 10 minutes to form a tablet, which was later subjected to chemical

composition analysis.

3.3.4 Thermogravimetric Analysis (TGA)

TGA is a method used to accurately quantify and track the mass and rate
of change within a sample while subjecting it to controlled variations in
temperature or over a specific period within a controlled environment. This
versatile technique allows for analyzing materials that undergo mass reduction
or increase through decomposition, oxidation, or the release of volatile
components [271]. So, the thermal properties of the copolymers were assessed
using a TA (Waters) Q5000IR thermal gravimetric analyzer (TGA). TGA
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experiments were performed on 2.5 mg of samples with a heating rate of 10
°C/min. The temperature range for analysis was set from 25 to 800 °C, and the
experiments were conducted under a controlled nitrogen atmosphere. This
analysis is crucial in determining the annealing temperature necessary to
relieve internal stresses and achieve morphological equilibrium within the
copolymer. Furthermore, it provides valuable insight into the temperature
required for the subsequent thermolysis of PNeoSS segments.

3.3.5 Differential Scanning Calorimetry (DSC)

DSC measures temperatures and heat flows associated with thermal
transitions in a material. It is essential in polymer science since the heat
capacity, glass transition temperature, crystallization temperature, and melting
temperature can be determined [272]. DSC analyses were performed in a TA
Instruments equipment, model DSC Q2000, using 7 mg of sample placed in an
aluminum pan. The nitrogen gas flow was set to 50 mL min~ and the method
consisted of (i) heating the sample from -10 to 200 °C, at 10 °C min™?; (ii)
keeping the temperature at 200 °C for 5 min; (iii) cooling the sample from 200 to
-10 °C, at 10 °C min%; (iv) isothermal step at -10 °C for 5 min; and (v) heating
the sample from -10 to 200 °C, at 10 °C min™L.

3.3.6 Atomic force microscopy (AFM)

AFM is a powerful technique that enables imaging of almost any surface
type, including polymers, ceramics, composites, glass, and biological samples.
An AFM uses a cantilever with a sharp tip to scan over a sample surface,
generating images at atomic resolution [273]. Hence, the Agilent 5500 Atomic
Force Microscope/Scanning Tunnelling Microscope (AFM/STM) system was
used in the tapping mode to perform morphological analysis on PBMA-b-
(PNeoSS-r-PS) and PBMA-b-(PSS-r-PS) thin films deposited by Spin coating
on a silicon substrate.

For that, the copolymers were solubilized in toluene (30 mg/1 mL) and
deposited (150 uL) by spin coating onto the substrate that had been previously



59

cleaned with a piranha solution (3:1) H2SO4/H202 for 60 minutes, washed with
milli-Q water and ethanol then dried under a stream of nitrogen gas. The spin
coating process was carried out for 30 seconds at 4000 rpm with an
acceleration of 1500 RPM/s using the SPS Spin 150 spin coater. All samples

were annealed and investigated before and after thermolysis.

3.3.7 X-ray reflectivity (XRR)

X-ray reflectivity (XRR) is a powerful experimental technique used to
characterize thin films' surface and interface structures and multi-layered
structures. In the case of block copolymers, XRR can provide valuable
information about the film morphology, interfacial roughness, layer thickness,
and ordering within the film [274]. The XRR measurements were conducted at a
laboratory X-ray source (D8 Advance diffractometer, Bruker) at the Chair, TU
Munich. The instrument was operated with a copper anode, and a
monochromator was used to transmit only the Cu Ka contribution

(A = 1.5406 A). The XRR curves were analyzed with the Motofit package [275].

3.3.8 Grazing-incident small-angle scattering (GISAXS)

Grazing-incidence small-angle scattering (GISAS) is a highly efficient
scattering technique for studying nanostructured surfaces and thin films. In
GISAS, the scattered probe can be either photons, using a method called
grazing-incidence small-angle X-ray scattering (GISAXS), or neutrons, through
grazing-incidence small-angle neutron scattering (GISANS) [276]. This
technique offers a unique advantage by providing valuable insights into the
structural and morphological properties of various materials at the nanoscale.
Using grazing-incidence geometry, GISAS enables precise control over the
penetration depth of the probing beam, allowing researchers to focus solely on
the surface and near-surface regions [277].

For GISAXS experiments, it was used an in-house instrument (Ganesha,
SAXSLAB, TU Munich) at A = 1.54 A using a sample-to-detector distance
SSD =466 mm with a DECTRIS area detector of 619 (horizontal) x 487
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(vertical) square pixels, with a pixel size of 172 x 172 um?. An incident angle «;
~ 0.38° for all polymer films, larger than the critical angles of the polymer

(acpor~ 0.15°) and the substrate (a.s;~ 0.22°) was used to ensure complete

penetration of the polymer film with the X-ray beam.

3.3.9 Rheology

Rheological analysis is crucial in characterizing the copolymer due to its
high sensitivity, originating from the large viscoelastic contrast between the
domains (rigid and rubbery). This technique enables the determination of (i) the
transition between ordered and disordered phases, (ii) the various ordered
phases present, and (iii) the kinetics of phase transformation between the
disordered and ordered phases, as well as between different ordered phases
[222]. Therefore, an AR G2 Rheometer from TA Instruments was used to
conduct oscillatory shear experiments under nitrogen (N2) convection.
Measurements were taken at temperatures ranging from 150 to 220 °C, while
varying frequency in the dynamic mode. A parallel plate geometry with a
diameter of 25 mm and a set gap of 1 mm was used. The frequency was
adjusted between 0.1 and 500 rad/s. A strain amplitude of 0.5% was maintained
throughout the entire frequency range to ensure linearity. It was determined by
a dynamic strain amplitude sweep to obtain the linear viscoelastic regime.

3.3.10 Scanning electron microscopy (SEM)

SEM is a surface imaging method in which the incident electron beam
scans across the sample surface and interacts with the sample to generate
backscattered and secondary electrons that are used to create an image of the
sample [278]. The SEM technique is used to investigate the electromechanical
device electrode morphology and, at the metal-polymer interface, it is possible
to verify the electrode adhesion and its thickness. The Inspect™ scanning

electron microscope model FEI S50 was used.
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3.3.11 Water uptake (WU)

To quantify the water uptake capacity, the specimen underwent a
preliminary drying process at 100°C for 24 hours in a vacuum oven. The
resultant dry mass (Wdry) was then determined. Following this, the copolymer
was wholly submerged in milli-Q water for 24 hours at room temperature, and
the mass was re-measured (Wwet). Consequently, the water uptake (WU) can
be calculated by taking the discrepancy between the fully hydrated membrane

mass and the initial dry mass, as depicted in Equation 6:

"W X

3.3.12lon exchange capacity (IEC)

The ion exchange capacity was determined through titration with an
aqueous solution of sodium hydroxide (NaOH), following the procedure
described in [44]. Initially, the amphiphilic block copolymer (0.5g) was
submerged in a 2 mol L sodium chloride (NaCl) aqueous solution for 24 hours
to exchange hydrogen ions (H*) at the sulfonic acid groups in the polymer
electrolyte membranes (PEMs) with sodium ions (Na*). The solution was titrated
with the NaOH aqueous solution (0.1 mol L), while phenolphthalein was used

as a pH indicator. The IEC was calculated using the Equation 7:

Wary (7)

In this equation, C represents the concentration of the NaOH solution, V
denotes the volume of the NaOH solution used during titration, and Wary is the
weight of the dry polymer. All samples were prepared in triplicate, and the error
was assessed using standard deviation. The burette utilized has an absolute

error of 0.05 mL.
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3.3.13lonic conductivity

The ionic conductivity was studied using EIS since it can be determined
through the device's resistance response and its geometry [266], [279]-[281]
according to Equation 8:

d
RA

k = (8)

Where k is the ionic conductivity (S.cm™), R is the membrane resistance (Q)
obtained by the EIS test through data fitting to the suitable equivalent electrical
circuits, A is the IPMC area (cm?), and d is the membrane thickness (cm). So, a
square (1.0 cm x 1.0 cm) sample was clamped with copper contacts (with the
same surface area) connected to a potentiostat/galvanostat/frequency response
analyzer Palmsens4 (from PalmSens BV). The impedance spectra were
collected from 1 MHz down to 100 mHz with 200 mV of AC perturbation at room
temperature and RH = 90%. The EIS results were analyzed using the free
software EIS Spectrum Analyzer (Research Institute for Physical-Chemical
Problems Belarusian, State University). Powell's algorithm and 1000 iterations
were used to adjust EIS data.

3.3.14 Electromechanical Performance

The ability of the electromechanical device to act as a displacement
sensor was evaluated using the instrumentation described in section 3.2.7. It
was used an RH = 90% during conditioning (6h before the experiment started)
and characterizations. The stepper motor, which Arduino controls, was used to
apply the deformation, which moves the device with controlled angulation,
velocity, and acceleration. The device (30.0 mm x 5.0 mm) was clamped by two
electrodes connected to the electromechanical system. A real-time video was
collected using the camera positioned externally at 6.0 cm, far from the device.
The data was converted in displacement as a function of time using the video

analysis and modeling tool. Therefore, it is possible to measure deformation



63

and electrical response simultaneously. The software developed to control the
system is presented in detail in Annex C, making it possible to control
acceleration, speed, movement amplitude, initial position, maximum angle, and

minimum angle.
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4 RESULTS AND DISCUSSIONS
4.1 Synthesis of PBMA-CPADB macroinitiator

Figures 27a, 27b and 27c depict the successive stages of the
polymerization process, providing valuable insights into its chemical
transformation. In Figure 27a, the visual representation of the polymerization
reaction highlights the critical steps and the relevant protons used to estimate
monomer-to-polymer conversion. Figure 27b presents the NMR spectrum of the
polymerization solution at the initial time (0Oh), focusing on the chemical
composition of BMA. Lastly, Figure 27c illustrates the NMR spectra of the
aliquots taken at distinct time intervals after the polymerization begins, enabling
the polymer conversion estimation.

DMF could be used as an internal standard in this study due to its
consistent concentration over time. As a result, the first integral calculation was
conducted on the peak at & 8.02 (s, 1H, -CH), which is associated with DMF
and can always be considered the same. Then, it was integrated the peak at
0 6.05 (s, 1H, =CH), denoted as peak (a), with its resulting value indicating

either 100% monomer or 0% conversion (Figure 27c at Oh).
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Figure 27: a) Chemical structure of the polymerization components, b) *H NMR
spectrum of the polymerization solution at Oh in CDCls, and c) *H NMR spectra

of the polymerization aliquots obtained at various intervals in CDCls.
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This integral calculation was repeated after 2, 4, 6, and 12 hours.
However, as the reaction progresses, it can be observed that the integral value
of peak (a) decreases progressively. This decrease represents a reduction in
monomer concentration during the PBMA polymerization, leading to an increase
in molecular weight. By employing this method [282], the conversion can be

estimated using Equation 9:

C on = OM —a@&R) - oo 9
onversion = 2 (0n) X 0 9

Where a(0h) represents the value of the integral of peak (a) before starting the
reaction and a(Xh) is the value of the integral of peak (a) after Xh of
polymerization. Additionally, kinetics study plays a vital role in understanding
the gradual conversion of monomers into polymers over time, as depicted in

Figure 28.
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The overall polymerization process involves the insertion of monomers into
the thiocarbonyl compound, resulting in the formation of a polymeric
thiocarbonyl compound (Figure 28a) that serves as a macroinitiator for the
subsequent block copolymerization [53]. Also, by controlling the reaction time
and concentrations of monomer [M], chain transfer agent [CTA], and initiator [1],
we successfully synthesized PBMA-CPADB macroinitiators with different
molecular weights (Figure 28Db).

The confirmation of macroinitiator synthesis was achieved through NMR
analysis, which revealed the presence of all broad peaks associated with PBMA
(® 097, & 145, 6 162, & 1.83, & 1.93, and & 3.96). Furthermore, the
effectiveness of the purification process was demonstrated by the
disappearance of characteristic peaks related to residual monomer and solvent
(Figures 28c1 and 28c2). Figure 28d illustrates a well-controlled polymerization
reaction characterized by the linear decrease in monomer concentration
(In([M]o/[M])) over time.

This suggests the reaction follows first-order kinetics and achieves 90%
conversion after 12h. By understanding this principle, one can effectively control
DP by taking reaction time into account. For instance, since the conversion
exhibits a linear relationship with time, if the reaction is halted after 10 hours,
the expected conversion rate should be around 80%. Additionally, the
predictable relationship between the average molecular weight (Mn) and the
conversion validates the controlled nature of the polymerization [140][142].

It is demonstrated by the continual increase in Mn over time, while the
reduction in polydispersity from 1.30 to 1.13 (Figures 28e and 28f) provides
further evidence of the absence of undesirable side reactions and improved
reaction control. Notably, the absence of deviation from linearity indicates a
minimal occurrence of termination events [159]. Thus, it has been observed that
precise control over the [M]:[CTA]:[l] ratio allows for a well-controlled RAFT
polymerization process, affecting the polymerization rate, DP, and number of
active chains [161]. Table 5 presents the PBMA-CPADB macroinitiator

synthesis conditions.
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Table 5: PBMA-CPADB macroinitiator synthesis conditions.

BMA CPADB AIBN DMF
Entry DP [M]:[CTAI:[1]
(mL) (mol.LY) (g) (mmol.LY) (mg) (mmol.LY) (mL)
A 112 8 3.14 0.12 28.00 7.37 2.80 8 112:1:0.1
B 175 8 3.14 0.08 17.96 4.72 1.79 8 175:1:0.1
C 280 8 3.14 0.05 11.43 3.00 1.14 8 280:1:0.1

*[M]:[CTA]:[I] = Concentrations of monomer, chain transfer agent, and initiator.

As observed, the [M] and [CTA] are crucially linked in determining the DP
[53]. The concentrations of CTA and initiator also play a role in forming dead
chains during polymerization since, in degenerative transfer systems, the
termination of chains is related to the number of radicals present [51].
Understanding this relationship made it possible to accurately determine the
necessary parameters for synthesizing a macroinitiator with the desired
molecular weight, as illustrated in Table 5.

The target DP equal to 112 was intentionally set higher than the desired
final DP of 90. For instance, in the case of Entry (A), the
[BMA]:[CPADB]:[AIBN] = 112:1:0.1, meaning that 112 molecules of BMA react
with one CPADB molecule, resulting in the formation of a PBMA with a DP of
112, assuming complete conversion. It is important to note that approximately
10% of the polymer chains are expected to be unable to continue
copolymerization due to the 1.0:0.1 ratio of [CPADB] to [AIBN]. Consequently,
these chains may become non-reactive and cease to grow during the
polymerization process, resulting in dead chains [155][160].

However, previous experiments have demonstrated that this reaction
follows first-order kinetics and can be stopped after 10 hours, achieving 80%
conversion (DP = 90) with minimal termination reactions. Therefore, it was
decided to target a higher DP and halt the reaction once it reached 80%
conversion. Three samples of PBMA-CPADB were successfully synthesized
and named according to their respective degree of polymerization. The
macroinitiators with DP =90 (Mn = 12800 g.mol?), 140 (Mn = 19900 g.mol?),
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and 220 (Mn = 31200 g.mol') were labeled as PBMA (90), PBMA (140), and
PBMA (220), respectively.

4.1.1 PBMA-CPADB RAFT proposed mechanism

The proposed RAFT mechanism for PBMA-CPADB macroinitiators is
presented in Figure 29, which can be expressed in 5 steps: (i) Initiation and
propagation, (ii) pre-equilibrium, (iii) reinitiation, (iv) main equilibrium, and (v)
termination [51]. The reaction is thermally initiated (i) by the source of free
radicals (AIBN) that breaks down to form two fragments (I*) that react with a
single BMA molecule to produce a propagating (i.e., growing) polymeric radical,
which adds more monomers, forming longer propagating radicals (Pn*).

At pre-equilibrium (ii), this propagating species reacts with the RAFT agent
(thiocarbonyl compound [RSC(Z)=S]), in this case CPADB, to form an
intermediate  RAFT radical, which can undergo a fragmentation reaction,
forming a polymeric thiocarbonyl compound [PnS(Z)C=S] and a new radical
(R*). This is a reversible step, as the intermediate RAFT radical may lose an R*
group or the Pn* polymer species. The reinitiation step (iii) occurs because the
radical (R*) can react with another BMA, giving rise to a new propagation
radical (Pm*).

The main equilibrium stage (iv) begins with this, which is the most
important of the entire process. The rapid equilibrium between active
propagating radicals (Pn* and Pm*) and dormant polymeric thiocarbonyl
compounds via the intermediate (CTA adduct radical intermediate) provides an
equal chain growth probability. This occurs because the addition/fragmentation
rate is higher than the propagation rate, allowing less than one monomer unit to
be added per activation cycle [139].

When polymerization is complete (or stopped), most chains are dormant
[i.e., PnS(Z)C=S], having a terminal thiocarbonyl group, and can be isolated as
stable materials. Termination processes (v) are reduced but may occur by
bimolecular termination [158]. The possible termination reactions are presented

below.
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4.2 Synthesis of PBMA-b-(PNeoSS-r-PS) block copolymer

Despite Sty and NeoSS having the ability to undergo simultaneous
random copolymerization, their kinetics were unknown. For this reason, a test
reaction was conducted to ensure the reliability of the polymerization process
and verify the final product, as previously described. Figure 30a presents the
overall RAFT polymerization reaction. The success of copolymerization could
be reliably confirmed using NMR and GPC techniques, as demonstrated in
Figures 30b and 30c, respectively.

The NMR spectrum reveals the presence of all peaks corresponding to
PNeoSS, Sty, and PBMA, indicating the formation of the desired block
copolymer. Precisely, the peaks at 6 0.89, 6 1.42, 6 1.83, & 3.66, 0 6.70, and
0 7.53 correspond to PNeoSS; the peaks at & 1.40, 6 1.83, & 6.5, and & 7.08
correspond to PS; and the peaks at & 0.97, 6 1.45, 6 1.62, & 1.83, 6 1.93, and
0 3.96 correspond to PBMA. Furthermore, the GPC traces exhibit the expected
unimodal increase in molar mass for the block copolymer, indicating the
absence of homopolymer impurities. This further confirms the reliability and

success of the copolymerization reaction.
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Figure 30: a) Synthesis of PBMA-b-(PNeoSS-r-PS) by RAFT polymerization, b)
NMR spectroscopy of the copolymer in CDCIs3, and c¢) GPC analysis of
macroinitiator and copolymer in DMF at 60 °C.
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Hence, once the viability of the reaction was confirmed, a kinetic study
was performed by repeating the reaction (Figure 31). Therefore, the
polymerization was carried out for 8 hours, and every 30 minutes, an aliquot of
the reaction was taken to determine monomer conversion and polymerization
kinetics. The polymerization Kkinetics were determined using the same
procedure previously demonstrated for PBMA. However, in this particular case,
despite the similar chemical structures, the peaks (h) corresponding to the
monomers (NeoSS- & 5.85, 591 and Sty - & 5.69, 5.74) do not overlap
(Figure 31b). This non-overlapping nature allows for the estimation of the
conservation of each monomer independently (Figure 31c) as the reaction
proceeds.

The copolymerization process involves the insertion of monomers into the
polymeric thiocarbonyl compound (PBMA-CPADB) (Figure 32a), and the GPC
traces exhibit the expected unimodal increase in molar mass for the copolymer
(Figure 32b). This is especially significant because it guarantees the absence of
substantial amounts of homopolymer in the final copolymer composition. As
expected, Figures 32c and 32d illustrate a well-controlled polymerization

reaction with a first-order reaction characteristic for both monomers.
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polymerization aliquots obtained at various intervals.
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However, it has been shown that NeoSS conversion is twice greater than
Sty apart from similar chemical structures, 80% and 40% after 8 hours,
respectively. Moreover, the predictable relationship between the average

molecular weight (Mn) and the conversion validates the controlled nature of the
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random copolymerization [139][142]. Besides, the absence of deviation from
linearity indicates a minimal occurrence of termination events.

To achieve a well-controlled RAFT polymerization, it was crucial to have
precise control over the [NeoSS]+[Sty]:[PBMA-CPADB]:[AIBN] ratio for the
block copolymer. The same strategy used to synthesize the homopolymer was
employed to ensure this, targeting a higher degree of polymerization than the
desired final DP for both monomers and stopping the reaction at 80%
conversion. Doing so made it possible to accurately determine the necessary
parameters for synthesizing 12 distinct copolymers, each with varying molecular
weights, sizes of rigid and flexible blocks, and degrees of sulfonation, as
indicated in Table 6.

Table 6: PBMA-b-(PneoSS-r-PS) copolymer synthesis conditions.

NeoSS Sty AIBN DMF
Entry DP DP [M]:[CTAI:[1]
(9) (mol.L?) (mL) (mol.L?Y) (mg) (mmol.LY) (mL)

1 044 046 20 176 41 178 2.10 3.45 150 198:1:0.15
2 017 032 14 069 282 122 1.21 3.45 1.25 136:1:0.15
3 056 061 26 149 360 156 2.04 3.45 1.50 182:1:0.15
4 025 044 18 066 257 112 127 3.45 1.30 130:1:0.15
5 062 049 32 279 488 326 180 2.25 150 358:1:0.15

6 021 034 22 095 340 226 1.25 2.25 1.25 248:1:0.15
7 068 062 42 205 414 276 160 2.25 150 318:1:0.15
8 023 040 27 068 266 177 0.83 2.25 1.30 204:1:0.15
9 054 046 92 200 380 760 057 0.75 2.00 852:1:0.15
10 028 033 33 132 346 345 082 0.75 1.70 380:1:0.15
11 053 049 66 166 340 452 0.78 0.75 2.00 518:1:0.15

12 025 044 44 0.77 3.00 298 0.55 0.75 1.20 342:1:0.15
*[M] = [NeoSS]+[Sty].
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As mentioned earlier, the copolymers were categorized into three distinct

groups based on their molecular weights:

low (Entries 1-4, approximately

25000 g.mol?), medium (Entries 5-8, approximately 35000 g.mol?), and high

(Entries 9-12, approximately 60000 g.mol?). Each group comprises samples

with equal or variable block sizes, specifically 50/50 or 60/40 (flexible/rigid)

proportions. The degree of sulfonation also varies from 8% to 12% (considering

the entirety of the copolymer) or from 16 to 23% (considering only the rigid

domain, PSS-PS). The control of these characteristics depends on the degree

of polymerization of each monomer, and each sample has a different molecular

weight, as illustrated in Table 7 and Figure 33.

a)

Entry A - PBMA(90)

Entry 01 -
Entry 02 -
Entry 03 -
Entry 04 -

b)

PBMA(90)-PNeoSS(16)-PS(80)
PBMA(90)-PNeoSS(11)-PS(55)
PBMA(90)-PNeoSS(20)-PS(70)
PBMA(90)-PNeoSS(15)-PS(50)

Entry B - PBMA(140)
Entry 05 - PBMA(140)-PNeoSS(26)-PS(130)
Entry 06 - PBMA(140)-PNeoSS(18)-PS(90)

Entry 07 -

PBMA(140) PNeoSS(33)-PS(110)

Entry 08 - PBMA(140)-PNeoSS(21)-PS(70)

c)

Entry C - PBMA(220)

Entry 09 -
Entry 10 -
Entry 11 -
Entry 12 -

PBMA(220)-PNeoSS(41)-PS(205)
PBMA(220)-PNeoSS(27)-PS(135)
PBMA(220)-PNeoSS(51)-PS(170)
PBMA(220)-PNeoSS(34)-PS(115)
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PBMA (140)

0 4
Log M
Figure 33: PBMA-b-(PNeoSS-r-PS) GPC traces in DMF at 60 °C. a) Entries 1-4,

b) Entries 5-8, and c) Entries 9-12.
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Table 7: PBMA-b-(PNeoSS-r-PS) and PBMA-b-(PSS-r-PS) block copolymers library.

Entry PBMA PNeo5S Ps PBMA/PNeo5ss-PS PBMA-PNeo55-PS PBMA-PS5-PS PS5-PS PBMA-PNeo55-P5S
DP Mn" (g.mol™) Mn®“(gmol”) ® DP mMn"(g.mol™) DP Mn™(g.mol?) Mn™ (%) Mn™ (g.mol”) Mn®“(g.mol™) ® Mn*(g.mol-1) D 5D (%) 5D (%)
1 950 12798 11500 1,16 16 4066 30 8332 50% 25196 13000 1,30 25000 1,25 16,67 8,60
2 50 12798 11500 116 11 2795 55 5728 60% 21321 17000 1,32 19600 1,24 16,67 7,05
3 %0 12798 11500 116 20 5082 70 7291 50% 25171 2100 127 27500 121 29 111
4 50 12798 11500 116 15 3812 50 5208 60% 21817 16500 1,26 22500 1,20 23,08 9,68
3 140 19908 18500 1,14 26 6607 130 13540 50% 40054 33500 1,30 39000 1,25 16,67 8,78
] 140 19908 18500 1,14 18 4574 50 9374 60% 33835 28000 1,30 32000 1,20 16,67 7,26
7 140 19908 18500 1,14 33 8385 110 11457 50% 39750 34000 1,26 42800 1,20 23,08 11,66
3 140 19508 18500 1,14 21 5336 70 7291 60% 32535 24000 1,30 25500 1,20 23,08 9,09
9 220 31284 28500 1,13 41 10418 205 21351 50% 63053 58000 1,32 60000 1,24 16,67 8,30
10 220 31284 28500 113 27 6361 135 14060 60% 52205 42000 1,32 46000 1,20 16,67 7,07
11 220 31284 28500 113 51 12959 170 17706 50% 61545 47500 1,30 54900 1,23 23,08 11,56
12 220 31284 28500 113 34 8639 115 11977 60% 51501 34700 1,30 40000 1,22 22,82 9,21

*DP = Degree of polymerization; Mn = Number average molecular weight; Mw = weight average molecular weight; Mnt" = Theoretically
estimated molecular weight; Mn®P¢ = Molecular weight determined by gel permeation chromatography, B = Polydispersity index (Mw/Mn);
PBMA/PNeoSS-PS = Ratio between flexible and rigid block, SD = Sulfonation degree. The SD was calculated using the following equations:
1 - For the overall copolymer: Number of sulfonated styrene (SSty) monomers divided by the total number of monomers (BMA + SSty + Sty).
2 - For the rigid domain: Number of SSty monomers divided by the sum of SSty and Sty monomers.
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For example, Entry 01 was named PBMA(90)-PNeoSS(16)-PS(80), which
means that the copolymer is composed of 90 mer of BMA, 16 mer of NeoSS,
and 80 mer of Sty. In this case, the Mn of the flexible block is approximately
12700 g.mol?!, and that of the rigid block is around 12400 g.mol*
(PBMA/PNeo0SS-PS = 50%), with a SD = 16.7% (for every five Sty units, there
iIs one NeoSS monomer). Considering the entire copolymer, SD = 8.6% since
there are 16 sulfonated monomers for a total of 186 monomers. Figure 33
shows the complete set of samples.

As expected, Mn exhibited a predictable increase following
copolymerization. This trend is observed consistently across all other samples.
Still, it is evident that the Mn of each group, encompassing low, medium, and
high, aligns precisely with the intended specifications. Based on this, it can be
confidently concluded that all samples have been successfully synthesized,

exhibiting the desired characteristics, paving the way for further analyses.

4.2.1 PBMA-b-(PNeoSS-r-PS) RAFT proposed mechanism

The proposed RAFT mechanism for PBMA-b-(PNeoSS-r-PS) is presented
in Figure 34, which can be expressed in 5 steps [51]: (i) Initiation and
propagation, (ii) pre-equilibrium, (iii) reinitiation, (iv) main equilibrium, and (v)
termination [51][52]. The reaction is thermally initiated at 80 °C (i) by AIBN,
forming two radicals (I*) that react with NeoSS or Sty to produce a propagating
(i.e., growing) polymeric radical, which adds more monomers (randomly NeoSS
or Sty), forming longer propagating radicals (Pn*).

At pre-equilibrium (ii), this propagating species reacts with the PBMA-
CPADB macroinitiator (polymeric thiocarbonyl compound) to form an
intermediate copolymer RAFT radical, which can undergo a reversible
fragmentation reaction that may create new radicals. The reinitiation step (iii)
occurs because these radicals can react with another neopentyl styrene
sulfonate or styrene, giving rise to a new propagation radical (Pm*), a
propagating copolymer species. The main equilibrium stage (iv) begins with

this, which is the most important of the entire process.
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Figure 34: Copolymer RAFT mechanisms: (i) Initiation and propagation, (ii) pre-

equilibrium, (iii) reinitiation, (iv) main equilibrium, and (v) termination.

In this step (iv), an equal probability of chain growth exists since
equilibrium between (Pn* and Pm*) and dormant polymeric thiocarbonyl
compounds are very fast. Termination processes (v) are reduced but may occur
by bimolecular termination. Although homopolymer formation was possible, our
GPC analyses revealed no evidence of such species. This strongly suggests

that their presence was effectively controlled and maintained at minimal levels.

4.3 Preparation of PBMA-b-(PSS-r-PS) amphiphilic block copolymer

The thermal properties of the block copolymers were investigated to
determine the most suitable method for removing the neopentyl group. This was
achieved through the use of thermal gravimetric analysis (TGA) and differential
scanning calorimetry (DSC), as presented in Figure 35. Thermogravimetric
analysis was used to identify the temperature required for the thermolysis of the
PNeoSS segment, which is a crucial step in obtaining an amphiphilic
copolymer. Figure 35a illustrates the TGA results of the PBMA macroinitiator,

showing the precursor samples for copolymerization.
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Remarkably, the macroinitiator demonstrates exceptional thermal stability
up to 200 °C. Besides, all samples tested exhibit a distinctive two-step weight
loss process. The initial thermal decomposition (200-260 °C) corresponds to
the scission of the C—C bond g to the vinyl group. Subsequently, the final step
(300-350 °C) can be attributed to decomposing the remaining methoxy
carbonyl side groups [283]. The copolymer was examined in Entries 1, 5, and 9
(Figure 35b). Removing neopentyl groups from PNeoSS begins at 160 °C and
reaches complete removal at a higher temperature of 180 °C.

Subsequently, the PBMA-b-(PSS-r-PS) remains stable until 280 °C.
Gradually, weight loss occurs between 280°C and 480 °C due to the
decomposition of the PBMA and PS backbone. The remaining weight (10%)
after completion of the process is likely attributed to residue formation, resulting
from the chemical reaction of the decomposed fragments in the presence of

SOz, originated from the sulfonic acid group and the hydrocarbon backbone.
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Figure 35: TGA thermograms for a) PBMA and b) PBMA-b-(PNeoSS-r-PS).

DSC curves for ¢c) PBMA and d) PBMA-b-(PNeoSS-r-PS).
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The glass transition temperature (Tg) is a crucial material property
significantly influencing polymer characteristics. The primary structural factors of
a polymer that affect Tg are chain stiffness and cohesive energy, leading to a
complex microstructure dependence on this temperature [284]. According to
DSC analysis of the homopolymers (Figure 35c), a single narrow Tg is
observed for each macroinitiator, ranging from 19 to 29 °C, corresponding to the
increase in molecular weight. Consistent with expectations, shorter chains
exhibit increased free volume, facilitating chain mobility, leading to a lower Tg
[284].

In the case of the block copolymers (Figure 35d), it was found that
samples with low (PBMA90-PNe0SS16-PS80) and medium (PBMA140-
PNe0SS26-PS130) molecular weights exhibited only one broad Tg. In contrast,
the higher molecular weight sample (PBMA220-PNeoSS41-PS205) displayed
two distinct, narrow Tgs. It is crucial to note that the Tg values are significantly
lower than the thermolysis temperature. This discrepancy indicates that the
glass transition temperature corresponds to the unhydrolyzed copolymer.

Morphology will be explored in greater detail in subsequent sections.
However, valuable insights can be gained from DSC analyses. In the case of
AB diblock copolymers, which typically form ordered structures with nearly pure
A or B domains and have a very narrow interfacial width, a discrete bonded
interface connecting the different phases is present [285]. For block copolymers
that exhibit phase separation, a glass transition temperature for each phase is
expected [286], as observed for PBMA220-PNe0oSS41-PS205 copolymer. Thus,
at this point, it is already possible to infer that only the high molecular weight
copolymer could present phase separation. Also, an upward shift was observed
in the Tg of PBMA following copolymerization. This shift arises from constrained
mobility attributed to the phase structure. This shift serves as additional
evidence supporting copolymerization and phase separation.

Besides, after carefully considering the thermal characterization data, it
was concluded that the thermolysis procedure should be conducted at 160 °C
for 1 hour, followed by an additional 1 hour at 180 °C, both under vacuum. The

copolymer samples were subjected to thermolysis to validate the procedure and
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subsequently analyzed using FTIR, GPC, and NMR techniques, as depicted in
Figures 36a, 36b, and 36¢, respectively.

a) 1358 cm! (-SO,R) b)
PBMA90-PNeoSS16-PS80
PBMA90-PSS16-PS80

l

(-OH)

oey

r T T T T T T 1 r T
4000 3500 3000 2500 2000 1500 1000 500 35 40 45 50
Wavelenght (cm'1) Log M

S ac

<) CN

m
Q

85 8 75 70 65 &0 55 5 45 4 35 30
)
L)
c3)
j)d
f
g o I
o |
A @ :
— . - - —_— . —_— . —_— - - - -
a ne 80 TS 7.0 oS 60 5.5 S0 EN 3 4.0 s 3.0 .5 20 1.5 1.0 os

Chemical Shift (ppm)
Figure 36: a) FTIR and b) GPC analysis of the copolymer before (black) and

after (red) thermolysis, c1) PBMA, c2) PBMA-b-(PNeoSS-r-PS), and c3) PBMA-
b-(PSS-r-PS) spectra in CDCls.
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The FTIR spectra of the copolymer before (black) and after (red)
thermolysis show that the sulfur ester peak (-SO3R) at 1358 cm™ in the PNeoSS
is absent following thermolysis. Conversely, an elevated broad peak at
3500 cm? was observed, indicating the presence of hydroxyl groups (-OH).
Furthermore, the peaks resulting from bending vibrations of the p-substituted
sulfonated aromatic ring at 1010 and 1128 cm™, as well as those resulting from
symmetric and asymmetric stretching vibrations of the sulfonated groups at
1039 and 1182 cm [42], [43], were also noted.

Removing the neopentyl group was anticipated to lead to a decrease in
Mn in the GPC-analyzed sample. However, due to the copolymer's amphiphilic
nature, its hydrodynamic radius is altered, resulting in a shift towards higher Mn
values, as shown in Figure 36b. Besides, GPC traces exhibit unimodal shapes,
indicating the absence of chain scissions. The NMR spectra of the copolymer
before and after thermolysis reveal the absence of methylene proton peaks (I)
at ® 3.6 and methyl proton peaks (q) at & 0.83 of the neopentyl group.

This last did not disappear completely; however, it is also present in the
PBMA spectrum, as Figure 36¢1 shows. Apart from this, all other characteristic
peaks of the copolymer remain unchanged. This suggests that the neopentyl
group has been wholly sulfonated through deprotection, and no undesired
reaction was observed. On the other hand, an artifact peak at  5.75 appeared
in the spectra (purple circle), possibly due to interactions between the formed -
OH group and CDCls.

Therefore, all 12 copolymers underwent a thermolysis heat treatment and
subsequent characterizations to ensure complete clarity and address potential
concerns. Figures 37, 38, and 39 present the FTIR spectra, GPC trances in
DMF at 60 °C, and NMR spectra in CDCI3 and (CDs3)2SO for all samples. As
expected, in Figure 37, the FTIR spectra exhibited the disappearance of the
sulfur ester peak (-SOsR) at 1358 cm™ and presented all the characteristic
peaks for PBMA-b-(PSS-r-PS). Additionally, consistent with expectations, the
band's intensity at 3500 cm™ exhibited variation across samples, owing to the

differing degrees of sulfonation and quantities of PSS incorporated.
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Figure 37: a) FTIR spectra for PBMA-b-(PNeoSS-r-PS) before (black) and after
(colorful) thermolysis for Entries 1-12, b) image (a) amplified for Entries 1-6, and

c) image (a) amplified for Entries 7-12.

Similarly, analysis conducted by GPC confirms that the presence of -SOz
alters the hydrodynamic radius of the copolymer when dissolved in organic
solvents (Figure 38). Consequently, all the samples exhibited analogous

tendencies, resulting in an upward molecular weight shift.
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Figure 38: GPC analysis of the copolymers before (black) and after (colorful)
thermolysis in DMF at 60 °C.
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Besides, GPC traces exhibit the expected unimodal shape, indicating the
absence of impurities or chains scission. NMR analyses used two solvents,
CDCls and (CD3)2SO. The spectra obtained in CDCIs are shown in Figure 39a,
while those obtained in (CD3)2SO are shown in Figure 39b. It is evident that the
artifact observed in Figure 36 is present in all CDCIls samples but is not
observed in (CD3)2SO. This observation confirms that the detected peaks stem
from interactions between the hydroxyl groups and the solvent. Moreover, the
chemical shift demonstrated in the interactions between the -OH groups and
deuterated chloroform indicates varying levels of interaction among the
samples.

This observation aligns with the findings from the FTIR analyses, providing
further confirmation. Additionally, the presence of all other characteristic peaks
suggests that the samples maintain their integrity without undergoing any
undesirable secondary chemical reactions. These comprehensive analyses
allow us to confidently conclude that the thermolysis procedure is highly
successful and offers a safe means of converting the block copolymer into an

amphiphilic block copolymer.
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4.4 Morphological Characterization

4.4.1 Atomic force microscopy (AFM)

To examine the morphologies of the copolymers, AFM was employed in
the tapping mode to obtain high-resolution images of the film's surface, allowing
for the analysis and characterization of the copolymer morphologies. All
samples were analyzed; however, since copolymers with similar molecular
weights exhibited similar morphologies, only the first representative sample
from each group will be presented.

Figures 40, 41, and 42 illustrate the AFM images of Entry 1 (low molecular
weight), Entry 5 (medium molecular weight), and Entry 09 (high molecular
weight), respectively. All figures present the copolymer's topography (2D and
3D), phase (2D and 3D), and profile images for enhanced clarity and
understanding. Simple homopolymer mixtures phase-separate macroscopically;
however, the covalent bonding in block copolymers restricts the size scale of
the phase separation to the polymer chain dimensions, typically tens of
nanometers. In this case, the relative lengths of the blocks dictate if the
copolymer phase separates and its morphology [287].

Entry 01 Topography Phase
PBMA(90)-PNeoSS(16)-PS(80)

Z[nm]

X[pum]

Figure 40: AFM images for Entry 01, presenting the topography in 2D and 3D,
phase 2D and 3D, and profile.



87

Entry 05 Topography Phase
PBMA(140)-PNeoSS(26)-PS(130)

\ 20

Profile

Z[nm]

X[pum]

Figure 41: AFM images for Entry 05, presenting the topography in 2D and 3D,
phase 2D and 3D, and profile.

The figures depict this behavior and the gradual transformation in surface
structures, which correlates with the variation in molecular weight. Figures 40
and 41 present a large-scale view of the free surface of the copolymer film with
low and medium molecular weight (Entry 01 and Entry 05), respectively.
Notably, it displayed compact structures of a rounded shape, approximately
measuring 1 micrometer in diameter and 5 nanometers in height. Conversely,
Entry 05 exhibited elongated structures of around 10 um in length and 5 nm in
height.

In these two cases, the phase images complement the standard
topography images and offer distinctive contrast based on variations in material
stiffness. So, these structures, which most likely indicate the rigid phase of
PNeoSS-PS, tend to appear lighter in the shade. In these cases, it becomes
evident that the copolymer is phase-mixed rather than exhibiting an ordered
phase separation. It is crucial to note that phase separation is expected to occur
below the Topr for this block copolymer. However, the absence of such phase
separation can be attributed to the insufficient value of N (or DP) [202]. Thus,

repulsive interactions between the blocks are not strong enough, leading to a
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convergence of mixed phases. On the other hand, some degree of segregation
is likely occurring in some areas of the sample.

Figure 42 presents a large-scale view of the free surface of the copolymer
film with high molecular weight (Entry 09), showcasing distinct relief domains
with circular shapes on their free surface, containing a diameter of 10 um and a
height of 27 nm. These structures are in accordance with ordered symmetric
copolymer films deposited on a flat solid substrate, which display relief circular
domains at their free surface [288], [289]. The presence of these domains is a
direct consequence of the lamellar structure, which appears spontaneously
when the sample temperature is below the Topr.

Therefore, phase separation in Entry 09 can be attributed to the significant
difference in chain lengths, resulting in repulsive interactions between the
chains and causing phase separation. This result is in agreement with the
findings from the DSC investigation. In the DSC analysis, only Entry 09
exhibited two distinct Tgs, each corresponding to a specific phase. This
observation suggests that the phases are indeed present and organized in a

structured manner, as confirmed by AFM.

Entry 09 Topography Phase
PBMA(220)-PNeoSS(51)-PS(205)

Profile

Z[nm]
T

X[um]

Figure 42: AFM images for Entry 09, presenting the topography in 2D and 3D,
phase 2D and 3D, and profile.
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Finally, Figure 43 showcases a large-scale view of the copolymer film's
free surface, specifically for Entry 09, following thermolysis. Significant changes
in the copolymer's morphology were observed, primarily attributed to the
sulfonated groups' hydrophilic nature. Consequently, there was an evident
enhancement in chemical incompatibility between the domains, facilitating
phase separation and allowing for the coalescence of the PSS-PS blocks.
Similarly, the spacing between the domains remained unchanged (27 nm) as
the morphology continued to exhibit a lamellar structure, and there were no
notable alterations in the sizes of the rigid and flexible blocks following
thermolysis, as anticipated.

The findings demonstrate that a block copolymer containing a precisely
defined domain containing sulfonic acid groups can readily be obtained through
a straightforward heating process from neutral PBMA-b-(PNeoSS-r-PS). This
direct transformation is distinct from what is achievable with polar block
copolymer systems, primarily due to their disparate solubility characteristics.
This distinction holds particularly true for highly sulfonated block copolymers
[43]. Complementary analyses were conducted employing X-ray reflectivity and
grazing-incident small-angle X-ray scattering, the results of which are presented

below.

Entry 09 Topography Phase
PBMA(220)-PSS(51)-PS(205)

Thermolysis

Profile

Z[nm]
o8
I T
o

Figure 43: AFM images for Entry 09 after thermolysis, presenting the
topography in 2D and 3D, phase 2D and 3D, and profile.
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4.4.2 X-ray reflectivity and Grazing-incident small-angle X-ray scattering

In combination, XRR and GISAXS offer a comprehensive understanding of
the morphology of block copolymer thin films, including both the vertical and
lateral organization of polymer domains. XRR provides information about the
layering and density profile perpendicular to the film surface, while GISAXS
offers insights into the nanoscale structure and ordering within the film plane. By
correlating the information obtained from both techniques, it is possible to
elucidate the relationship between film morphology, composition, and
functionality in block copolymer systems [290], complementing the AFM data.

Figure 44 shows the XRR and GISAXS data for the PBMA-b-(PNeoSS-r-
PS) block copolymer. Figure 44a plots the XRR data, reflectivity (R), as a
function of the wavevector transfer (gz) against g-. The experimental data (black
circles) was fitted (red line) using the MOTOFIT software [275]. Figure 44b
presents the Fast Fourier Transform (FFT) analysis of the XRR data using the
REFLEX software [291]. Figure 44c depicts the GISAXS scattering length
density (SLD) profile vs. distance away from the Si substrate (z), showing the
different polymer layers ((a) to (f)) arranged parallel to the Si substrate. In
Figure 44d, the experimental (left) and simulated (right) panels for GISAXS
patterns are displayed as ay (information across the sample’s plane) vs. 26,
(information along the sample’s plane) is shown. GISAXS simulations have
been performed using the BornAgain software [292]. Finally, Figure 44e
presents a sketch of modelled architecture using BornAgain software.

When subjecting a block copolymer with a well-defined morphology to X-
ray scattering experiments, the periodic arrangement of its domains typically
results in the emergence of Bragg peaks in the scattering pattern [293].
However, in Figure 44a, these characteristic peaks are notably absent. The
absence of Bragg peaks in the X-ray Reflectivity (XRR) data suggests two
possible scenarios: either a single layer exists or multiple layers with varying
thicknesses. Upon examining the Fast Fourier Transform (FFT) analysis
presented in Figure 44b, which highlights principal components of thicknesses
within the sample, a prominent peak corresponding to the total thickness is

observed alongside additional peaks exhibiting intensities exceeding 10% of the
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maximum peak's intensity. This observation suggests that the sample

comprises a multilamellar system.
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Figure 44: a) XRR data, R(gz) vs. gz. Experimental data (black circles) and fit
(red line), b) Fast Fourier Transform (FFT) analysis, c) Scattering length density
(SLD) profile vs. distance away from the Si substrate (z), d) Experimental (left)
and simulated (right) panels for GISAXS patterns. The intensity scale bar spans
the range from 0.5 to 5 x 10° and e) Sketch of modelled architecture using
BornAgain software.



92

This is confirmed by analyzing the SLD profile (Figure 44c), revealing the
presence of different layers within the sample. Variations in SLD correspond to
different polymer layers, and the regularity of these variations reflects the
degree of order within the film [294]. The presence of variabilities in both
lamellar thicknesses and scattering length densities (SLDs), as depicted in
Figure 44c, provides conditions favorable to the absence of Bragg peaks. Such
variabilities effectively mask the presence of Bragg peaks that would typically
manifest in the case of perfectly uniform lamellae thicknesses and consistent
scattering length densities of the polymer blocks [295]. Table 8 summarizes the
extracted data from the XRR fit for PBMA-b-(PNeoSS-r-PS) block copolymer.
The layer (f) corresponds to the topmost layer at the air-polymer interface
(values in (*) denote fixed parameters).

Furthermore, Figure 44d presents both experimental (left) and simulated
(right) panels for GISAXS patterns. It reveals distinct intensity stripes at regular
intervals along the out-of-plane axis, providing clear evidence of a lamellar
morphology oriented parallel to the substrate [296]. It's important to note that
the sketched pattern is obtained within the validity of the Born-Approximation.
This implies that the incident angles and scattering angles are sufficiently above
the critical angles of both the film and substrate as used. To complement these
findings, Table 9 provides a summary of extracted data from the GISAXS
simulations, providing the layer thickness, the surface roughness (o), the Hurst

exponent [292], and the correlation length (or root mean square roughness).

Table 8: Summary of extracted data from the XRR fit for PBMA-b-(PNeoSS-r-
PS) block copolymer.

Layer Thickness (A)  SLDrea (x10°A%)  SLDimag (x10°A2*  Roughness (A)

) 198 (*) 9.42 7x10° 3.75+ 1.19
() 280 () 9.613 7x10° 6(*)

(d) 134.6(*) 10.58(*) 7x10° 2.88(*)
(©) 110.6(*) 10.54(*) 7x10° 4.7(%)
(b) 211(%) 9.62(*) 7x10° 3.0(*)
(@) 267(*) 9.33(%) 7x10° 9.4(*)

* Fixed parameters.
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Table 9: Summary of extracted data from the GISAXS simulations using the
BornAgain software for PBMA-b-(PNeoSS-r-PS) block copolymer.

Layer Thickness (A) o (R) Hurst Correlation length (A)
) 200 (%) 5 0.80 2000 (*)
() 280 (¥) 6 0.85 2000 (*)
(d) 140(*) 3 1.00 2000 (*)
©) 110(%) 5 0.30 2000 (*)
(b) 210(*) 1 0.90 2000 (*)
(a) 260(*) 1 0.90 2000 (*)

* Fixed parameters.

Exploiting this dataset, a sketch representing the modeled architecture
was prepared using BornAgain software (depicted in Figure 44e). It presents
layers ordered parallel to the substrate with distinct sizes. Also, a SiO2 layer
with a thickness of 5 Angstrom and roughness of 5 Angstrom is observed for all
samples. It may result from the cleaning step using piranha solution. Overall, we
can confidently assert that the sample exhibited lamellar phase separation
before heat treatment for neopentyl group removal. The variation in block sizes
observed is likely attributable to the variable sizes of the blocks themselves.
Likewise, analyzing the sulfonated copolymer is essential to elucidate its
morphology.

Figure 45 shows the XRR and GISAXS data for the PBMA-b-(PSS-r-PS)
block copolymer. All parameters and data treatment were similar to PBMA-b-
(PNeoSS-r-PS). Similar to the observations in Figure 44a, the absence of Bragg
peaks is notable in Figure 45a. This outcome was anticipated, given the prior
confirmation of the existence of blocks with varying sizes. However, an
intriguing increase in reflectivity amplitude is discernible in the Z = 0.5 A region.
This likely correlates with changes in chemical composition. The substantial
difference in scattering length density data (Figure 45c) supports this
interpretation. As the block's chemical incompatibility intensifies post-

thermolysis, the contrast between the phases becomes more pronounced,
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leading to an escalation in SLD. Table 10 summarizes the extracted data from

the XRR fit for PBMA-b-(PNeoSS-r-PS) block copolymer.
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and simulated (right) panels for GISAXS patterns. The intensity scale bar spans
the range from 0.5 to 5 x 10° and e) Sketch of modelled architecture using

BornAgain software.
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Table 10: Summary of extracted data from the XRR fit for PBMA-b-(PSS-r-PS).

Layer Thickness (A) SLDrea (x10®A?)  SLDimag (x10€A?%)*  Roughness (A)

) 124 + 3 7.84+0.88 7x10° 1.4(%)
(€) 240 (*) 11.975 (*) 7x10° 1.5(%)
(d) 204 () 11.5(*) 7x10° 2.4(%)
(©) 238(*) 11.44(*) 7x10° 5.3(*)
(b) 257 5 10.1(%) 7x10° 3.0(*)
(@) 124+ 4 8.15 + 0.53 7x10° 3.0(%)

* Fixed parameters.

Furthermore, Figure 44d presents both experimental (left) and simulated
(right) panels for GISAXS patterns. As expected, the results are similar, and the
sample presents distinct intensity stripes at regular intervals along the out-of-
plane axis. Table 11 provides a summary of extracted data from the GISAXS
simulations. Using this information, a sketch representing the modeled
architecture was prepared using BornAgain software (depicted in Figure 45e).

As anticipated, post-thermolysis, the copolymer retained its characteristic
morphology, with lamellae aligned parallel to the substrate, exhibiting a range of
sizes. This observation paves the way for an intriguing prospect: synthesizing
block copolymers capable of self-assembling into precisely defined

morphologies that persist through heat treatment-induced phase separation.

Table 11: Summary of extracted data from the GISAXS simulations using the
BornAgain software for PBMA-b-(PSS-r-PS) block copolymer.

Layer Thickness (A) o (R Hurst Correlation length (A)
)] 120 (*) 9 0.1 2000 (*)
(€) 250 (¥) 20 0.1 2000 (*)
(d) 240(*) 1 0.1 2000 (*)
(©) 200(*) 10 0.1 2000 (*)
(b) 240(*) 10 0.1 2000 (*)
(@) 120(*) 10 1.0 20000 (*)

* Fixed parameters.
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Finally, we can conclude from AFM, XRR, and GISAXS that the similar
sizes of the blocks lead to a flat interface geometry, which favors the formation
of a lamellar morphology. Moreover, the parallel orientation of the block
copolymer film morphology to the substrate can be explained by the selection of
the species with the lowest interfacial energy (PBMA) for both the substrate and
air interfaces [297], [298]. Consequently, the specific interactions of the blocks
with the air and substrate interfaces result in the orientation of the lamellar
microdomain morphology parallel to the external surface. Finally, the air-
polymer and polymer-solid surface tensions lead to the coexistence of regions
with different thicknesses, giving rise to a pattern of circular domains with
minority thickness within a continuous film with majority thickness [299], as
observed by AFM.

Figure 46 represents the copolymer internal structure, presenting the
lamellar morphology using the AFM and GISAXS data. It is in accordance with
the theoretical requirements [288][300]: (i) PBMA is at the free surface since it
presents the lowest surface tension in the melt state (as proven in the AFM
phase images); (ii) layers of polymer PBMA are those to be interrupted in the
defect topology because PBMA is also expected to have the lowest cohesion
energy; (iii) the dislocation is as close as possible to the free surface within
constraints (i) and (ii), since the latter is supposed to be attractive for any

defect.

PBMA-b-(PNe0SS-PS) " Y.

PNeoSS-PS
PBMA

Substrate
Figure 46: Assumed domain-edge structure for PBMA-b-(PNeoSS-r-PS).

Dashed lines represent PNeoSS-PS-PS-PNeoSS or PBMA-PBMA separations.
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Overall, it was evident that the low and medium molecular weight samples
lacked any indication of phase separation, rendering them unsuitable for
implementation in electromechanical devices. Furthermore, it is crucial to
emphasize that among the high molecular weight samples, only Entry 09
exhibited phase separation observed by AFM. Since the attainment of a block
copolymer with lamellar morphology stands as a primary objective in this study,
this particular copolymer (PBMA220-b-(PSS41-r-PS205)) was selected for the
fabrication of the electromechanical device. Consequently, all subsequent

characterizations will solely focus on samples containing this polymer.

4.4.3 Order-to-disorder transition

The low-frequency rheology proves highly effective in detecting the
dissolution of ordered microstructures due to the viscoelastic contrast between
the ordered and disordered states. The sample can be slowly heated to
accurately determine the order-to-disorder transition temperature (Toot) by
conducting isochronous storage modulus measurements at low frequencies and
utilizing low strain amplitudes. Furthermore, these measurements offer valuable
insights into the material's morphology [301].

It has been shown that analyzing the relationship between log G' and log
G" can be applied to determine the temperature of the onset of thermal
degradation (Tobt) in block copolymers [222]. This method is effective because,
as the temperature rises, the plot of log G' versus log G" exhibits a gradual
variation up to a specific critical point, after which it remains relatively
unchanged regardless of further temperature increase. Figure 47 provides log
G' versus log G" for the PBMA220-b-(PSS41-r-PS205) sample at eight different
temperatures: 150, 160, 170, 180, 190, 200, 210, and 220 °C. Below 150 °C,
the polymer does not flow completely, and above 220 °C, degradation of the
copolymer occurs.

As can be seen, for a fixed value of G", G' varies little with temperature in
the range of 150-180 °C, then decreases suddenly as the temperature
increases from 190 to 200 °C, and then remains virtually constant, regardless of

temperature, at 210 °C and above. In other words, for this sample, 200 °C is the
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lowest temperature at which the log G' versus log G" plots stop varying with
temperature. The Topr for these symmetric copolymers corresponds to a
temperature where the slope reaches a value of 2 [302], as shown below.
Based on the theoretical prediction [303] that log G' versus log G” plots for
monodisperse flexible homopolymers in the melt state exhibit a negligible
temperature dependence. It can be inferred from Figure 45 that the copolymer's
log G' versus log G” plot displays a significant temperature dependence within a
specific temperature range. This observation, supported by experimental
evidence, suggests that the copolymer undergoes a thermal transition from an

ordered microdomain structure to a disordered homogeneous phase.
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Hence, understanding the transition from order to disorder is essential in
creating ionomers that possess specific mechanical characteristics. When the
temperature is below the order-disorder transition point, the block copolymer
exhibits a structured, lamellar form, as evidenced by AFM, XRR, and GISAXS,
which enhances the material's mechanical strength and ionic conductivity.
However, as the temperature surpasses the ODT, the BCP loses its
organization, resulting in fewer defined domains.

Finally, it is essential to note that the temperature range within which the
thermally induced order disordered transition takes place in a block copolymer
is highly influenced by several factors, such as the block lengths, the content of
styrene and sulfonated styrene, as well as the molecular weights of the polymer
chains. Consequently, the specific range of transition temperatures observed for
PBMA220-b-(PSS41-r-PS205) should not be generalized to other block
copolymers with different block lengths, styrene content, or molecular weights
[304].

45 lonomer Characterization

4.5.1 lon exchange capacity and water uptake

lon Exchange Capacity refers to the total amount of charged ions an
ionomer can adsorb or exchange with its surrounding environment [305].
Similarly, water uptake quantifies the amount of water absorbed by a specific
sample (expressed in grams of water per gram of sample) within a particular
period. These properties are important because the electromechanical
response of an IPMC is primarily influenced by its ion exchange capacity or, as
commonly used, ionic migration [266], which is affected by RH [267] and
counterion size [306].

Therefore, accurately estimating the ion exchange capacity and water
uptake is crucial in determining the suitable application of an IPMC. Table 12
presents IEC, WU, and ionic conductivity (investigated in the subsequent
section) for the block copolymer. All parameters are compared with Nafion, the

commercial standard.
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Table 12: IEC, WU, and ionic conductivity for PBMA-b-(PSS-r-PS) and Nafion.

lonic Conductivity

-1 0,
lonomer IEC (meq.g™) WU (wt%) (S.cm)
PBMA-b-(PSS-r-PS) 0.61 14 0.16
Nafion 117 0.91 30 0.23

For Nafion, the IEC is determined by the equation IEC = 1000/EW, where
EW represents the equivalent weight. The EW is the number of grams of dry
Nafion per mole of sulfonic acid groups when the material is in the acid form.
EW can be ascertained by acid-base titration, by analysis of atomic sulfur, and
by FTIR spectroscopy. For Nafion 117 (used by our research group), the
designation “117” refers to a film having 1100 EW and a nominal thickness of
0.007 in. (178 pm, RH = 50%). Also, around 14 CF2 units are expected to
separate every side chain containing a sulfonic acid group. Consequently, the
SD = 14% and the IEC = 1000/1100 = 0.91 meq.g™ [82].

In the case of PBMA220-b-(PSS41-r-PS205), the PBMA/PSS-PS ratio is
50%, with an SD = 16.7%. This means that for every 5 Sty monomers, there is
1 Sty sulfonated monomer. However, when considering the entire copolymer,
the ratio of sulfonated monomers to total monomers is 1 in 11 (SD = 8.8%),
giving an IEC of 0.61 meq.g*' (estimated by titration as described in the
experimental section). In this scenario, it's crucial to consider the SD of the
entire copolymer, as the IEC was determined using 1 gram of sample. Based on
a rough estimate, we can anticipate that with an SD = 14%, the copolymer
would theoretically exhibit an IEC of around 0.95 meq.g™.

It must be considered that Nafion presents sulfonated groups that are
laterally grafted to the main chain. This unique characteristic allows mobility to
the -SOs™ groups, causing agglomeration and percolation of sulfonated groups
when the RH is increased [83], leading to the development of three-dimensional
percolated channels [84]. Alternatively, the copolymer shows phase separation
and the -SOs groups are bonded within the main chain. In simpler terms, we
can liken phase separation to percolation, as both copolymers exhibit similar ion

IEC values theoretically.



101

However, it should be noted that the number of sulfonated groups can be
readily increased in the case of PBMA-b-(PSS-r-PS). In fact, the entire domain
can be synthesized with PSS, resulting in a copolymer with a higher ion
exchange capacity. This would only be possible through controlled
polymerization since increasing the SD may lead to degradation, undesirable
cross-linking, and other unwanted side reactions with sulfonated copolymers
obtained by sulfonation.

Many authors have studied the WU parameter and its relationship with
IPMC electromechanical response [5], [23], [307]-[309]. As presented
elsewhere [23], the water uptake capacity was used to determine an empirical
relationship between the sample's hydration level as a function of the RH and
counterion. Also, this data made it possible to investigate the relationship
between the membrane's hydration level and the IPMC electromechanical
response. Chen and co-workers [308] showed that water uptake depends on
the temperature, and IPMC performance could vary with hydration. Komoroski
and Mauritz [309] affirmed that water uptake depends on the cation type. Tozzi
et al. [5] studied the WU and its relation with hydrolytic stability and proton
conductivity.

Generally, it has been observed in these papers that increasing the RH
and using smaller counterions result in higher water absorption capacities. Also,
optimizing the water absorption capacity improves the electromechanical
performance of the device. When comparing the water absorption capacities of
Nafion and the copolymer, it is evident that the block copolymer has a lower
absorption capacity. However, as discussed in the next section, this capacity is
still considerable enough for the counter-ions to form complexes with water

molecules, thereby enhancing ionic conductivity.

45.2 Electrochemical Characterization

Impedance spectroscopy stands out as a highly versatile electrochemical
technigque due to its ability to characterize various aspects of electrochemical
systems. Semi-stationary measurements offer insights into kinetic processes

occurring at the electrode surface, the structure of the double-layer, and the
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transport of charged species. At its core lies the alternating current (AC) theory,
which elucidates the system's response to varying frequencies. By applying a
potential and measuring the resultant current response, the impedance (Z) of
the system can be obtained. This impedance reflects any factors influencing
electron flow within the system [281].

Hence, the data from EIS was obtained to understand the electrochemical
migration processes that occur in the device when RH = 30, 60, and 90%. The
device was allowed to equilibrate for 6 hours at each relative humidity level to
achieve osmotic balance with the surrounding RH. The typical resistive-

capacitive response can be observed in the Nyquist plot (Figures 48a and 48Db).
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As previously elucidated, the operational principle of an IPMC depends on
the migration of ions and the accumulation of charges within its structure. Thus,
the manifestation of resistive-capacitive characteristics serves as a promising
indicator of the IPMC's potential utility as an electromechanical device. The
electrical equivalent circuit (modified Randles circuit [310]) for ion transport can
be better understood by referring to Figure 48c. It consists of various
components, each with its specific function, describing the electrochemical
transport in the electromechanical device. As can be observed, an R(D(RQ))
circuit, where D represents the impedance of the ion diffusion part, can
satisfactorily fit the data, especially at high frequencies with x2 below 10-.

Rdev represents the device's resistance, which is influenced by the
hydration level of the membrane and the counterion type and size. Qdev
characterizes the pseudo capacitance phenomenon resulting from ionic
movement in the PSS-r-PS region, encompassing double-layer pseudo
capacitance. Rchar corresponds to the charge resistance of the device [311]. The
impedance parameters derived from the data analysis are provided in Table 13

for reference.

Table 13: Impedance parameters obtained from data fitting.

Parameters RH = 30% RH = 60% RH =90%
Rdev/ Q cm? 1057,80 636,52 333,18
Qdev/ UF s cm 8,23 22,29 107,22
Ndev 0,98 0,84 0,81
Rchar / Q cm? 827,42 724,14 655,72
W/ kQ s” cm 23,36x107 12,18x10° 8,03x102
Qphase / UF s cm2 0,46 0,40 0,42
Nphase 0,65 0,68 0,66
Rphase [ Q cm? 1,25 1,07 3,28
Cphase / NF cm™ 1,01 1,82 2,24
X2 2,42x10 6,44x10% 1,254x106
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It is worth noting that there are two distinct mechanisms of ionic diffusion:
structural and vehicular diffusion. Grotthuss or structural diffusion refers to the
movement of a proton or cation through the network of H bonds, enabling it to
move freely. On the other hand, vehicular diffusion takes place when a solvated
proton or cation is transported through the network. H* can diffuse through both
mechanisms, while solvated cations (Li*, Na*, etc.) generally tend to follow the
vehicular diffusion mechanism due to the simultaneous movement of their
charge and center of mass [312][313]. Consequently, vehicular diffusion occurs
at a comparatively slower rate.

Therefore, for electromechanical devices using commercial membranes
exchanged with H*, the configuration of D assumes a simplified form of a pure
Warburg element (W) owing to the efficient transport of protons via the
Grotthuss mechanism, as depicted in Figure 48c. Hence, the copolymer-based
electromechanical device in the acid form is expected to exhibit analogous
behavior. On the other hand, it is important to consider the cation/domain size
ratio (PSS-r-PS) and the number of sulfonated groups, as they play a crucial
role in forming a favorable path for ionic migration, affecting the system's overall
efficiency.

In this specific case, the system's performance is determined by the size
of the rigid conducting phase, primarily composed of PS (80%, SD = 16.7%). By
increasing the size of the PS backbone, a resistive component is added to the
overall system impedance, resulting in a delay in the migration of ions. This
delay is directly related to pseudocapacitance and Qphase and impacts the
overall system performance. Additionally, the migration of ionic species through
this region is expected to exhibit a resistive-capacitive behavior (RphaseCphase).
For this reason, a delay component was added to the circuit for the block
copolymer, as presented in Figure 48c.

Figure 48d presents the Bode plot of the impedance magnitude (|Z|). At
low frequencies, |Z| is dominated by the ionic response (slow processes), while,
at high frequencies, purely electronic processes are observed. As expected, the
samples resistance is lower for higher humidity conditions since this property is

directly related to the membrane hydration level. Also, when RH < 90%, one
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can observe an increase in the device resistivity at low frequencies, indicating
an increase in the impediment to diffusional ion transport. The Bode phase of
the device provides information about their characteristic time constants,
achieved by normalizing the device resistance (Rdev) to zero (as depicted in
Figure 48e).

The time constants of the device exhibit variation with increasing relative
humidity, as the presence of ions enables the formation of complexes with a
more significant number of water molecules. Consequently, it is possible to
observe that the ionic conductivity increases when the RH increases (Figure
48f), achieving its maximum at RH = 90% (0.16 S.cm'). Moreover, through
careful analysis, it becomes apparent that this electromechanical device's
sensor configuration can perform optimally at high RH conditions, as it exhibits
enhanced ionic transport capabilities when frequency is lower than 5 Hz.
Therefore, the electromechanical characterization presented in the next section

was performed in a sensor configuration at RH = 90% and frequency < 5 Hz.

4.5.3 Platinum electrodes morphology

Following the preparation of the electromechanical device, an investigation
into the morphological features of the platinum electrodes was conducted. The
analysis encompassed both the surface characteristics and the interface region
with the copolymer. Figures 49a and 49b showcase scanning electron
microscopy images capturing the surface topography and the lateral region,
respectively.

As previously described, the IPMC is a sandwich-type device in which Pt
electrodes are formed at the surface of the copolymer by the reduction of Pt?*
cations incorporated by the membrane during the adsorption step. It is possible
to notice clusters ranging in size from 10 to 20 um, spread evenly over the
entire surface, forming platinum “islands”. This was already expected since the
deposition method involves the reduction of a metallic salt on the irregular
surface and is composed of several nanometer-sized channels (PSS-PS

lamellar domain).
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cryofracture showing platinum layer thickness

Platinum ions accumulate where -SO3™ groups are present. These groups
have different positions and sizes along the rigid domain of the copolymer.
Therefore, during the reduction stage, the growth of metallic platinum occurs in
various regions simultaneously, that is, irregularly, resulting in a segmented
structure similar to platinum islands.The structure formed is similar to that
obtained in Nafion-based IPMC samples, as already demonstrated in other
works by our research group [85], [314].

Additionally, in Figure 49b, the polymer morphology and the thickness of
the Pt layer in a cryogenically fractured sample are observable. The total
thickness of IPMC-H at 50% relative humidity measures approximately 200 pm,
with 0.8 um attributed to the Pt electrodes, constituting 0.4% of the overall
thickness. It's worth noting that variations in membrane thickness may occur
depending on the counterion and RH. Ripples are evident at the platinum
interface with the copolymer, indicating potential surface irregularities. This
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suggests that the material surface might not be entirely flat, likely due to the film
preparation process involving casting.

Studying metal/polymer interfaces in electromechanical devices is crucial
for advancing their functional understanding, enhancing actuation performance,
improving durability and stability, optimizing sensing capabilities, and advancing
fabrication techniques for various applications in robotics, biomedical devices,
aerospace, and beyond [315]. Also, the metal/polymer interface in EMD devices
exhibits a dynamic and multifaceted nature, encompassing a range of physical,
chemical, and electrochemical phenomena.

The pioneering work in comprehending and modeling the electrode film
structure was undertaken by Kim and Shahinpoor [316][317]. In their studies,
they delineated metallic electrodes as the union of coagulated metallic particles.
These particles are distributed both on the membrane surface and within the
layer just beneath it, permeating the membrane. These layers were termed the
outer electrode or metallic electrode, characterized solely by the metallic film,
and the internal electrode or composite electrode or interfacial electrode,
distinguished by a blend of polymer and reduced metal.

Experimental observations indicate that the noble metal (platinum, gold,
palladium, and silver) particulate layer is typically buried within the surface,
reaching a depth of a few microns (usually between 1 to 10 um). This layer
demonstrates a high degree of dispersion throughout the ionomer [316], forming
either a dendritic type electrode, a granular interfacial electrode, or a layered
structure [318][319]. The interaction between polymer and platinum electrodes
also involves interfacial adhesion. Strong adhesion between the Nafion
membrane and the platinum electrodes is essential for maintaining structural
integrity and preventing delamination or detachment during actuation.

Overall, it can be inferred that the electroless plating deposition procedure
was executed accurately and effectively. The electrode composition closely
resembles that of Nafion-based electromechanical devices, showcasing
exceptional adhesion to the membrane. This implies the development of a

dendritic structure at the interface. Hence, it is unequivocal that the device
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possesses all requisite attributes to deliver commendable electromechanical

performance, whether utilized as a sensor or actuator.

4.6 Electromechanical Response

Electromechanical devices cannot only convert mechanical energy into
electrical energy and vice versa but also offer the advantage of self-sensing
during actuation [320]. This feature allows for acquiring deformation
measurements that are much more compact, cost-effective, and lightweight
than traditional transducers. Consequently, they have the potential to replace
bulky vision systems [321], laser displacement sensors [322], load cells [323],
and inductive sensors [324]. The proposed applications for this sensing
capability encompass a wide range of fields, such as vibration sensing [325],
detection of seismic waves [326], position tracking in multiple degrees of
freedom [327], force measurement [328], pressure sensing [329], and flow
detection [330].

Therefore, the conducted test aimed to assess the electromechanical
sensors' capability to accurately convert the displacement trajectories from the
stepper motor into potential curves resembling these trajectories. Consequently,
diverse movements were examined, including speed, amplitude, and
acceleration variations. The movement of the sensor was captured using a
camera in combination with the electromechanical system, and the recorded
data was used to display the displacement profile and corresponding voltage in
Figure 50. The figure illustrates four distinct types of movement along with their
corresponding electrical responses.

As depicted in Figure 50a, controlled mechanical deformation was applied
at the IPMC-free end, capturing the damping vibration spectrum via an external
camera and acquiring voltage response through the characterization system.
This approach elucidates the system's proficiency in discerning electrical
responses across diverse frequencies, as the initial motion diminishes with time
and the electromechanical device functions across a range of frequencies.
Consequently, various motions were administered at different frequencies to

explore device behavior comprehensively.
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Figure 50: IPMC electromechanical response when subjected to different
displacement profiles. a) Damping vibration spectrum, b) movement with
constant linear speed, c) movement with non-linear speed, d) Sinusoidal

movement. RH was controlled at 90%.

Figure 50b illustrates the electrical response to movement with a constant
linear speed at a frequency of 0.7 Hz. Figure 50c shows movement with non-
linear speed, 8 mm displacement, and 0.25 Hz, and Figure 50d depicts a
sinusoidal movement with 8 mm amplitude and 0.25 Hz. It is evident that the
electromechanical response exhibited excellence, as the electrical response of
the IPMC synchronizes seamlessly with the external mechanical stimuli.
Moreover, the absence of noise or signal inconsistencies underscores the
sensor's commendable sensitivity while also attesting to the resilience and
aptitude of the electromechanical characterization system in accurately

measuring the electrical response.
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It is noteworthy that electrical parameters play a crucial role in various
applications, such as sensors and energy harvesting. In particular, voltage,
current, and coulombic efficiency are significant parameters. Numerous studies
have investigated the impact of cation species and water content on IPMC
voltage and current generation [311], [331]-[333]. It has been observed that the
amplitude of the voltage peak in response to a step-bending input shows a
correlation with RH and the type of cations present. Besides, the voltage
response is undesired at low relative humidity conditions.

Other researchers have suggested that for optimal IPMC current sensing,
the hydration level of the membrane should be in equilibrium with the
environment, without any excess water present [334]. These findings highlight
the importance of carefully controlling the water content and cation species in
IPMC sensing devices. For example, Bruneto et al. [335] have shown that as
the membrane's hydration level varies, there will be differences in the distance
between the charged species (-SOs™ groups and counterions). Consequently,
the coulombic interactions between these groups may be strong or weak,
determining ion mobility, Young's modulus, and electromechanical response.

This data is fundamental for predicting and controlling an IPMC-based
sensor [336]. Many efforts have been made to develop new strategies for
controlling them in real-world applications; the most straightforward is the
proportional-integral-derivative (PID) controller [26]. In this case, predictive
(feedforward) and corrective (feedback) schemes proved to be effective
methods capable of ensuring proper system functioning and reliability [337]. In
this sense, the input data (displacement) and output (voltage and current) must
be acquired and applied precisely.

Hence, assessing the device's capacity to convert mechanical deformation
into voltage across various stimuli is crucial. Figure 51 illustrates the voltage
amplitude generated when subjected to displacements of 8 mm at frequencies
of 0.1, 0.2, 0.4, and 2 Hz. The voltage fluctuation across different frequencies
becomes more evident when visualized in a bar graph. Additionally, the
variance throughout cycles, illustrated by error bars, is more effectively
highlighted.
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frequency stimuli.

When a low-frequency mechanical stimulus, such as bending or
stretching, is applied to an IPMC, it causes deformation of the polymer matrix.
This deformation leads to the redistribution of ions within the material as the
polymer chains and metal electrodes move relative to each other. The
movement of ions is facilitated by the interaction between the applied
mechanical stress and the ion-containing polymer matrix [320]. In general, the
device demonstrated its capability to sense applied strain by detecting changes
in potential across various frequencies. As previously illustrated in Figure 48e,
when operating at frequencies below 5 Hz, the device exhibited enhanced ionic
conduction. This phenomenon is consistently observed in Figure 51.
Decreasing the frequency leads to an amplified electrical response and
improved resolution.

This phenomenon is ascribed to the duration required to establish an ionic
gradient following the application of deformation. At extremely high frequencies,
the limited time available for ionic motion hinders ions from migrating in
adequate numbers to generate a satisfactory electrical response. Consequently,
it's evident that the copolymer's ionic processes exhibit optimal performance at
lower frequencies. Based on these findings, it can be inferred that the
electromechanical device functions satisfactorily as a sensor, showcasing a

reliable electromechanical response.
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This is particularly interesting since flexible sensors have garnered
extensive attention in the realm of intelligent wearable devices. Leveraging the
advantageous traits of bionic structural flexibility—including excellent skin
adhesion, biocompatibility, and heightened sensitivity—researchers have
delved into various applications. Among these, endeavors in expression
recognition and roughness detection have been pursued to showcase the
distinctive capabilities of fabricated IPMC sensors [338].

By the conclusion of this section, it is anticipated that this bio-inspired
electromechanical device will catalyze further strategic advancements in
developing novel materials and enhance the performance of ionic sensors.
Moreover, it aims to stimulate future exploration into the diverse applications of

these technologies.
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5 CONCLUSIONS

In summary, the primary objective of this study has been successfully
attained. The development of bio-inspired electromechanical devices based on
PBMA-b-(PSS-r-PS) amphiphilic block copolymer was successfully achieved
and exhibited an outstanding sensor response. Additionally, it is important to

highlight other objectives achieved individually:

- RAFT polymerization: It has been demonstrated by NMR and GPC that it
iIs a powerful and versatile polymerization technique that combines the
advantages of both radical and ionic polymerization systems to
synthesize the PBMA-b-(PNeoSS-r-PS) copolymers with the desired
chemical composition, molecular weight, and molecular weight
distribution. Furthermore, it was possible to synthesize a copolymer with
a well-defined architecture and control the degree of sulfonation using

conventional reaction conditions;

- Copolymer morphology: Analysis using AFM, XRR, and GISAXS
revealed that the block copolymer, with a molecular weight exceeding
65 kg.mol?, exhibited a distinct lamellar morphology. Attaining such a
structured morphology in lamellae holds significant importance, primarily
due to the potential enhancement in proton conductivity. Additionally,
order-to-disorder transitions were estimated through rheology
measurements. With this achievement, it was possible to advance
confidently to the subsequent stages in the development of the
electromechanical device;

- Thermolysis: The successful execution of thermochemical cleavage on
neopentyl groups presented in PBMA-b-(PNeoSS-r-PS) is evident from
comprehensive analyses, including DSC, TGA, FTIR, NMR, and GPC.
This process resulted in the generation of sulfonic acid groups, forming
an amphiphilic block copolymer (PBMA-b-(PSS-r-PS)). Besides, the
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procedure was straightforward and did not cause structural damage to

the material;

Electroless plating process: An electromechanical device was prepared,
presenting flexibility, mechanical resistance, and elevated ionic
conductivity using the electroless plating process. SEM analyses confirm
the successful execution of the plating process, yielding a platinum
electrode that uniformly covered the entire surface of the sample;

Electromechanical system: This thesis details creating a low-cost
system designed for controlling and characterizing these devices under
varying humidity conditions. The system proved to be efficient in
describing the samples, presenting a compatible, reproducible response
and a noise-free signal. By integrating electromechanical and
electrochemical data, we were able to gain deeper insights into certain
behaviors and correlate them with specific characteristics of this bio-

inspired device;

PBMA-b-(PNeoSS-r-PS) sensor device: Impedance spectroscopy
analyses clearly indicated a preference for ionic processes at lower
frequencies (< 5 Hz) and relative humidity levels exceeding 90%. Under
these conditions, the sensor exhibited an outstanding electrical response
to diverse mechanical stimuli, establishing itself as a prime candidate for
intelligent wearable devices applications.

In conclusion, all primary and secondary objectives have been

successfully met. Moreover, this research has identified several areas for

optimization, which will be explored in greater detail in the following section.
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6 SUGGESTIONS FOR FUTURE WORKS

Throughout the course of this study, several suggestions for future

research have surfaced and are outlined below:

- Employing rubbery monomers to prepare the macroinitiator introduces an
intriguing approach, as the resulting homopolymer will exhibit a low glass
transition temperature. This method facilitates a notable enhancement in
the degree of sulfonation of the subsequent copolymer while preserving
its flexibility. Examples of such monomers include butyl acrylate (-54°C),
isobutyl acrylate (-24°C), and butadiene (-90°C);

- As previously illustrated, the copolymer utilized in fabricating the
electromechanical device comprises only 10% of monomers containing
the sulfonic acid group. Despite this relatively low sulfonation level, its
ionic conduction properties are comparable to Nafion, the leading
commercial ionomer. Consequently, increasing the degree of sulfonation
in a material exhibiting periodic lamellar morphology holds the potential

to yield exceptional properties;

- Usually, IPMCs' water uptake is generally determined by immersing the
wholly dry sample in deionized water for at least one hour and measuring
the increase in weight of the swollen IPMC. However, measuring the
water absorption capacity as a function of time in a controlled
atmosphere is possible. Therefore, it is possible: i) Determine an
empirical relationship between the hydration level as a function of the
RH, ii) determine the mass variation as a function of time, and iii) connect
this information with copolymer morphology, aiming to understand better

the IPMCs electromechanical response;

- Modeling the lonic Migration: Modeling ionic migration in Nafion-based
IPMCs poses several challenges, notably: i) nonlinear behavior, ii)

dealing with multiscale phenomena, iii) accounting for material
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heterogeneity, and iv) ensuring experimental validation. Conversely,
describing ionic migration in block copolymers may be comparatively
more straightforward due to their well-defined morphology.
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ANNEX A

Acrylic Chamber Project
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Figure A52: The acrylic chamber project, designed using FreeCAD, presents an
isometric view of the assembled box alongside detailed front views of its

individual components.
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Figure A53: a) The acrylic chamber, assembled post laser-cutting of its
individual components, showcases a seamless union achieved through the
application of chloroform. b) Integrated within are electronic components
configured to control the stepper motor and data acquisition.
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Figure A54: Basic structure of a stepper motor and position control. A stepper
motor rotates with a fixed step angle. The rotation angle and speed of the
stepping motor can be controlled accurately using pulse signals from the
controller. The length of rotation of the stepping motor is proportional to the

number of pulse signal (pulse number) given to the driver.
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ANNEX B

Software code developed to perform humidity control

The programming language used to control the relative humidity system is

based on C++ and the code is written below.

#include <Wire.h>
#include <Adafruit_Sensor.h>
#include <Adafruit BME280.h>

#define DHT_pin 12

#define DHT_energy 13

#define SEALEVELPRESSURE_HPA (1013.25)
#define wet_pin 8

#define dry_pin 9

Adafruit BME280 bme;

int sensor = AO; //Analog pin to which the sensor is connected.
intSensorValue = 0; //Used to read the sensor value in real time.
int pot_val = 0;
int H_read = 0;

int adjust = 90; // Adjusted humidity

void setup() {
Serial.begin(9600);

pinMode(wet_pin, OUTPUT);
pinMode(dry_pin, OUTPUT);
pinMode(DHT _energy, OUTPUT); // DHT energy
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digitalWrite(wet_pin, HIGH); // Bombs will start
digitalWrite(dry_pin, HIGH); // off

if (Ibme.begin(0x76)) {

Serial.printin("Could not find a valid BME280 sensor, check wiring!");
while (1);
}

}
void loop() {

I/l Reading temperature and humidity:
digitalWrite(DHT_energy, HIGH); // bind DHT
delay(500);

float H_a = (bme.readHumidity());

float T_a = (bme.readTemperature());

delay(250);

float H_b = (bme.readHumidity());
float T_b = (bme.readTemperature());
delay(250);

float H_c = (bme.readHumidity());

float T_c = (bme.readTemperature());

float H mean=((H a+H b+H c)/3);
floatT_mean=((T_a+T b+ T c)/3);

H read = H_mean;
if (isnan(H_a) || isnan(H_b) || isnan(H_c))

{
digitalWrite(DHT_energy, LOW); // turn off DHT
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delay(500);
Serial.printin("Sensor disconnected!");

return;

/] Test to trigger bombs:
if (H_read < adjust)
{
digitalWrite(wet_pin, LOW);
digitalWrite(dry_pin, HIGH);
}
else if (H_read > adjust)
{
digitalWrite(wet_pin, HIGH);
digitalWrite(dry_pin, LOW);
}
else if (H_read == adjust)
{
digitalWrite(wet_pin, HIGH);
digitalWrite(dry_pin, HIGH);

Serial.print(T_mean);
Serial.print(",");
Serial.print(H_mean);
Serial.print(",");
Serial.print(bme.readAltitude(SEALEVELPRESSURE_HPA));
Serial.print(",");
Serial.print(bme.readPressure() / 100.0F);
Serial.print(",");

//Reading the sensor value.
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int valueSensor = analogRead(sensor);

/IDisplaying the sensor value on the serial monitor.

Serial.print(valueSensor);

Serial.printin();
delay(500);

@ coms
Enviar
ystal_12C.h Temperature: 21.80 HBumidity: 75.10 Ajusted: 75
- Temperature: 21.80 Humidity: 76.30 Ajusted: 75
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DHT dht(DHT_pin, DHT_type);
/liquidCrystal_I2C led(0x27, 2, 1, 0, 4, S, &, 7, 3, POSITIVE):

£gin(9600) ;

230
04/12/2022 3)

12 € = - B @_/ BB 28°C Chuvafraca A@m@az
Figure B55: Relative humidity reading in real time, which can be observed both
directly from the Arduino program and on the LabView front panel, as shown in

Appendix C.
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Comunication Parameters
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Figure C56: Front panel of the developed control system.
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Figure C57: Pattern recognition software (part 1).
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Figure C58: Pattern recognition software (part 2).



