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Preface

In recent years, the need for materials that align with environmental sustain-

ability, the circular economy, and energy e�ciency has become increasingly

urgent. This thesis focuses on the development of stimuli-responsive ma-

terials, with particular emphasis on hybrid materials and nanocomposites,

which are pivotal for advancing both technology and sustainability. Hy-

brid materials, composed of both organic and inorganic components, have

emerged as versatile solutions across various industries due to their ability

to enhance mechanical, thermal, and optical properties. These materials

not only o�er advanced functionality, but they also provide opportunities

to reduce environmental impact, an increasingly critical issue in materials

science.

Reducing environmental impact can be achieved by utilizing materials de-

rived from waste, which can be re-evaluated and repurposed, thus mini-

mizing the reliance on raw resources. Additionally, optimizing the processes

for developing new materials and improving the performance of existing ones

can further mitigate their environmental footprint throughout their lifecycle.

Stimuli-responsive materials, also known as smart materials, are particularly

promising in addressing these challenges. These materials are designed to re-

act to environmental changes, making them ideal for advanced applications
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that require adaptability. Smart materials can sense and respond to stimuli

such as light, heat, pH, or mechanical stress, undergoing reversible changes

triggered by external conditions. For example, photo-responsive and thermo-

responsive materials can undergo reversible structural changes when exposed

to speci�c wavelengths of light or temperature gradients, respectively, fur-

ther expanding their potential applications. Photo-responsive systems can

be applied, for example, in the development of smart, biodegradable pack-

aging materials that can assemble and disassemble on demand simply by

changing the wavelength of light. This capability would not only allow for

the recovery of the original materials but also reduce long-term waste ac-

cumulation. Similarly, thermo-responsive systems can be utilized in the

creation of lubricants that are essential for reducing friction and wear in

mechanical systems. This not only conserves energy but also extends the

lifespan of machinery, thereby lowering the demand for raw materials and

energy-intensive manufacturing processes. In a broader context, the thesis

underscores the importance of continued innovation in designing materials

that respond to environmental stimuli while adhering to the circular economy

principles. By focusing on energy e�ciency and reduction of environmen-

tal impact, the development of these advanced materials appears crucial for

fostering sustainable processes and products which can be easily adapted to

the evolving technological and ecological demand.
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CHAPTER 1

1.1 Hybrid materials and Nanocomposites

Recent technological advancements have signi�cantly increased the demand

for new materials with advanced functionalities. Traditional materials like

metals, ceramics, and plastics are often unable to meet the diverse require-

ments of modern applications. In response, a new class of materials called

"hybrid materials" has emerged. According to the International Union of

Pure and Applied Chemistry (IUPAC), hybrid materials are composed of a

blend of inorganic, organic, or both types of components that interpenetrate

on a sub-micrometer scale. Today, hybrid materials are considered one of

the most promising classes of innovative materials, with applications across

a wide range of �elds, including technology, optics, electronics, mechanics,

and biology (Figure 1.1).[1�3]

Figure 1.1: Applications of composites and hybrid materials[2]
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CHAPTER 1

Developing hybrid materials is not solely a human innovation, as nature

provides numerous examples, such as wood (cellulose �bres in a lignin ma-

trix), bone (collagen reinforced with mineral apatite), crustacean shells, and

mollusc shells. Nature has long achieved an optimal balance of durabil-

ity, mechanical strength, density, permeability, hydrophobicity, and other

material properties. Human inspiration for hybrid materials comes from ob-

serving these natural systems.[4�6]

While it is di�cult to pinpoint exactly when humans began developing hy-

brid materials, ancient civilizations used mixtures of organic and inorganic

components, such as pigments for decorative art, including paintings and

frescoes.[7, 8] However, the systematic development of true hybrid materials

began in the late 20th and early 21st centuries, driven by advancements in

chemical and physical characterization techniques that enabled analysis at

the sub-micrometer scale.[9]

The unique characteristic of hybrid materials lies in the fact that their �nal

properties are not merely the sum of the individual properties of their com-

ponents but are primarily derived from the strong synergy created at the

interface between these components. The core concept of hybrid materials

is this "hybrid interface" which is responsible for the advanced properties

of the �nal material.[10, 11] The nature of the interface is crucial for clas-

sifying hybrid materials, which are divided into two main classes based on

the type of interactions between their components (Figure 1.2). Class I

includes materials where the interactions between the phases are weak, such

as van der Waals forces, weak electrostatic interactions, or hydrogen bonds.

In contrast, Class II comprises materials where the interactions are strong,
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Figure 1.2: Typical interactions entailed in hybrid materials and their relative
strength variations[10]

such as ionic, covalent, or coordination bonds. It is important to note, how-

ever, that in some cases, classi�cation can be ambiguous, as a coordination

bond may be weaker than a hydrogen bond. As a result, the classi�cation

of a material often requires evaluating the strength of chemical interactions

on a case-by-case basis.[10]

The terms "hybrid material" and "nanocomposite" are often mistakenly

used interchangeably, but they refer to distinct concepts. A nanocompos-

ite is a type of hybrid material in which at least one component has at

least one dimension in the 1-100 nm range. While it is accurate to call a

nanocomposite a hybrid material, the reverse is not true, a hybrid material
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is not necessarily a nanocomposite. This distinction is important because

numerous studies have shown that nanoscale dimensions play a crucial role

in signi�cantly altering the �nal properties of the material, compared to

non-nanoscale components. The size of the components at the nanoscale

especially a�ects properties such as optical and mechanical behaviour.[2, 10]

Figure 1.3: Overview of top-down approaches for preparing polymer nanocom-
posites[12]

Among all of them, polymer nanocomposites provide a creative platform for

developing a wide range of new materials by combining organic �exibility

with the robustness of inorganic components, generally designated as �ller

or nano�ller (Figure 1.3). These materials are highly adaptable, allowing for

the incorporation of inorganic clusters or nanoparticles into organic polymer

matrices, which enhances their optical, electronic, or magnetic properties. A

key advantage is their polymer-like processability, eliminating the need for

high-temperature treatments typically required for inorganic solids. This

allows for shaping in bulk or �lm forms, which is particularly useful for
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producing scratch-resistant coatings and improving material performance

through surface treatments.[12�14]

Their optical transparency, achieved by avoiding light scattering, makes

them ideal for optical applications. Phase separation between organic and

inorganic components can also be controlled to create porous materials. The

ability to modify the properties of polymer nanocomposites at the molecular

scale with suitable �ller enables the �ne-tuning of characteristics like hy-

drophobicity, mechanical strength, or scratch resistance. Moreover, polymer

nanocomposites are highly promising for smart technologies, o�ering appli-

cations in electrochromic systems, sensors, biohybrids, and electroactive ma-

terials, with improved stability and performance of organic or biomolecules

when integrated into inorganic frameworks.[15�19]

In the following section, the main �ller classes utilized in polymer nanocom-

posites will be described, with a speci�cal focus on SiO2 nanoparticles and

natural occurring clays �bers, which represent promising candidates in terms

of performance, availability, sustainability, and costs.
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1.2 Nano�llers

1.2.1 Nano�llers de�nition and classi�cation

Nano�llers are nanoscale materials incorporated into polymer matrices to

enhance or introduce speci�c properties, signi�cantly improving the perfor-

mance of the resulting polymer nanocomposites. These �llers can either

be functional, designed to add new properties or improve existing ones, or

act as extenders, where they serve merely as �ller materials. The bene�ts

of nano�llers stem from several factors, including their ability to improve

mechanical, adhesive, thermal, electrical, and optical properties, depending

on their homogeneous distribution within the matrix and the interaction

between the �ller and the polymer. The high surface-to-volume ratio of

nano�llers plays a crucial role in maximizing these e�ects. Nanocompos-

ites containing nano�llers are widely applied in various �elds such as energy

storage, electronics, coatings, biomedical devices, and catalysis.[20�23]

Nano�llers can be classi�ed based on their dimensions, one of the key pa-

rameters for modulating the �nal properties of the composite, as well as

their porosity and chemical nature. These parameters in�uence the way

nano�llers interact with the polymer matrix and determine their utilization

in speci�c applications.[13, 24]

Classi�cation by dimensions

- One-dimensional nano�llers are characterized by one dimension in the

range of 1-100 nm, typically exhibiting sheet-like structures, like for

example montmorillonite, ZnO nanopatterns, and nanographene discs.
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- Two-dimensional nano�llers have two of the three dimensions in the

range of 1-100 nm. This category includes carbon nanotubes, boron

nitride (BN) tubes, sepiolite �bers, gold and silver nanotubes, two-

dimensional graphene, SiO2, ZnO, and TiO2.

- Three-dimensional nano�llers have all the three dimensions within the

nanoscale range, like SiO2, Al2O3, TiO2, polyhedral oligomeric silsesquiox-

ane (POSS), carbon black, and quantum dots.

Classi�cation by porosity

- Macroporous nano�llers have pores with diameters greater than 50 nm.

- Mesoporous nano�llers feature pores ranging from 2 to 50 nm in di-

ameter.

- Microporous nano�llers have pores smaller than 2 nm.

Classi�cation by chemical nature

Nano�llers are also classi�ed according to their chemical composition, which

in�uences their interaction with the polymer matrix and dictates the types

of applications for which they are best suited.

- Organic nano�llers that include nanoparticles derived from organic or

natural sources, such as micelles, dendrimers, liposomes, and nanospheres.

These materials are valued for their nontoxicity, biodegradability, and

compatibility with biological systems.
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- Inorganic nano�llers that include metallic nanoparticles, carbon-based

nanoparticles, and ceramics like nanoclays and silicates. Inorganic

�llers provide enhanced biocompatibility, hydrophilicity, and chemical

stability, and are widely used in areas like optoelectronics, biomedicine,

photocatalysis, and imaging.

Among the inorganic nano�llers, silica (SiO2)[25�27] nanoparticles and nat-

ural clays (such as sepiolite, montmorillonite, and kaolinite)[28�32] play a

key role in the mechanical reinforcement in polymer composites. These

�llers are widely used in industries such as tire manufacturing, where they

signi�cantly enhance the Young's modulus (sti�ness), heat resistance, sol-

vent resistance, and transparency of the materials. Additionally, they play a

key role in reducing �ammability, a critical property for applications requir-

ing �re retardance. Silica and clays are particularly e�ective in elastomeric

matrices, where their high surface area enables strong �ller-matrix inter-

actions, resulting in improved mechanical performance. Furthermore, the

hydroxyl groups on the surface of these materials allow them to form hy-

drogen bonds with water vapor, thereby improving the moisture absorption

capabilities of the composite and reducing gas permeability. This makes

them ideal for applications in coatings, packaging, and moisture barriers,

where controlled permeability and absorption are critical.[33, 34] Accord-

ing to these considerations, the following sections provide a brief literature

overview of the characteristics and exploitation in polymer nanocomposites

of silica nanoparticles and phyllosilicates (speci�cally sepiolite nano�bers),

including details on the e�ect of �ller size/anisotropy and concentrations, as

well as selected applications.
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1.2.2 Silica Nanoparticles (SiO2 NPs)

Silica (SiO2) nanoparticles have gained signi�cant attention as nano�llers

due to their versatility and the wide range of properties they can impart

to polymer composites.[33, 35] Although silica can be found naturally in

crystalline forms such as quartz or cristobalite, synthetic silica is preferred

for industrial applications due to its purity and tunable properties, typi-

cally produced in an amorphous form. The use of synthetic silica avoids the

impurities present in natural sources, making it ideal for high-performance

materials.[36, 37] Silica nanoparticles are particularly valued for their high

surface area, low refractive index, and mechanical, thermal, and chemical

stability, which make them useful across various industries, including catal-

ysis, chromatography, pharmaceuticals, and food packaging.[35]

The synthesis of silica nanoparticles can be categorized into top-down and

bottom-up approaches. Top-down methods reduce the size of bulk materials

through mechanical or physical processes, while bottom-up methods involve

chemical synthesis from atoms or molecules. One of the most commonly used

bottom-up techniques is the sol-gel process, which o�ers precise control over

the size, shape, porosity, and morphology of the nanoparticles by adjusting

key reaction parameters such as temperature, pH, and the use of templat-

ing agents.[35] A notable example of this process is the Stöber method[38],

developed in the 1960s, which enables the production of uniformly sized,

monodisperse spherical silica nanoparticles. This method involves the hy-

drolysis of alkoxysilanes (e.g., tetraethoxyorthosilicate, TEOS) in an alcohol

solution, followed by condensation to form Si-O-Si bonds. The process is

typically catalyzed by ammonia, yielding spherical nanoparticles ranging in
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size from 20 nm to several micrometres. This control over particle size and

morphology is essential for tailoring the properties of silica nanocompos-

ites. For instance, silica nanoparticles can signi�cantly improve the compos-

ite material's mechanical strength, thermal resistance, optical transparency,

and electrical properties. Additionally, the surface hydroxyl groups (Si-OH)

present on silica nanoparticles can be functionalized with organic compounds

to enhance compatibility between the inorganic �ller and the organic poly-

mer matrix, further improving the composite's performance.[39]

The ability to produce pure, homogeneous silica nanoparticles with con-

trolled properties and the option to modify their surfaces, makes them par-

ticularly attractive as nano�llers. These particles are extensively used in ap-

plications requiring high-performance materials, including coatings, optical

devices, and electronic applications. Their unique combination of properties

ensures that silica nanoparticles continue to be a crucial component in de-

veloping advanced polymer nanocomposites. Rahman et al.[35] compiled a

table summarizing examples of polymer nanocomposites incorporating SiO2

nanoparticles, demonstrating that various parameters, such as the type of

polymer, �ller content, and nanoparticle size/morphology, can lead to dif-

ferent enhancements in the composite's properties (Figure 1.4).

1.2.3 Silicates: Structure, Properties, and Applications

The use of nanometer-sized silicates as �llers for nanocomposites emerged

in the late 1980s to early 1990s, when montmorillonite nanoparticles were

incorporated into a nylon-6 matrix, notably in the automotive industry.[40]

Since then, research on these nanosilicates has expanded signi�cantly, as they
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Figure 1.4: Overview of di�erent types of silica-polymer nanocomposites re-
ported in the literature, including details on �ller sizes, concentrations, and select
results[35]
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o�er improvements in the thermal and mechanical properties of composite

materials, similar to other inorganic nano�llers but requiring much smaller

quantities.[41, 42] The most utilized are the hydrated phyllosilicates, with

the general chemical formula (Ca,Na,H)(M)2(Si,Al)4O10(OH)2·nH2O, where

"M" represents metals such as aluminum, magnesium, iron, or zinc. These

systems possess a lamellar or lea�et structure, with particle diameters typ-

ically ranging from 1 to 2 nanometers, but less than 4 nanometers overall.

The structure of phyllosilicates consists of alternating layers of tetrahedral

SiO4 units and octahedral AlO6 or MO6 units, and the classi�cation of these

materials is strongly in�uenced by the arrangement of these layers and the

speci�c metals present in the composition (Figure 1.5).[43]

Figure 1.5: Structure of layered silicates[12]

Classi�cation of phyllosilicates:

- 1:1 Silicates → In these minerals, each tetrahedral sheet is bonded to

one octahedral sheet, creating alternating layers, as seen in kaolinite
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and halloysite. This structure provides moderate reinforcing properties

but limits their use in high-performance applications due to weaker

interlayer interactions.

- 2:1 Silicates→ These comprise two tetrahedral sheets sandwiching one

octahedral sheet, as observed in montmorillonite, smectite, and vermi-

culite. The 2:1 arrangement increases the material's strength, �exibil-

ity, and thermal stability, making these minerals highly desirable for

advanced applications. The layers in these materials are held together

by weak forces, allowing intercalation of water and polar substances

between the layers, enhancing their �ller performance.

The incorporation of nanometer-sized clays or silicates into polymer matri-

ces o�ers several key bene�ts: enhanced mechanical strength[44] due to their

layered structure and high aspect ratio, which improves sti�ness and tensile

strength; increased thermal stability[45] by acting as barriers to heat �ow;

improved barrier properties[46] for reduced gas permeability, important for

applications like food packaging; the ability to achieve these enhancements

with low �ller content, making materials lighter and more e�cient; and main-

taining biodegradability[47], particularly with natural silicates like montmo-

rillonite and sepiolite, supporting eco-friendly applications. While advanta-

geous as �llers in polymer nanocomposites, silicates face challenges such as

aggregation, where strong van der Waals forces lead to particle clumping,

reducing their e�ectiveness. Exfoliation is another issue, as some silicates

like sepiolite do not exfoliate easily, limiting their ability to reinforce poly-

mer matrices. Additionally, the hydrophilicity of many silicates makes them

incompatible with hydrophobic polymers, often requiring surface modi�ca-

tions to improve dispersion and performance.[48] Sepiolite, a �brous silicate,
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stands out from other phyllosilicates due to its unique structure and distinct

properties, including high surface area and porosity. The next section will

describe in detail the main structural features of Sepiolite �bers.

1.2.3.1 Sepiolite

The structure of sepiolite consists of two-dimensional sheets of silica tetrahe-

dra with a central magnesium octahedral sheet. Additionally, the structure

exhibits an inversion of the apical tetrahedral units every six units, leading

to the presence of surface Si-OH groups. These groups, similar to those on

silica, enhance the reactivity of sepiolite and allow for chemical modi�ca-

tions and functionalization. The sheets are about 1.34 nm thick and are

covalently bonded in a "checkerboard" pattern, which prevents exfoliation

(Figure 1.6). Sepiolite appears as needle-like �bers, measuring between 40-

150 nm in width and 1-10 µm in length. These �bers often aggregate into

bundles with diameters ranging from 0.1 to 1 µm, which further combine into

larger, randomly oriented aggregates ranging from 10 to 100 µm in size.[49]

Figure 1.6: Models of sepiolite structure: (left) ball-and-stick model, (right)
polyhedral representation[50]

The Si-OH groups on the sepiolite surface enable chemical modi�cation, im-

proving its compatibility with polymer matrices. This modi�cation allows
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for the self-assembly of sepiolite �bers within polymer networks, contributing

to enhanced mechanical properties in the resulting nanocomposites. Further-

more, the �brous morphology of sepiolite provides unique reinforcing char-

acteristics, improving the elastic modulus of the nanocomposites in which it

is incorporated.[51]

Sepiolite has a wide range of applications due to its �brous structure and

large surface area. In polymer nanocomposites, it acts as a �ller, signif-

icantly enhancing mechanical strength and thermal stability, particularly

in polymers such as styrene-butadiene rubber, where its �bers exhibit self-

assembling behaviour.[52] In bio-nanocomposites sepiolite is preferred for

food packaging applications because it improves mechanical properties and

barrier performance while retaining biodegradability.[53] Its large surface

area also makes sepiolite valuable in catalysis, o�ering abundant sites for

adsorption and promoting chemical reactions.[54] Additionally, sepiolite is

utilized in environmental remediation, where its porosity and high surface

area allow it to e�ectively adsorb pollutants, making it a valuable mate-

rial in environmental cleanup e�orts.[55] While challenges such as aggrega-

tion and limited exfoliation persist, the potential of silicates, particularly

in biodegradable materials and environmental technologies, highlights their

importance in modern materials science.

In summary, nano�llers are versatile materials that, when integrated into

polymer matrices, enhance a wide range of properties, including mechanical

strength, thermal stability, and optical transparency, as a function of their

size, shape and aspect ratio. Their action in nanocomposites encompasses

a suitable incorporation/dispersion in the host matrix, which strongly re-
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lies not only on the morphological features but, most importantly, on their

surface features. In line with these considerations, the following section will

cover the aspect of the surface compatibilization of �ller nanomaterials and

the e�ect of the surface functionalization on the �nal polymer nanocomposite

properties.
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1.3 Compatibilizing agents and

functionalization reaction

Achieving homogeneous dispersion of the nano�ller is a critical issue as it

directly in�uences the ultimate properties of the material. There are two

primary approaches to pursue this goal: the �rst involves the e�ective dis-

persion of the nano�ller within the polymer matrix by exploiting speci�cally

tailored mixing or incorporation techniques; the second involves the chem-

ical surface modi�cation of the nano�ller to enhance its compatibility with

the polymer. The polymer matrix may also undergo chemical modi�cations

to further improve compatibility with the nano�ller.

Focusing on the second approach, extensive research e�orts demonstrated

that surface functionalization of nano�llers can signi�cantly improve the

compatibility between the organic and inorganic components, leading to

better dispersion. The potential applications of these advancements span nu-

merous �elds, including microelectronics, dyes, packaging, and biomedicine.[39,

56]

For silica and silicates, surface functionalization through silanes is particu-

larly e�ective. These compatibilizing agents, with the general chemical for-

mula Si(OR)3R', feature a Si(OR)3 group that reacts with hydroxyl groups

on the nano�ller surface, while the R' group interacts with the polymer ma-

trix. Figure 1.7 illustrates some commonly used silanes.[35]

Among silanes, 3-aminopropyltriethoxysilane (APTES) is particularly im-

portant due to its versatile amine functionality. APTES is widely used for
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Figure 1.7: Commonly used silane coupling agents[35]

metal cation sequestration, the formation of salt bridges, and as a basic

catalyst.[57] It also facilitates reactions with activated derivatives of car-

boxylic acids, forming amides and enabling the covalent anchoring of vari-

ous organic compounds onto inorganic nanoparticles. Similarly, methacry-

loxypropyltrimethoxysilane (MPTMS) anchors organic molecules or poly-

mers. In this case, radical reactions between acrylic or methacrylic groups

are exploited, allowing the formation of longer polymer chains from small

organic molecules. This ability to anchor organic compounds is highly valu-

able, as it imparts speci�c functionality to the �ller, enhancing the properties

and applications of the �nal system.[17]

In general, most studies employ two di�erent strategies. The �rst is a con-

ventional two-step process, in which the �ller is �rst functionalized with a

silane (such as APTES or MPTMS), and then the organic functionalities

grafted onto the surface are modi�ed with the desired functionality in a sub-

sequent step.[58] The second entails a one-pot technique, where both the

functionalization of the �ller and the modi�cation of the silane's terminal

group occur simultaneously.[59] However, both methods have drawbacks,

since they can result in low reaction yields of the modi�cation of the silane's

terminal group and, consequently, the unreacted groups may impart insta-
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bility to �nal application of the system.

The ideal scenario is to have a pure silane containing the desired functional

group. However, when such a silane is not commercially accessible, a po-

tential alternative is to synthesize the required silane from an available one

(e.g., APTES) under conditions that prevent the self-condensation of the

silanol groups.

Surface functionalization of silica and silicates with silanes can be performed

in either aqueous or non-aqueous environments. Non-aqueous conditions are

generally preferred when using APTMS or APTES, as the amine group can

promote uncontrolled hydrolysis and polycondensation in aqueous environ-

ments. Organic solvents, by contrast, allow for better control of reaction

parameters, with the reaction typically proceeding via direct condensation

under re�ux. However, for large-scale production, aqueous environments are

more practical. In these cases, silanes �rst undergo hydrolysis and conden-

sation, forming siloxane bonds and releasing water, as illustrated in Figure

1.8.[35]

Several key parameters in�uence the success of the functionalization reaction

with organosilanes, including temperature, the concentration of organosi-

lane, and the amount of water and solvent used. Proper control of these fac-

tors enables the formation of a homogeneous single layer of organosilane on

the nanoparticle surface. Conversely, excessive amounts of water and silane

can lead to the formation of uncontrolled multilayer structures. In extreme

cases, this results in sol-gel condensation and gelation rather than e�ective

particle functionalization, due to dominant hydrolysis and self-condensation
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Figure 1.8: Chemical modi�cation of silica surfaces in an aqueous system[35]

mechanisms.

For SiO2 nanoparticles, one-pot synthesis methods in which synthesis and

functionalization occur simultaneously have been developed. This approach

reduces time and energy compared to the conventional process, involving

nanoparticle synthesis and functionalization. Conversely, in the one-pot

method, silanes or TEOS co-condensation occurs via a modi�ed Stöber pro-

cess. However, while the traditional approach preserves particle size and

porosity distribution, the one-pot strategy often results in larger nanoparti-

cles.[39]

A notable example of the impact of surface functionalization on nanocompos-

ite properties is presented in a study by D'Arienzo et al.[17] In this research,

the inclusion of TMMS (3-methacryloxypropyltrimethoxysilane) as a com-

patibilizing agent in a composite of silica nanoparticles (SiO2) and ladder-like

polysilsesquioxane (LPMASQ) brings several advantages. The TMMS func-

tionalization enhances compatibility between the silica nanoparticles and the
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silsesquioxane matrix, resulting in better dispersion and stronger interac-

tions. This leads to more homogeneous surfaces and a marked improvement

in thermal stability, with an increase of about 30◦C compared to composites

without TMMS. Additionally, TMMS functionalization boosts hydrophobic-

ity by providing methacrylate groups, which react with those in LPMASQ,

optimizing the polymer-�ller interaction without increasing surface rough-

ness of the �lm. This study highlights how including a functionalizing agent

improves �ller dispersion within the polymer matrix and, through cross-

linking with the matrix, forms a network that signi�cantly enhances the

hydrophobic properties of the nanocomposite �lm (Figure 1.9).

Figure 1.9: Contact angle values for LPMASQ, SiO2/LPMASQ, and
SiO2@TMMS/LPMASQ surfaces. The images on the left show representative
snapshots for the static contact angle (top), the advancing contact angle (θA, cen-
ter), and the receding contact angle (θR, bottom)[17]
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1.4 Smart polymer nanocomposites:

an emerging class of materials

In recent years, a new era of smart materials and technologies has emerged

alongside the hybrid and composite materials era. The de�nition of smart

materials, however, remains somewhat controversial. Spillman Jr. et al.[60]

attempted to better de�ne the �eld of smart materials and structures, ex-

amining their current state and potential bene�ts. Their analysis of survey

results and other contributions revealed a broad range of sometimes con-

�icting views, all of which are considered to align with the concept of smart

materials and structures. The conclusion is that smart materials are ad-

vanced materials capable of responding to external or internal stimuli and

environmental changes, triggering speci�c functions in response. These ma-

terials represent an evolution in materials science, from inert substances to

materials designed for speci�c functions and, ultimately, to materials capa-

ble of adaptive, active, and intelligent responses.[61, 62]

The de�nition of smart materials has expanded to include materials that

can receive, transmit, or process stimuli and respond by producing a useful

e�ect, which may include signaling their response. These stimuli can range

from strain, stress, temperature, and chemicals (including pH) to electric

and magnetic �elds, hydrostatic pressure, radiation, and more. In addi-

tion, a key criterion for a material to be considered "smart" is that its

ability to receive and respond to stimuli in a useful way must be reversible

during its performance lifecycle. Materials that are formally classi�ed as

smart include piezoelectric materials, electrostrictive materials, electrorheo-

logical materials, magnetorheological materials, thermoresponsive materials,

24



CHAPTER 1

pH-sensitive materials, UV-sensitive materials, smart polymers, smart gels

(such as hydrogels), smart catalysts, and shape memory alloys. Techni-

cal applications of smart structures include composite materials embedded

with �ber optics, microelectromechanical systems (MEMS), vibration and

sound control, shape control, health or lifetime monitoring, intelligent pro-

cessing, self-repair (healing), arti�cial organs, and advanced damping sys-

tems. They are used in a wide range of industries, including automobiles,

aerospace (space systems, aircraft), naval vessels, civil engineering, machine

tools, recreational equipment, and medical devices (Figure 1.10).[63]

Among the various smart materials, two classes have gained signi�cant

attention in recent years: photo-responsive nanocomposites and stimuli-

responsive solvent-free nano�uids. Their main characteristics, action mech-

anisms and applications will be described in the following sections.

Figure 1.10: Examples of current applications of smart materials[64]
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1.4.1 Photo-responsive polymer nanocomposites

The use of light as a stimulus to impart properties to the materials is par-

ticularly appealing due to its ability to be controlled remotely and pre-

cisely. Light can be switched rapidly and focused on speci�c areas, al-

lowing for targeted responses. Many photoreactive systems have been in-

spired by nature, which has evolved complex biological mechanisms that

harness light as a source of energy and information. For instance, light-

induced cis-trans isomerization in the retinal-bound protein opsin initiates

a cascade of events, including protein conformation and membrane perme-

ability changes, ultimately leading to neural signaling and the perception of

light.[65, 66] Photoresponsive materials can also be used for the development

of smart nanocomposite. For example, Liu et. al[67] reports the development

of a photoresponsive nanocomposite using self-assembly of an azobenzene-

modi�ed silane in a silica framework. The azobenzene molecules, known for

their light-induced isomerization, were incorporated into mesoporous silica

�lms. The resulting nanocomposite exhibited reversible photoisomerization

between trans and cis forms upon exposure to UV light or heat, which in

turn controlled the pore size and surface properties (Figure 1.11). These dy-

namic properties have potential applications in controlled release systems,

molecular valves, and optically switchable membranes.

Another interesting study presents the development of a nanostructured,

photoresponsive �lm made from a coumarin-modi�ed monomer that exhibits

photoreversibility and self-healing properties (Figure 1.12). The �lm can

polymerize and depolymerize using UV light without the need for catalysts,

heat, or other stimuli. Key �ndings include the ability to heal scratches
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Figure 1.11: Photoresponsive nanocomposites prepared by evaporation-induced
self-assembly procedure[67]

by merely using UV light and signi�cant mechanical properties recovery af-

ter damage. Photoreversible reactions, such as the 2π + 2π cycloaddition

of coumarin moieties, enable the polymer network to reversibly form and

break under di�erent UV wavelengths, resulting in highly reversible poly-

merization and potential for recyclability. The mechanism was con�rmed

using infrared and UV-visible spectroscopy, and molecular weight changes

were tracked by GPC analysis. This photoreversible process allows the poly-

mer to transition from a cross-linked state back to monomers and oligomers,

enabling the �lm to self-heal after damage, with up to 91% recovery in me-

chanical properties.[68]

In recent years, growing environmental and sustainability concerns have

highlighted the urgent need to reduce the reliance on fossil-based raw materi-

als and lower net CO2 emissions. As a result, biobased materials have gained
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Figure 1.12: Schematic illustration of the preparation of photoreversible smart
polymers[68]

signi�cant attention across various �elds, including the development of pho-

toresponsive biobased materials.[69] The term "biobased" refers to materials

or products that are wholly or partially derived from biomass sources such

as plants, vegetables, and microorganisms.

One example of photoresponsive biobased materials is a study, done by

Zhang et al[70], which explores the use of cellulose nanocrystals (CNCs), de-

rived from wood pulp, as UV-absorbing and reinforcing agents in poly(vinyl

chloride) (PVC) �lms. In this study, the CNCs are modi�ed with cinnamate

groups, which absorb UV light and undergo 2π + 2π cycloaddition crosslink-

ing when exposed to UV radiation (Figure 1.13). This modi�cation enhances

the UV resistance, thermal stability, and mechanical strength of the PVC

�lms. The resulting �lms remain transparent to visible light while e�ectively

blocking harmful UV radiation, making them ideal for protective coatings

and packaging applications. Moreover, the renewable origin of CNCs adds

to the environmental sustainability of these materials.
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Figure 1.13: UV-Absorbing Cellulose Nanocrystals as Functional Reinforcing
Fillers in Poly(vinyl chloride) Films[70]

Another example concerns developing a biobased, photo-reversible self-healing

polymer derived from lignin, a renewable resource. This polymer uses cinnamate-

like monomers that enable crosslinking and UV-triggered decomposition

through a 2π + 2π cycloaddition reaction. When exposed to UV light,

these polymers can autonomously heal cracks without external intervention,

demonstrating signi�cant self-healing capabilities. With their eco-friendly,

renewable origin and UV-responsive properties, these polymers have poten-

tial applications in various industries (Figure 1.14).[71]

Both examples illustrate how biobased materials can contribute to devel-

oping sustainable, environmentally friendly technologies while o�ering ad-

vanced functional properties.

In summary, various light-induced processes, including isomerization, Diels-

Alder cyclization, coordination, disul�de exchange, transesteri�cation, imine

formation, and photodimerization reactions, are being utilized to develop

photoresponsive (bio)materials. In particular, the 2π + 2π cycloaddition

29



CHAPTER 1

Figure 1.14: Synthesis of photo-responsive polymers from lignin-based
monomers[71]

reaction seems to be very promising and easy to be exploited for these pur-

poses. In view of these considerations, the mechanism and the functional

groups suitable to undergo this photoinduced process will be described in

the next subsection.

1.4.1.1 Photoreversible 2π + 2π cycloaddition

reactions and photoreversible units

A growing area of focus is the 2π + 2π cycloaddition reactions, which allow

control over material structures and their properties through light exposure.

This photochemical reaction involves the formation of a cyclobutane ring

from two alkene reactants through a typical photochemical mechanism. The

process occurs via an interaction between the HOMO (π*) of one alkene

and the LUMO (π) of another alkene, following a suprafacial pathway, as

illustrated in Figure 1.15.[72]
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Figure 1.15: Orbital symmetry required for suprafacial [2π + 2π] cycloaddition
of two generic alkenes[72]

These reactions have been applied to create new materials, including 2D

nanosheets and photoresponsive molecular organic frameworks (MOFs), al-

though some require speci�c conditions like a crystalline state. Recent

progress includes the development of photoreversible linear polymers, par-

ticularly using 2π + 2π cycloadditions with thymines and styrylpyrene.[73]

Cinnamic acid, stilbene, thymine, coumarin are typical molecules which can

undergo these sustainable reactions, as both forward and reverse processes

are light-driven (see Figure 1.16).

In particular, cinnamic acid and coumarin have recently attracted great

interest as both naturally occurring molecules found in various plants. Cin-

namic Acid is commonly derived from the bark of cinnamon trees (Cin-

namomum species) and is also found in other plants like balsams and cer-

tain fruits. It is part of the phenylpropanoid pathway in plants, which

synthesizes various secondary metabolites. Cinnamic acid is a precursor

for lignins, �avonoids, and other important plant compounds. Its natural

occurrence makes it a sustainable candidate for use in eco-friendly nanocom-

posite materials. Coumarin is found in many plants, including tonka beans
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Figure 1.16: Moieties capable of undergoing photo-reversible dimerization by
UV irradiation[72]

(Dipteryx odorata), sweet clover (Melilotus species), and some grasses. It

has a characteristic vanilla-like scent and is used in perfumes and �avorings.

In plants, coumarin plays a role in defence mechanisms against herbivores

and pathogens. Its natural abundance and renewable sourcing make it an at-

tractive option for developing sustainable materials. Both molecules' natural

origin provides the potential for creating biodegradable and environmentally

friendly nanocomposites.[74, 75] Mostly coumarin derivatives anchored to

hybrid NP surfaces have been explored, providing several examples of either

potential drug-delivery or light-triggered assembly systems. An interesting

study discusses the modi�cation of MCM-41 mesoporous silica with a pho-

toresponsive coumarin derivative, allowing for controlled storage and release

of guest molecules. UV light induces photodimerization of coumarin, clos-

ing the pores and trapping molecules like phenanthrene inside. Exposure to
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shorter UV wavelengths breaks the dimer, releasing the trapped molecules

(Figure 1.17).[76]

Figure 1.17: Mechanism of Photo-Switched Storage and Release of Guest
Molecules in the Pore Void of Coumarin-Modi�ed MCM-41[76]

1.4.2 Stimuli-responsive Solvent-free Nano�uids (SNFs)

Solvent-free nano�uids (SNFs) are advanced liquid-like materials consisting

of nanoparticles (either inorganic or organic) functionalized with polymer

chains, providing exceptional mechanical, thermal, and electrical properties.

These nano�uids do not require traditional solvents, which makes them en-

vironmentally friendly and reduces potential issues like solvent evaporation.

The long polymer chains grafted onto the surface of the nanoparticles prevent

their aggregation, allowing the nanoparticles to remain stably dispersed. As

a result, SNFs display liquid-like behavior even at room temperature, which
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enhances their processability and usability across various applications.[77,

78]

SNFs are composed of two main parts:

1. Core → This represents the nanoparticle, which can be classi�ed into

three broad categories:

- Inorganic nanomaterials include materials like titanium dioxide

(TiO2), silica (SiO2), magnetite (Fe3O4), calcium carbonate (CaCO3),

graphene oxide (GO), carbon nanotubes (CNTs), and kaolinite.

These materials are often chosen for their unique optical, mag-

netic, mechanical, and catalytic properties.

- Small organic molecules include tetraaniline (TANI), which pro-

vides certain properties like electrical conductivity and liquid-

crystalline behavior.

- Organic-inorganic hybrids materials like polyaniline-Fe3O4, metal-

organic frameworks (MOFs), and polyhedral oligomeric silsesquiox-

ane (POSS), which combine properties from both organic and

inorganic components for specialized applications.

2. Shell → The core is wrapped with an organic shell, consisting of a

single or double layer of polymer chains. These chains include materials

such as polysiloxane, polyetheramine, or sulfonates. The shell weakens

the interaction between the nanoparticles, preventing aggregation and

ensuring that the nanoparticles remain stably dispersed. The shell

essentially acts as a substitute for traditional solvents, allowing the

nanoparticle to exhibit liquid-like �ow behavior, which improves its

thermal stability and ease of processing.
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The fabrication techniques greatly in�uence the properties of SNFs, includ-

ing their mechanical strength, conductivity, and stability. The main meth-

ods for fabricating SNFs include physical adsorption (nanoparticles with

hydroxyl-rich surfaces can physically adsorb polymers onto their surface),

covalent bonding (organic molecules can form covalent bonds with surface

groups like hydroxyl or carboxyl groups on the nanoparticles), ionic bonding

(an inner organic layer, or �corona,� is covalently bonded to the nanopar-

ticle core, the outer �exible long organic chains, known as the "canopy,"

are attached through ionic bonds) (Figure 1.18). The last one is the most

common strategy for preparing SNFs as it ensures stability and enhances

properties like mechanical strength and conductivity. This method allows

the nanoparticles to retain their physical and chemical properties while ex-

hibiting enhanced �uidity and processability.[79]

Solvent-free nano�uids (SNFs) possess a range of distinctive properties and

bene�ts that make them highly versatile materials. One of their key at-

tributes is their high dispersion stability, which comes from the polymer shell

that prevents nanoparticles from aggregating, ensuring consistent applica-

tion performance. This stability and enhanced mechanical, thermal, and

electrical properties allow SNFs to excel when durability, heat resistance,

and conductivity are crucial. Moreover, SNFs exhibit liquid-like behaviour

even at room temperature, making them highly processable without need-

ing for traditional solvents. This simpli�es handling and makes them more

environmentally friendly by reducing solvent-related concerns. Additionally,

the unique structure of SNFs improves their thermal stability, making them

resilient in high-temperature environments.[77, 79]
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Figure 1.18: The structure of the solvent-free nano�uids[79]

The practical applications of SNFs span several industries. In energy stor-

age, SNFs improve the e�ciency of batteries and supercapacitors by enhanc-

ing conductivity and preventing nanoparticle clumping, which contributes

to more reliable and e�cient energy systems. As lubricants, SNFs reduce

friction and wear in mechanical systems, thus extending the lifespan of ma-

chinery and improving operational e�ciency. In thermal management, SNFs

are used in heat transfer systems due to their superior thermal conductivity,

making them valuable for cooling systems in electronics or energy-e�cient

thermal materials. SNFs also play a signi�cant role in environmental appli-

cations, such as gas capture and separation, where they help capture and

store gases like carbon dioxide. Furthermore, their ability to enhance the

strength and thermal properties of polymer composites makes SNFs useful
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in advanced coatings, structural materials, and electronic devices (Figure

1.19).[79]

Figure 1.19: Functional Solvent-free Nano�uids application[79]

One of the pioneering studies introducing this concept was conducted by

Athanasios B. Bourlinos.[80, 81] His research focuses on the surface func-

tionalization of nanoparticles such as SiO2 and γ-Fe2O3 with large organic

counterions, like sulfonates, to create materials that behave as viscous �uids

at room temperature, despite being composed of solid nanoparticles (Figure

1.20). These functional nano�uids hold potential applications in lubricants,

coatings, and electronics, as their design reduces interparticle interactions,

leading to improved stability and tunability. These materials exhibit liquid-
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like behavior even under shear stress, making them ideal for dynamic appli-

cations where traditional nanoparticles may fail.

Figure 1.20: Schematic of the ionically modi�ed nanoparticles and photos of the
silica sulfonated nanosalt[80]

This work has laid a convincing foundation for using solvent-free ionic nano�u-

ids (SNFs) across various applications. By adjusting the core, corona, and

canopy structures, it is possible to obtain tunable properties, which can be

further modi�ed with or without the application of external stimuli. A no-

table example is the development of a multi-stimuli responsive nano�uid that

exhibits reversible structural color changes in response to temperature and

magnetic �elds. Using Poly(N-isopropyl acrylamide) (PNIPAM), a thermo-

responsive polymer, and superparamagnetic nanoparticles, the nano�uid's

interdroplet spacing can be controlled by temperature, while its optical prop-

erties can be tuned under a magnetic �eld. Adding SDS surfactant enhances
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its thermo-magnetic responsiveness, increasing both stability and tunability.

This system holds potential for applications in optical devices, smart drug

delivery, and temperature sensors.[82]

1.4.2.1 Thermoresponsive SNFs for application as

smart lubricants

Among the various applications of stimuli-responsive SNFs, the develop-

ment of thermoresponsive smart lubricants has gained signi�cant attention.

With increasing energy consumption and wear-related failures in mechanical

systems, minimizing friction and wear is crucial for energy e�ciency and sus-

tainability. Conventional lubricants, typically consisting of base oils and ad-

ditives like zinc dialkyldithiophosphate (ZDDP), provide friction-reduction

and anti-wear bene�ts but face challenges such as poor dispersion stability

and limited performance under extreme conditions.[83, 84] While nanopar-

ticles (NPs) and ionic liquids (ILs) o�er some improvements, they still en-

counter issues like NP agglomeration and the need for solvents in some ILs.

Nano�uids (NFs) represent a major innovation in lubrication technology.

Even under extreme conditions, they provide solvent-free, stable dispersions

with enhanced tribological performance. Combining a nanoparticle core with

an ionic corona gives NFs superior load-carrying capacity and promotes the

formation of tribo�lms, which protect surfaces and reduce wear.[85] Devel-

oping of task-speci�c lubricants that respond to external stimuli, such as

light, electricity, and heat, o�ers exciting potential for achieving "smart lu-

brication" in energy-e�cient systems, especially in intelligent and automated

machinery. These advantages make NFs highly suitable for modern lubrica-
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tion systems, surpassing the limitations of traditional lubricants by o�ering

improved performance, adaptability, and sustainability.

A signi�cant study done by Guo et al[86], explores the synthesis, charac-

terization, and application of solvent-free ionic silica nano�uids (NFs) as

innovative lubricants (Figure 1.21). The study highlights their smart lubri-

cation properties, particularly their ability to reduce friction and wear under

an external electrical �eld. The nano�uids are made by grafting ionic corona

and canopy layers onto silica nanoparticles (SiO2), enhancing dispersion sta-

bility and �uidity at room temperature. The research examines four types of

silica NFs with varying corona chain lengths and analyzes their tribological

performance, including their friction-reduction and wear-prevention proper-

ties. The longer corona chains result in better lubrication performance due

to thicker organic-inorganic hybrid layers forming at the friction interface.

Figure 1.21: Schematic illustration of the synthesis routes of SNFs[86]

One critical aspect not addressed in this paper, but highly relevant in the

context of lubricants, is thermo-responsive properties. Friction naturally

generates heat, and the spatial arrangement of canopy chains in the nano�uid

is strongly in�uenced by temperature. Since this study highlights that the
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lubrication performance is dependent on the thickness of the hybrid inter-

chain layer, it follows that the properties of the lubricant could also be

modulated by temperature.[87]

Nonetheless, this work envisages the possibility of using of silica-based SNFs

to develop of smart lubricants. In particular, by modifying the core (for

example, exploring the in�uence of anisotropic nanoparticles such as sepio-

lite), as well as the corona and canopy (by testing di�erent ionic units that

may generate stronger ionic bonds), the �nal properties of the lubricants can

be �ne-tuned to further improve performance. These adjustments could en-

hance thermal stability and make the materials more adaptable to extreme

conditions. Additionally, exploring more cost-e�ective synthesis methods

would increase their practical viability for large-scale applications.
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1.5 Aim of the thesis

Given this background, the aim of this thesis is to develop and optimize

�ller materials with stimuli-responsive properties, particularly photo- and

thermoresponsive properties, for use in smart composites.

In this context, silica nanoparticles and sepiolite nano�bers provide a versa-

tile platform for functionalization with stimuli-responsive units. The pres-

ence of hydroxyl groups on the large surface area of these �llers allows for

the anchoring of molecules with speci�c functionalities, such as cinnamic and

coumarin groups, which enable light-induced reversible crosslinking when in-

corporated into a suitably modi�ed polymer matrix.

Additionally, guanidinium-based ionic groups can be grafted onto the �ller

surface, creating strong ionic interactions with sulfonated polymer chains

that undergo structural rearrangement depending on the input tempera-

ture.

bigskip By integrating these systems, the thesis aims to promote the devel-

opment of composites that dynamically respond to environmental changes

while encouraging sustainable practices in materials design.

In the following sections, a brief description of the research activity will be

provided according to the materials' stimuli-responsive features and �nal

application.

Photoresponsive Nanocomposites for Smart Packaging

The �rst objective of the thesis is to develop materials capable of respond-

ing to speci�c wavelengths of light, which holds great promise for smart

packaging applications. One of the most attractive features of these pack-
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aging materials is their ability to assemble, disassemble, or alter mechanical

properties in response to light, enabling improved functionality such as self-

healing, controlled degradation, or on-demand release of substances.

This part focuses on creating photoresponsive �llers, speci�cally silica nanopar-

ticles and sepiolite nano�bers, functionalized with cinnamic or coumarin

units. These units are well-known for their ability to undergo photore-

versible 2π + 2π cycloaddition reactions under UV light, making them

ideal candidates for materials requiring tunable properties. The reversible

formation and cleavage of cyclobutane bonds allow for "on-demand" cova-

lent crosslinking of the �nal nanocomposite when the functionalized �llers

are incorporated into a polymer matrix suitably modi�ed with the same

units. Silica nanoparticles are chosen due to their high surface area, trans-

parency, mechanical reinforcement capabilities, and thermal stability. Sepio-

lite nano�bers are selected for their �brous morphology, enhancing the �nal

material's elasticity and toughness. Both �llers have great compatibility

with various polymers, including bio-based ones like starch and their func-

tionalization with cinnamic units is described using two approaches. The

�rst approach involves the synthesis of a novel alkoxysilane that covalently

bears cinnamic units, which are used for the direct functionalization of the

�ller surface. The second approach is a two-step process. First, the �ller

surface is modi�ed with a compatibilizing agent, which prepares the surface

for further functionalization. In the second step, cinnamic units are grafted

onto the modi�ed surface. Both strategies are explored and compared to de-

termine the most e�ective approach for achieving optimal photoresponsive

behavior in smart nanocomposites.
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Starch is chosen as the polymer matrix due to its biodegradability, renewa-

bility, and cost-e�ectiveness. As a bio-based material, starch aligns with the

thesis's sustainability goals, particularly for packaging applications, where

reducing environmental impact is critical. Although commercially avail-

able starch has been used in this work, future plans will involve extracting

starch from food waste, further promoting material revaluation and sustain-

ability. Challenges of starch, such as high hydrophilicity, low mechanical

strength, and thermal instability, are addressed by incorporating cinnamic

units to facilitate cross-linking. This enhancement is expected to improve

the mechanical properties and water resistance of the �nal material. By

integrating photoresponsive �llers into the starch matrix, this thesis aims

to produce a preliminary smart nanocomposite with tunable �lm-forming

capabilities, making it suitable for various packaging applications. Incor-

porating cinnamic units will potentially lead to materials with enhanced

durability and controlled degradation, o�ering signi�cant advantages to in-

dustries looking for sustainable, smart packaging solutions. In addition to

cinnamic units, coumarin-based photoresponsive �llers are also be explored.

Coumarin operates via a similar light-activated mechanism but undergoes

photoreversible cycloaddition reactions at di�erent wavelengths. Coumarin-

functionalized silica nanoparticles are synthesized using a two-step process

to achieve distinct photoresponsive behaviors that complement those of the

cinnamic-based systems. By incorporating cinnamic or coumarin �llers into

a biobased polymer matrix suitably modi�ed with the same unit, the genera-

tion of nanocomposites exhibiting a wider range of light-activated properties

have been demonstrated, envisaging their potential use for packaging appli-

cations that require adaptability and precision.
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Thermoresponsive SNFs for application as smart lubricants

The second goal of the research activity is to develop and investigate ther-

moresponsive solvent-free nano�uids (SNFs) that exhibit liquid-like behav-

ior without the need for traditional solvents. This aligns with the growing

demand for environmentally sustainable and high-performance materials,

particularly for applications such as smart lubricants. The project focuses

on functionalizing silica nanoparticles and sepiolite nano�bers with guani-

dinium units, creating a system that can interact with sulfonated polyethy-

lene glycol (sulfo-PEG) chains. The primary objective is to leverage strong

ionic interactions at the polymer-nano�ller interface to enhance system sta-

bility and responsiveness under varying thermal conditions. The guani-

dinium functionalization of these nanoparticles is a central aspect of the

research. Guanidinium groups, known for their strong basicity and reso-

nance stabilization, form stable non-covalent complexes with anionic species.

These interactions are particularly relevant in guanidinium-sulfonate com-

plexes, characterized by their high a�nity. The �rst phase of this work

focuses on synthesizing an alkoxysilane containing the guanidinium unit

and subsequently using it to functionalize silica nanoparticles and sepio-

lite nano�bers. After functionalizing the �llers, the research integrates them

into a sulfo-PEG matrix to study how varying the polymer-to-�ller ratio

in�uences the thermal, structural, and dynamic properties of the resulting

nanocomposites. The research also explores the thermoresponsive behav-

ior of these solvent-free nano�uids, focusing on how the material's viscosity

and transparency change with temperature. This thermoresponsive property

holds signi�cant potential for smart lubricant applications, where reducing

friction and wear in mechanical systems is crucial.
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In Conclusion, this research aims to push the boundaries of smart, responsive

materials by combining the mechanical reinforcement properties of inorganic

nanoparticles with the stimulus-responsive behavior of organic chains. This

approach opens up new possibilities for industrial applications where mate-

rial adaptability, responsiveness, and sustainability are essential.
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1.6 Structure of the thesis

Chapter 2 focuses on developing light-responsive �llers using silica nanopar-

ticles (SiO2 NPs) and sepiolite nano�bers (Sep NFs). It begins with synthe-

sizing of SiO2 NPs via the Stöber method and the pretreatment of Sep NFs to

improve their surface properties. A novel photo-responsive compound, cin-

namyl alkoxysilane (CINN-APTES), is created using carbodiimide chemistry

to act as a light-sensitive compatibilizing agent. The surface functionaliza-

tion of SiO2 NPs and Sep NFs is achieved through one-step and double-step

methods, both of which are analyzed for their e�ectiveness, with a prelimi-

nary proof of functionalized �llers photoreversible properties. Additionally,

the �rst attempts of functionalizing of SiO2 NPs with a coumarin moiety,

o�ering enhanced control of light-triggered reactions across di�erent wave-

lengths, is reported.

Chapter 3 outlines the synthesis, characterization, and evaluation of a

novel photo-responsive etheri�ed starch derived from yuca starch, developed

in collaboration with Dr. Simona Petroni and Prof. Laura Cipolla. The

starch was modi�ed via etheri�cation with cinnamyl chloride to enhance

its properties and introduce light-responsive features. Key experimental

methods included etheri�cation, degree of substitution (DS) analysis, �lm

formation, and photoresponsive behaviour assessment.

Chapter 4 overviews the development and characterization of bio-nanocomposites

made from starch and either sepiolite or silica nanoparticles. The aim is to

create stimuli-responsive materials capable of assembling and disassembling

under light, making them suitable for sustainable packaging applications.

The �rst part (developed in collaboration with University of Trento) focuses
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on preparing and characterizing of �lms composed of bare yuca starch and

bare sepiolite to evaluate the interaction between these components. Based

on this work, the second part presents a preliminary demonstration of the

preparation of photoresponsive nanocomposites using silica nanoparticles

functionalized with cinnamic units and yuca starch modi�ed with cinnamic

groups.

Chapter 5 focuses on the preparation and characterization of solvent-free

nano�uids, developed during the research secondment at the Charles Ger-

hardt Institute in Montpellier (ICGM-CNRS). A guanidinium-based alkoxysi-

lane was synthesized to functionalize silica nanoparticles and sepiolite nano�bers.

Functionalized �llers are then incorporated into sulfonated low-molecular-

weight polyethylene glycol (sulfo-PEG) at various loadings. The guanidinium-

sulfonate ionic interaction plays a crucial role in enhancing the composite

properties.

Chapter 6 provides a comprehensive and �nal summary of the thesis, re-

viewing all the key �ndings and results achieved throughout the research.

Additionally, it discusses future perspectives, highlighting areas where fur-

ther optimization is needed to enhance the material properties and per-

formance, and outlines potential directions for continuing the research and

development.
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This chapter provides a comprehensively overviews of the materials, syn-

thesis procedures, and characterization techniques used to develop novel

light-responsive �llers with potential eco-friendly applications. The goal is

to utilize natural clays, speci�cally sepiolite nano�bers (Sep NFs), as sus-

tainable �llers to minimize environmental impact. Given their wide use as

reinforcement materials in various applications, a model system involving

silica nanoparticles (SiO2 NPs) was also examined, as a preliminary step.

The chapter is divided into four sections. Section 2.1 presents the synthesis

of SiO2 NPs using the Stöber method, known for producing well-de�ned and

uniform silica spheres, as well as the basic pretreatment of Sep NFs to en-

hance surface hydroxyl groups and disaggregate the nano�bers. Section 2.2

details the synthesis of a novel cinnamyl alkoxysilane (CINN-APTES) using

carbodiimide chemistry, which allows the covalent attachment of cinnamic

acid units to the �llers, thereby introducing photo-responsive functionalities.

Section 2.3 focuses on the surface functionalization of SiO2 NPs and Sep

NFs to achieve photo-responsive �llers. Two di�erent strategies were em-

ployed: a one-step functionalization using CINN-APTES and a double-step

method involving modi�cation of pre-grafted APTES groups on the �ller

surface using cinnamic derivatives (CINN-NHS or CNCOCl). The advan-

tages and disadvantages of both strategies are discussed, with an emphasis

on their e�ectiveness. Additionally, the DRS characterization of the func-

tionalized �llers is described, highlighting their photoreversible properties

upon UV irradiation. Finally, section 2.4 presents a preliminary attempt

to explore using another type of photoresponsive unit: the coumarin moi-

ety. Cinnamic acid has an absorption maximum of around 277 nm, whereas

coumarin absorbs at approximately 330 nm. This di�erence in absorption
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wavelengths provides di�erent control over the direct reactions in coumarin-

based systems. In both cases, the cleavage of the cyclobutane bond occurs

at 254 nm. This section investigates the initial functionalization of silica

nanoparticles with the coumarin unit.
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2.1 Preparation of naked �llers

2.1.1 Synthesis Stöber of SiO2 NPs

Stöber's method[1] is a well-known technique for synthesizing colloidal silica

particles, notable for its ability to produce well-de�ned, monodisperse, and

uniform silica spheres. The method is highly versatile, allowing for easy ad-

justment of reaction parameters, such as reagent concentration and temper-

ature, to control particle properties. The process is an ammonia-catalyzed

sol-gel reaction in which tetraethylorthosilicate (TEOS) undergoes hydroly-

sis in the presence of water and low molecular weight alcohols, like ethanol,

followed by condensation to form silica particles.[2, 3]

2.1.1.1 Experimental Procedure of SiO2 NPs

Materials

Tetraethyl orthosilicate ≥99% (TEOS), Ammonia solution 25 wt.% (NH3)

and aqueous hydrochloric acid 37 wt.% (HCl) were purchased from Sigma-

Aldrich. Ethanol ≥99.8% (EtOH) was purchased from Carlo Erba.

Synthesis

A two-neck round-bottom �ask was charged with 50.0 mL of a 25 wt.% NH3

solution and 1 L of EtOH. The solution was stirred magnetically at 300 rpm

and heated to 60◦C. Once the temperature reached 60◦C, a solution of 25.0

mL of TEOS and 28.0 mL of EtOH was added dropwise to the reaction �ask

via a dropping funnel at approximately 1 mL/min. The reaction mixture

was then stirred at 60◦C for 20 hours. Following this, 20 mL of 2 M HCl was
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added. The resulting product was isolated by centrifugation at 9000 rpm for

10 minutes and washed four times with EtOH. The �nal product was dried

overnight in an oven at 80◦C.

2.1.1.2 Characterization of SiO2 NPs

TEM analysis

The morphological features of the SiO2 NPs were examined using TEM mi-

croscopy. As shown in Figure 2.1, the TEM micrographs reveal nanospheres

with a homogeneously distributed size. Speci�cally, the average diameter of

the NPs is 30 ± 3 nm.

Figure 2.1: TEM micrographs of pristine SiO2 NPs

Nitrogen physisorption

The nitrogen adsorption-desorption (77 K) isotherm was measured for SiO2

nanoparticles (NPs). The isotherm (see Figure 2.2) is classi�ed as a com-

bination of type I and type IV (according to the IUPAC classi�cation),

indicating a microporous and mesoporous structure.[4] Consistent with the

type I isotherm, the pore size distribution derived from the NLDFT model
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(Figure 2.3) shows two main distributions characterized by mean half-pore

widths of approximately 0.45 nm and 1.1 nm, both within the micropore

range.

Figure 2.2: Nitrogen adsorption-desorption (77 K) isotherm of SiO2 NPs

In the case of the type IV isotherm component, the pore size distribution

derived from the BJH model, applied solely to the desorption curve, reveals

a distribution centred around 9.6 nm in half-pore width (Figure 2.4). Given

that TEM analysis shows the nanoparticles have a diameter of about 30 nm

and no visible porous structure, it is unlikely that they contain pores mea-

suring approximately 19.2 nm. This observation, along with the dramatic

increase in adsorption volume at high relative pressures (P/P0 > 0.8), could

be attributed to the �lling of interparticle pores by nitrogen molecules, which

is signi�cant for samples with nanoscale external diameters.
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Figure 2.3: Cumulative pore volume and pore size distribution curves of SiO2

NPs calculated by NLDFT model for microporous analysis

Figure 2.4: Cumulative pore volume and pore size distribution curves of SiO2

NPs calculated by BJH model for mesoporous analysis
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In other words, the mesoporous behavior observed in the type IV isotherm

could be due to interparticle spaces formed by aggregation, suggesting that

the nanoparticles may be present in aggregated form. The results of the gas

adsorption analysis (based on BET and NLDFT models) indicate a BET

surface area of 284.9 ± 0.6 m²/g and a pore volume of 0.464 cc/g.

In other words, the mesoporous behavior observed in the type IV isotherm

could be due to interparticle spaces formed by aggregation, suggesting that

the nanoparticles may be present in aggregated form. The results of the gas

adsorption analysis (based on BET and NLDFT models) indicate a BET

surface area of 284.9 ± 0.6 m²/g and a pore volume of 0.464 cc/g.

TGA

Thermogravimetric analysis (TGA) was employed to estimate the number

of surface hydroxyl (OHsup) groups on bare nanoparticles. The analysis

speci�cally focused on the mass loss observed between 150◦C and 1000◦C,

associated with the decomposition or desorption of surface-bound hydroxyl

groups. The equations used to calculate the OHsup content are provided in

the appendix (Equation A.1 and Equation A.2) and considers the mass loss

measured during the TGA and correlates it with the number of hydroxyl

groups per unit area on the nanoparticle surface. The number of OHsup

groups was determined to be 13.67 n./nm2.

2.1.2 Basic pretreatment of Sep NFs

Sepiolite, a naturally occurring �brous magnesium silicate, is widely used

across various industries due to its unique structural and surface properties.
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Its micro�brous morphology, high surface area, and excellent adsorption ca-

pacity make it ideal for applications in �elds such as water puri�cation, envi-

ronmental remediation, construction, and pharmaceuticals. Sepiolite is also

highly valued in manufacturing adsorbents, catalysts, and nanocomposites.

Key advantages of sepiolite include its low cost, environmental friendliness,

and versatility in chemical modi�cations, allowing it to be tailored for spe-

ci�c uses.[5]

Basic pre-treatment of sepiolite using NaOH is necessary to increase sur-

face hydroxyl groups and to disaggregate nano�bers without signi�cantly

damaging their structure. Sepiolite shows strong resistance to degradation

during base treatment at room temperature, maintaining its shape and as-

pect ratio, making it a more e�ective and stable process compared to acid

treatments.[6]

2.1.2.1 Experimental Procedure of SepOH NFs

Materials

Pristine Sepiolite (Sep), namely sepiolite Pangel S9, is a commercially avail-

able clay and, in particular, Sep used in this thesis was extracted from the

land�ll of Vallecas (Spain). Sodium hydroxide 98% (NaOH) was purchased

from Thermo Fisher Scienti�c.

Synthesis

10.0 g of Sep was dispersed in 500 mL of 0.01 M NaOH, and the suspension

was vigorously stirred at room temperature for 24 hours. The mixture was

then centrifuged at 9000 rpm for 15 minutes, and the resulting product (Se-

pOH NFs) was washed several times with deionized water until the pH of
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the supernatant reached 7. The SepOH NFs were then dispersed in 100 mL

of deionized water, and subsequently freeze-dried. The product yield was

approximately 40%.

2.1.2.2 Characterization of SepOH NFs

TEM analysis

TEM analysis was conducted to study the morphology of Sepiolite. As shown

in Fig.Figure 2.5, the TEM micrographs display the characteristic �brous

morphology of the phyllosilicate, with �bers slightly interconnected, form-

ing small bundle-like aggregates. In detail, the �bers exhibit a needle-like

structure with an average diameter of 23 ± 5 nm and a length ranging from

0.7 to 2.5 µm, consistent with the literature data.[7]

Figure 2.5: TEM micrographs of pristine SepOH NFs

Nitrogen physisorption

For SepOH nano�bers, the nitrogen adsorption-desorption isotherm mea-

sured at 77K (Figure 2.6) is classi�ed as a combination of type I and type

IV, according to IUPAC standards, indicating the presence of both microp-
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orous and mesoporous structures.[4] The pore size distribution, derived from

the NLDFT model, reveals two main pore sizes with mean half-pore widths

of approximately 0.43 nm and 0.72 nm, both within the micropore range

(Figure 2.7).

Figure 2.6: Nitrogen adsorption-desorption (77 K) isotherm of SepOH NFs

When considering the type IV component and using the BJH method to de-

rive the pore size distribution, a decreasing trend is observed with increasing

half-pore width (Figure 2.8). This suggests that SepOH nano�bers are pri-

marily characterized by micropores rather than mesopores. The mesoporous

component likely arises solely from the aggregation of nano�bers, which, as

shown by TEM, tend to align into needle-like bundles even after pretreat-

ment. For values of P/P0 > 0.8, there is a signi�cant increase in adsorbed

volume ascribable to the �lling of interparticle spaces. Gas adsorption anal-

ysis, based on BET and NLDFT models, indicates a BET surface area of

259 ± 1 m²/g and a pore volume of 0.262 cc/g.
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Figure 2.7: Cumulative pore volume and pore size distribution curves of SepOH
NFs calculated by NLDFT model for microporous analysis

Figure 2.8: Cumulative pore volume and pore size distribution curves of SepOH
NFs calculated by BJH model for mesoporous analysis
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TGA

Figure 2.9: TGA curve of SepOH NFs

In this case, TGA cannot be used to estimate the amount of surface hydroxyl

groups. Due to the structure of the material, the mass loss observed above

150◦C cannot be solely attributed to the decomposition of surface hydroxyl

groups. The thermogravimetric curve (Figure 2.9) shows several steps, each

corresponding to di�erent types of mass loss:

- up to 200◦C, the mass loss is primarily due to the evaporation of hygro-

scopic and zeolitic water, which consists of water molecules adsorbed

both on the external surface and within the channels of the sepiolite;

- between 200◦C and 350◦C, the loss of two of the four crystallization

water molecules, which are weaklier bound, occurs;
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- between 400◦C and 600◦C, the remaining two crystallization water

molecules are lost;

- above 600◦C, the loss is attributed to the release of constitutional water

or hydroxyl groups.

In view of the above results, the loss of hydroxyl groups cannot be unambigu-

ously identi�ed within a speci�c temperature range. However, this analysis

will be useful for estimating the degree of functionalization.[8]
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2.2 Synthesis of the cinnamyl alkoxysilane

As described in the introduction, cinnamic acid is a naturally occurring

carboxylic acid found in plant kingdom and is known for its photorespon-

sive properties, undergoing reversible photodimerization upon irradiation at

speci�c wavelengths. To anchor cinnamic acid onto the surface of �llers,

a new alkoxysilane was developed that covalently binds the cinnamic unit.

Alkoxysilanes are commonly used compatibilizing agents for modifying oxide

nanoparticle surfaces by reacting with surface hydroxyl groups.

Among these, 3-aminopropyltriethoxysilane (APTES) is particularly impor-

tant due to its terminal amine group, which could interact with polymer

matrices and coordinate with metal ions, providing enhanced properties for

several applications. In this case, the carboxyl group of cinnamic acid and

the amine group of APTES were used to create a new alkoxysilane, named

CINN-APTES.

To synthesize this silane, cinnamic acid was �rst activated using carbodi-

imide chemistry to form the N-hydroxysuccinimide ester of cinnamic acid

(CINN-NHS), according to a previous work.[9] This intermediate facilitated

the reaction with APTES under mild conditions, preventing self-condensation

of the silane.

2.2.1 Experimental Procedure of CINN-APTES

Materials

N-Hydroxysuccinimide 98% (NHS) and N,N'-dicyclohexylcarbodiimide 99%

(DCC) were purchased from Sigma-Aldrich and used as received. APTES
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98% was purchased from abcr. trans-Cinnamic acid (CINN) was purchased

from Merck-Millipore. Anhydrous THF 99.8+% and Acetonitrile HPLC

grade (MeCN) were purchased from VWR; Methanol HPLC grade was pur-

chased from Thermo Fisher Scienti�c.

Synthesis of CINN-NHS

In a one-neck round-bottom-�ask, 1.00 g of cinnamic acid (6.75 mmol) was

dissolved in 14 mL of solution of MeCN and anhydrous THF (1:1). 1.809

g of DCC (8.77 mmol) and 0.854 g of NHS (7.42 mmol) were then added

to the mixture, which was stirred at room temperature for 24 hours. The

suspension was subsequently �ltered, discarding the solid organic phase,

while the liquid organic phase was concentrated. The resulting white residue

was resuspended in 10 mL of MeOH and stirred for 30 minutes at room

temperature. The precipitate was �ltered, washed with MeOH (4 Ö 10 mL),

and dried under vacuum overnight (Scheme 2.1). The crude product yielded

approximately 55%. 1H NMR (400.13 MHz, CDCl3): δ 7.98 (d, J = 16.05

Hz, 1H), 7.63 (dd, J = 7.66, 1.62 Hz, 2H), 7.50�7.37 (m, 3H), 6.65 (d, J

= 16.05 Hz, 1H), 2.88 (s, 4H). NMR data are consistent with the literature

data.[9]

Scheme 2.1: Preparation of CINN-NHS
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Synthesis of CINN-APTES

100 mg of previously synthesized CINN-NHS (0.41 mmol) was dissolved in

4.1 mL of anhydrous THF. APTES (96 µL, 0.41 mmol) was added dropwise,

and the reaction mixture was stirred at room temperature for 1 hour (Scheme

2.2). The solvent was then evaporated, yielding a colorless oil identi�ed as

CINN-APTES. Due to the high reactivity of this organosilane, puri�cation

was not feasible, and the product was used directly for the functionalization

of the �ller surface. The yield of CINN-APTES, calculated using 1H-NMR,

was approximately 90% (see paragraph 2.2.2).

Scheme 2.2: Preparation of CINN-APTES

2.2.2 Characterization of CINN-APTES

NMR Spectroscopy

The structure of the newly synthesized organosilane was characterized using

1H-NMR, 13C-NMR and 1H-13C HSQC NMR spectroscopy. For thorough

analysis, the spectrum of the organosilane was compared with those of two

reference compounds, CINN-NHS and APTES (Figure 2.10).

The 1H-NMR spectrum of CINN-APTES was analyzed by assigning the sig-

nals of the cinnamic unit, APTES unit, and NHS byproduct based on litera-

ture data.[9, 10] Signals between 8.0 and 6.5 ppm correspond to the protons
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Figure 2.10: 1H NMR spectra of APTES, CINN�NHS, and the novel CINN-
APTES organosilane

of the benzene ring and the carbon-carbon double bond. Typically, alkene

protons resonate between 6.0 and 4.5 ppm, but due to conjugation with the

benzene ring, these protons are deshielded, causing a shift to higher chemical

shifts. The two double bond protons (H-2', H-3') appear as doublets with

the same coupling constant (J), each integrating for 1. The least shielded

protons, around 0.7 ppm, correspond to the methylene group (-CH2-) of

APTES bonded to silicon. This occurs because silicon is more electroposi-

tive than carbon, shifting the electron cloud toward the carbon atom. The

most deshielded protons below 5.0 ppm are from the -CH2- groups of the

ethoxy groups, due to oxygen's higher electronegativity. The -CH2- protons

bonded to the nitrogen of the amide group, less electronegative than oxygen,

resonate slightly lower at 3.4 ppm.

The 1H-NMR spectrum of CINN-APTES shows an up�eld shift of the peaks
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Figure 2.11: 13C-NMR spectrum of CINN-APTES

in the region between 8.0 and 6.0 ppm compared to CINN-NHS, indicating a

change in the chemical environment of the vinyl aryl protons. Additionally,

the disappearance of the peak at 2.6 ppm (H-a in APTES) and the appear-

ance of a new peak at 3.4 ppm (H-a' in CINN-APTES) indicate the loss of

the amine group and the formation of an amide group. Further con�rmation

comes from the integration of the signals: the ratio of H-3' (-CH- attached

to the benzene ring) to the two protons (H-a') of -CH2- attached to nitrogen

is 1:2, consistent with the molecular structure. The NHS byproduct protons

resonate at 2.6 ppm, as noted in the literature[11], while in CINN-NHS, they

resonate at 2.9 ppm. The up�eld shift for the CH2(NHS) resonance indi-

cates the presence of free NHS as a side-reaction product. Finally, a signal

at 6.0 ppm con�rms the presence of a hydrogen atom bonded to the amide
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Figure 2.12: 1H-13C HSQC NMR spectrum of CINN-APTES

nitrogen. These combined observations con�rm the successful synthesis of a

new trialkoxysilane containing a light-responsive cinnamyl group.

The reaction yield, approximately 90%, was calculated as the average of the

ratios of the integrals of the 3' to 3 signals and the 2' to 2 signals. The

respective signals of reagents 3 and 2 were present in minimal amounts and

were only visible upon closer examination in the CINN-APTES 1H-NMR

spectrum.

The 13C-NMR spectrum of CINN-APTES (Figure 2.11) was analyzed using

the same methodology applied to 1H-NMR spectrum. The most deshielded

carbon atoms correspond to the carbonyl groups, while carbon signals above

100 ppm are associated with the double bond and benzene ring. Exact as-
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signments were con�rmed by heteronuclear 2D NMR (Figure 2.12). Car-

bon signals from the APTES unit below 100 ppm were assigned based on

deshielding e�ects similar to those observed in the 1H-NMR spectrum.

UV-Vis Spectroscopy

The UV-Vis spectrum of CINN-APTES was obtained to con�rm the ab-

sorption features of the newly synthesized molecule. A maximum absorption

wavelength was detected at 277 nm (shown as the darker curve in the Figure

2.13).

Figure 2.13: 13 UV-Vis spectra of CINN-APTES sample after exposure at λ ∼
365 nm; (right) maximum absorption plotted against UV irradiation time at λ =
365 nm

To preliminarily assess the photoresponsive properties of the new molecule,

a 10−4 M solution of CINN-APTES in DCM was prepared. The solution was

placed in a quartz cuvette and irradiated with a 365 nm lamp at various in-

tervals. As shown in Figure 2.13, a gradual decrease in the absorbance at the

maximum absorption peak was observed. According to the Lambert-Beer
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law, this decrease is directly proportional to the reduction of the molecule's

concentration. As reported in the literature[12], this depletion indicates of

the occurrence of the cinnamyl units photodimerization reaction.

85



CHAPTER 2

2.3 Preparation of cinnamyl functionalized �llers

As outlined in the introduction, this section presents two di�erent strategies

for preparing functionalized cinnamyl �llers. The �rst strategy involves the

use of the previously described CINN-APTES for direct surface functional-

ization of the �llers in a single-step procedure (Scheme 2.3).

Scheme 2.3: One-step functionalization reaction of both SiO2 NPs and SepOH
NFs

The second strategy follows a more conventional approach, in which the cin-

namyl functionalization is applied after the compatibilizing agent, APTES,

has been pre-anchored to the �ller surface (see Scheme 2.4). Two di�erent

cinnamyl derivatives are used in this method: the previously synthesized

cinnamic acid N-hydroxysuccinimide ester (CINN-NHS) and the commer-

cially available derivative cinnamoyl chloride (CNCOCl).

Scheme 2.4: Double-step functionalization reaction of both SiO2 NPs and Se-
pOH NFs

The advantages and disadvantages of both strategies will be thoroughly dis-

cussed. In each case, for the surface functionalization reactions, the amount
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of silane used was calculated based on the number of surface hydroxyl groups

on the �llers, assuming that typically only two of the ethoxy groups of the

alkoxysilane react with these surface hydroxyl groups.

Materials

APTES 98% was purchased from abcr. Ammonia solution 25 wt.% (NH3)

for analysis and Cinnamoyl Chloride (CNCOCl) were purchased from Merck-

Millipore. Tetrahydrofuran 99% (THF), anhydrous THF 99.8+%, Toluene

(99%) and Dichloromethane (DCM) were purchased from Alfa Aesar. Abso-

lute anhydrous Ethanol was purchased from VWR; Methanol HPLC grade,

and sodium hydroxide 98% (NaOH) were purchased from Thermo Fisher

Scienti�c.

2.3.1 Synthesis of SiO2@CN NPs

2.3.1.1 Experimental Procedure of SiO2@CN NPs

In a two-neck round-bottom �ask, 100 mg of SiO2 NPs were dispersed in 3.0

mL of ethanol using an ultrasonic bath for 2 minutes, and the mixture was

brought to re�ux. A solution of 25 wt.% NH3 (10 µL) and the appropri-

ate amount of previously synthesized CINN-APTES, dissolved in 2.0 mL of

ethanol, were added dropwise to the dispersion. The reaction mixture was

kept under re�ux with vigorous stirring for 12 hours. Afterward, the mixture

was centrifuged at 9000 rpm for 15 minutes and washed several times with

ethanol to remove excess CINN-APTES and the NHS by-product from the

CINN-APTES synthesis. Finally, the functionalized SiO2 NPs (SiO2@CN

NPs) were dried under vacuum for 3 hours.
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2.3.1.2 Characterization of SiO2@CN NPs

SEM-EDX

SEM-EDX analysis was used to verify initially the grafting of CINN-APTES

onto the silica surface. In particular, Figure 2.14 shows SEM and SEM-EDX

micrographs of the same SiO2@CN nanoparticle agglomerate, respectively.

The carbon atom distribution (marked by pink dots in Figure 2.14) is uni-

form and located on the surface, indicating the presence of carbonaceous

residues likely associated with the CINN-APTES units.

Figure 2.14: SEM and SEM-EDX micrographs of the same SiO2@CN nanopar-
ticle agglomerate

ATR-FTIR

The presence of CINN-APTES on the NPs surface was further assessed

by ATR-FTIR (Figure 2.15). The infrared spectrum of SiO2 NPs exhibits

several key bands. The stretching and bending vibrational modes of OH

groups from physically adsorbed water are observed in the region between

3700 and 3200 cm−1 and at 1633 cm−1, respectively. The Si-O-Si stretch-

ing vibrations appear at 1060 cm−1, while the Si-OH stretching is evident
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at 954 cm−1. In the case of SiO2@CINN-APTES, the peaks around 3000

cm−1 correspond to asymmetrical C-H stretching, which arises from both

the aliphatic chain and the aromatic ring of CINN-APTES. The character-

istic vibrational bands of C=O stretching (1680 cm−1) from the amide group

and C=C stretching (1630 cm−1) conjugated to the aromatic ring con�rm

the presence of CINN-APTES on the silica surface. Additionally, the peak

at 1582 cm−1 is attributed to N-H bending of the amide group and C=C

stretching of the aromatic ring, while the bands between 1550 and 1350 cm−1

are associated with the C=C stretching vibrations of the aromatic ring in

CINN-APTES. Finally, the depletion of the Si-OH stretching band at 954

cm−1 indicates a reduction in Si-OH groups, suggesting their involvement

in the grafting process. These �ndings qualitatively con�rm the presence of

CINN-APTES on the silica surface.

Solid state NMR

The 29Si-NMR spectrum of SiO2 NPs (Figure 2.17) shows features similar to

those observed for Rhodia SiO2 NPs, with Q4, Q³, and Q² units appearing

at -110, -100, and -92 ppm, respectively.[13]

The spectrum of SiO2@CN NPs displays the same Q signals, along with ad-

ditional T³ and T² (Figure 2.16) resonances at -66 and -57 ppm, attributed

to the presence of organic chains covalently bonded to the surface of the

nanoparticles, CINN-APTES. Moreover, from a qualitative perspective, the

functionalization leads to a reduction in the Q³ and Q² units due to the re-

placement of surface -OH groups on the silica with CINN-APTES, providing

further con�rmation of the successful surface functionalization of the SiO2
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Figure 2.15: ATR-FTIR-normalized spectra of pristine SiO2 NPs, CINN-APTES
novel and SiO2@CN NPs

Figure 2.16: Representation of Qn an Tn units

NPs. Quantitative Magic Angle Spinning (MAS) experiments indicate that

for every 100 Q units, there are at least 6 T units, which is evidence of a

signi�cant presence of silane on the surface of the SiO2 NPs. Furthermore,

the silica exhibits a good degree of condensation (DOC), which increases

with subsequent functionalization. The results are presented in Table 2.1.

The 13C spectrum from Cross Polarization Magic Angle Spinning (CPMAS)

of SiO2@CN NPs, shown in Figure 2.18, displays all the characteristic peaks
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Figure 2.17: 29Si MAS spectra of SiO2 and SiO2@CN NPs

Table 2.1: Quantitative Magic Angle Spinning (MAS) results of SiO2 and
SiO2@CN NPs

T2 T3 Q2 Q3 Q4 DOC
δ (ppm) -57.0 -66.3 -90.4 -100.4 -110.0
SiO2 NPs (%) - - 3.8 30.4 65.8 90.5
SiO2@CN NPs (%) 1.3 4.6 0.8 17.5 75.8 94.8

(0.9)* (18.6)* (80.5)* (94.9)*
*DOC calculated for the SiO2@CN NPs sample, considering only
the Qn units

of CINN-APTES. Notably, the peaks at 58 and 17 ppm indicate a signi�-

cant presence of ethoxy groups, with the splitting of the 58 ppm signal into

two components suggesting the presence of both -OEt and residual EtOH

groups. However, the down�eld shift of the C-c' peak re�ects the condensa-

tion of the inorganic silane head, con�rming its successful grafting onto the

91



CHAPTER 2

Figure 2.18: 13C CPMAS spectrum of SiO2@CN NPs

silica surface. Moreover, the signal corresponding to the carbon at position

b' is split into two components at 28.1 and 22.1 ppm, attributed to its sen-

sitivity to the electronic environment of the nitrogen. This interaction leads

to structural rearrangements and a change in the orientation of the propyl

chain, consistent with the γ-gauche e�ect.[13, 14] Furthermore, the lineshape

of the C-1' signal, associated with the amide bond, is asymmetric, with at

least two components. This asymmetry may re�ect di�erent conformations,

as suggested by the splitting of the C-b' resonance.

TGA

To estimate the amount of CINN-APTES covalently bound to the surface

of SiO2@CN NPs, TGA was performed, and the thermogram was compared
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to that of bare SiO2 NPs (Figure 2.19). The greater weight loss observed for

SiO2@CN NPs between 150◦C and 1000◦C is attributed to the higher per-

centage of organic content likely associated with CINN-APTES, as con�rmed

by previous results. Assuming the increased weight loss in this temperature

range is solely due to the molecular fraction of CINN-APTES, the degree of

functionalization, expressed both as a mass percentage and as σ (number of

molecules per unit area), was calculated using Equation A.3 and Equation

A.4 (provided in the appendix) and shown in the Table 2.2.

Figure 2.19: TGA curve of SiO2 and SiO2@CN NPs

Table 2.2: Functionalization degree (both wt.% and σ) of SiO2@CN NPs

wt%(Y) σ (n./nm2)
SiO2@CN NPs 12.85 1.83
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CHNS

Table 2.3 presents the results of elemental analysis for both functionalized

and unfunctionalized silica samples.

Table 2.3: CHNS elemental analysis results of SiO2 and SiO2@CN NPs

Sample C (wt.%) H (wt.%) N (wt.%) S (wt.%)
SiO2 NPs 1.18 1.284 0 0.299
SiO2@CN NPs 8.60 1.596 1.55 0.135

As expected, the mass percentage of carbon and nitrogen atoms increases in

the functionalized sample due to the presence of CINN-APTES. Using Equa-

tion A.4, as explained in the appendix, the sigma value for the SiO2@CN

sample was estimated to be 1.86 n./nm2, which is in close agreement with the

value obtained from thermogravimetric analysis. This consistency highlights

both the accuracy of the estimation and the e�ectiveness of the functional-

ization reaction.

2.3.2 Synthesis of SepOH@CN NFs

2.3.2.1 Experimental Procedure of SepOH@CN NFs

In a single-neck round-bottom �ask, 100 mg of CINN-NHS (0.41 mmol)

was dissolved in 4.1 mL of anhydrous THF. APTES (96 µL, 0.41 mmol)

was added dropwise, and the reaction mixture was stirred at room temper-

ature for 1 hour to form CINN-APTES silane. Afterward, 55 mg of SepOH

nano�bers were added, and the mixture was re�uxed with vigorous stirring

for 24 hours. The product (SepOH@CN NFs) was recovered by centrifuga-

tion, washed with THF, and dried under vacuum for 3 hours.
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2.3.2.2 Characterization of SepOH@CN NFs

SEM-EDX

As with silica nanoparticles, SEM-EDX analysis was employed to prelimi-

narily assess the presence of carbon chains on the functionalized sepiolite

nano�bers. Figure 2.20 shows that the red dots indicate a higher concen-

tration of carbon atoms along the nano�ber boundaries, providing initial

evidence of the potential presence of CINN-APTES on the surface.

Figure 2.20: SEM and SEM-EDX micrographs of the same SepOH@CN NFs

ATR-FTIR

ATR-FTIR analysis was performed on SepOH, SepOH@CN, and pure CINN-

APTES to preliminarily verify the functionalization of sepiolite nano�bers.

The spectra of both SepOH and SepOH@CN NFs, shown in Figure 2.21,

exhibited characteristic signals, including bands at 3560 cm−1, correspond-

ing to Al-OH and Mg-OH groups, and a band in the range of 3400�3200

cm−1, attributed to adsorbed water and hydroxyl groups within the sepio-

lite structure. A prominent band at 1657 cm−1, observed in both samples,
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was linked to the bending vibrational mode of water but may also be at-

tributed to the C=O stretching of the amide group in SepOH@CN NFs, as

indicated by a signi�cant increase in intensity and a change in the lineshape.

Figure 2.21: ATR-FTIR-normalized spectra of pristine SepOH NFs, CINN-
APTES novel and SepOH@CN NFs

Additionally, bands at 1211 cm−1, 786 cm−1, and 690 cm−1 were assigned

to the characteristic Si-O-Si and O-Si-O bonds linking the tetrahedral units,

while the two signals at 1009 cm−1 and 976 cm−1 were associated with the

stretching vibrations of [SiO4] tetrahedral units. A band at 645 cm−1 was

attributed to the characteristic signal of the Mg3OH unit, while a feature at

1734 cm−1, likely due to acetone impurities, was also detected.

In SepOH@CN NFs, additional unique signals were observed, con�rming the
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presence of CINN-APTES on the sepiolite surface. These included bands be-

tween 2970 cm−1 and 2920 cm−1, corresponding to alkyl groups, and a signal

at 1621 cm−1, which, although partially masked by water, was attributed to

the C=C conjugated bond. Furthermore, a band at 1562 cm−1, correspond-

ing to the N-H bending mode of the amide group, and peaks between 1550

cm−1 and 1350 cm−1, associated with the C-C stretching vibrations of the

aromatic ring in CINN-APTES, were clearly detectable.

ss-NMR

The 29Si CPMAS NMR spectra of SepOH and SepOH@CN NFs are pre-

sented in Figure 2.22. In all cases, three well-resolved resonances are ob-

served at chemical shifts of 90, 93, and 96 ppm. These peaks correspond

to Q3 silicon environments,[15] representing the three distinct positions of

silicon atoms within the sepiolite microstructure, as identi�ed in Figure 2.23.

The functionalization of the sample with CINN-APTES is clearly evident,

as shown by the additional resonances corresponding to T3 and T2 units at

approximately 65 and 56 ppm, respectively. These signals indicate the for-

mation of organosilane bonds resulting from the surface modi�cation with

CINN-APTES. Quantitative analysis shows a ratio of approximately 100:10

between Q units and T units, highlighting the dominance of the native sili-

con environments over the functionalized sites.

The successful grafting of CINN-APTES onto the sepiolite surface was con-

�rmed by 13C solid-state NMR (Figure 2.24). Characteristic peaks corre-

sponding to the newly formed silane chain were observed at 11 ppm (C-c'),

22 ppm (C-b'), and 43 ppm (C-a'). Additionally, a peak at 167 ppm was
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Figure 2.22: 29Si MAS spectra of SepOH and SepOH@CN NFs

Figure 2.23: Ball and stick model of sepiolite structure with identi�cation of
Si1, Si2 and Si3 units[16]

assigned to the carbonyl group (C-1'), while the vinyl carbons were observed

at approximately 140 and 122 ppm (C-3' and C-2', respectively). A distinct

aromatic ring resonance was centered around 128 ppm, indicating the pres-

ence of the cinnamyl moiety.
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Figure 2.24: 13C CPMAS NMR spectrum of SepOH@CN NFs

Further signals at 18 ppm and 60 ppm, corresponding to CH3 and CH2

groups, respectively, were attributed to residual, non-hydrolyzed ethoxy

groups from CINN-APTES. These peaks suggest an incomplete condensa-

tion of the silanol groups, indicating that some unreacted ethoxy groups

remained attached to the silane structure. Moreover, two additional signals

detected at approximately 31 and 129 ppm are likely linked to residual ace-

tone and toluene, respectively, from the reaction or puri�cation steps. [13,

14, 17, 18]

TGA

After evaluating the success of the functionalization reaction, thermogravi-

metric analysis (TGA) was performed to estimate the amount of function-
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alizing agent grafted onto the nano�ber surfaces (Figure 2.25). In this case,

the mass loss between 150◦C and 1000◦C cannot be solely attributed to the

decomposition of the functionalizing agent, as other factors must also be

considered.

Figure 2.25: TGA curves of SepOH and SepOH@CN NFs

First, the microporous structure of the �bers traps water molecules that are

not fully eliminated at 150◦C. Even at higher temperatures, adsorbed water

continues to be released, as indicated by multiple steps in the thermogram

(curve dark blue Fig.), where both adsorbed water and surface-bound hy-

droxyl groups are lost simultaneously.

Additionally, during the functionalization process, silane may become in-

tercalated and adsorbed within the sepiolite pores. The puri�cation steps
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(ultrasonication and centrifugation) may not be su�cient to remove all the

adsorbed material, some of which may only be released above 150◦C.

Since silane decomposition (the primary focus of the calculation) occurs si-

multaneously with these processes, it is impossible to isolate and quantify

their individual contributions. In order to estimate the degree of functional-

ization, the same calculation method used for silica is applied here, with the

understanding that the aforementioned contributions are neglected. Table

2.4 contains the degree of functionalization, expressed as both a mass per-

centage and as σ (the number of molecules per unit area), calculated using

Equation A.3 and Equation A.4 (provided in the appendix).

Table 2.4: Functionalization degree (wt.% and σ) of SepOH@CN NFs

wt%(Y) σ (n./nm2)
SepOH@CN NFs 18.23 3.13

CHNS

The elemental analysis conducted on the SepOH and SepOH@CN samples

yielded the results presented in the Table 2.5. As anticipated, functionaliza-

tion of the sepiolite nano�bers with CINN-APTES resulted in an increased

percentage of carbon and nitrogen atoms in the sample. Using Equation

A.4, detailed in the appendix, the sigma value for the SepOH@CN sample

was estimated to be 2.99 n./nm2. It is important to note that this result

likely overestimates the true value, as the calculation does not account for

any uncondensed ethoxy groups from the silane. Nevertheless, the CHNS

analysis results align closely with those obtained from the TGA analysis,
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con�rming the reliability of the data.

Table 2.5: CHNS elemental analysis results of SepOH and SepOH@CN NFs

Sample C (wt.%) H (wt.%) N (wt.%) S (wt.%)
SepOH NFs 0.33 1.747 0.51 0.223
SepOH@CN NFs 13.13 2.588 0.76 0.042

2.3.3 Double-step preparation of cinnamyl functionalized

SiO2 NPs using CINN-NHS

To assess the e�ectiveness of the one-step strategy, where the �ller is di-

rectly functionalized with silane covalently binding the cinnamic unit, the

N-hydroxysuccinimide ester of cinnamic acid (CINN-NHS) was used to mod-

ify the amine groups of APTES that had already been grafted onto the sur-

face of silica nanoparticles (as illustrated in Scheme 2.5).

Scheme 2.5: Double-step functionalization reaction of SiO2 NPs using CINN-
NHS

Silica nanoparticles were selected as the model system due to their well-

de�ned surface chemistry and ease of functionalization. The amount of

APTES required was calculated based on the assumption that typically only

two ethoxy groups of the alkoxysilane react with the surface hydroxyl groups

of silica.
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The quantity of CINN-NHS to be utilized in the reaction was determined

from the results of thermogravimetric analysis (TGA), which provided an

estimation of the number of APTES units successfully grafted onto the silica

surface. Based on this evaluation, 1.5 equivalents of CINN-NHS per mole

of surface-bound amine groups were added to ensure a slight excess of the

cinnamic units, optimizing the conditions for providing complete functional-

ization and su�cient availability of the CINN-NHS for covalent attachment

to the amine groups.

2.3.3.1 Experimental procedure of SiO2@AP-CN

Step 1: Functionalization of SiO2 NPs with APTES

200 mg of SiO2 NPs were dispersed in 10.0 mL of ethanol. Once the sus-

pension reached re�ux conditions, a solution of 25 wt.% NH3 (20 µL) and

APTES (218 µL) were added dropwise, and the reaction mixture was stirred

under re�ux for 12 hours. After centrifugation at 9000 rpm for 15 minutes

and several ethanol washes, the SiO2@AP NPs were dried under vacuum for

3 hours.

Step 2: Derivatization of the Amino Group of SiO2@AP NPs

100 mg of SiO2@AP NPs (0.053 mmol of NH2, calculated by TGA analysis,

see 1.3.3.2, were dispersed in 5.0 mL of THF in a two-neck round bottom �ask

by ultrasonication (2 min). Then, 20 mg of CINN-NHS (0.082 mmol) was

added to the dispersion, and the reaction was stirred at room temperature for

1 hour. The product (SiO2@AP-CN NPs) was recovered by centrifugation,

washed with THF, and dried under vacuum for 3 hours.
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2.3.3.2 Characterization of SiO2@AP-CN

ATR-FTIR

Figure 2.26 shows the ATR-FTIR spectra of SiO2, SiO2@AP, and SiO2@AP-

CN NPs. Functionalization with APTES alone does not result in notable

changes in the spectrum of SiO2@AP, which closely resembles that of bare

SiO2. This is likely due to the low intensity of the characteristic vibrational

modes associated with the APTES unit. However, a reduction in the signal

at 954 cm−1, attributed to the vibration of the Si-OH bond, can be observed,

indicating that this hydroxyl group has been utilized by the functionalizing

agent.

Figure 2.26: ATR-FTIR specta of SiO2, SiO2@AP and SiO2@AP-CN NPs

In contrast, after the derivatization of SiO2@AP with CINN-NHS, new sig-
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nals emerge in the 1700 cm−1 to 1630 cm−1 region. These are likely associ-

ated with the stretching vibrations of the C=O bond in the newly formed

amide group and the C=C bond of the cinnamic unit. In both the SiO2@AP

and SiO2@AP-CN spectra, no signi�cant changes are observed in the stretch-

ing vibrations of aliphatic and aromatic C-H bonds around 3000 cm−1, pos-

sibly due to a low degree of functionalization.

TGA

To highlight the e�cacy of the one-step strategy in comparison to the double-

step procedure, the degree of functionalization of the SiO2@AP-CN NPs

was determined using thermogravimetric analysis, following the procedure

outlined in the appendix. The thermograms of bare SiO2, SiO2@AP, and

SiO2@AP-CN NPs in the temperature range of 150�1000◦C are reported in

Figure 2.27. It is assumed that the mass loss observed for SiO2@AP cor-

responds to the presence of the APTES unit, while for SiO2@AP-CN, the

additional mass loss relative to SiO2@AP is attributed solely to the cinnamic

unit.

The weight losses and corresponding degrees of functionalization for both

samples are summarized in the Table 2.6. Notably, the one-step strategy

achieves a degree of functionalization of approximately 1.8 n./nm² (as dis-

cussed in the paragraph), which is roughly six times higher than the value

obtained through the two-step approach. This clearly highlights the supe-

rior e�ciency of the one-step procedure.
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Figure 2.27: TGA curves of SiO2, SiO2@AP and SiO2@AP-CN NPs

Table 2.6: Functionalization degree (both wt.% and σ) of SiO2@AP and
SiO2@AP-CN NPs

wt%(Y) σ (n./nm2)
SiO2@AP NPs 4.24 1.77
SiO2@AP-CN NPs 1.30 0.24

CHNS

The CHNS analysis, as shown in Table 2.7, con�rmed an increase in the

percentage of carbon as the two-step synthesis progressed, consistent with

expectations and previous observations in the one-step synthesis. Using

Equation A.4 (appendix), the surface coverage (σ) was calculated to be

1.44 n.(APTES)/nm2 in the SiO2@AP sample, and 0.42 n.(CN)/nm2 in the

SiO2@AP-CN sample. These results are in line with those obtained from

thermogravimetric analysis, further validating the reliability of the data and

106



CHAPTER 2

supporting the better e�cacy of the one-step strategy.

Table 2.7: CHNS elemental analysis results of SiO2, SiO2@AP and SiO2@AP-
CN NPs

Sample C (wt.%) H (wt.%) N (wt.%) S (wt.%)
SiO2 NPs 1.18 1.284 0 0.299
SiO2@AP NPs 3.24 1.465 0.64 0.118
SiO2@AP-CN NPs 5.02 1.583 0.63 0.163

Additionally, Table 2.7 shows an increase in the percentage of nitrogen atoms

from the SiO2 sample to the SiO2@AP sample, which is attributed to the

functionalization reaction conditions (NH3) and the amine group in APTES.

As expected, subsequent derivatization with CINN-NHS does not signi�-

cantly a�ect the nitrogen content on the nanoparticle surface.

2.3.4 Double-step preparation of cinnamyl functionalized

�llers using cinnamoyl chloride

The previous sections detailed the development of a new alkoxysilane and its

application in the one-step functionalization of two di�erent types of �llers,

SiO2 NPs and Sep NFs. Additionally, the results obtained from the model

system, SiO2 NPs, were compared with a two-step procedure using the same

reagents, APTES and CINN-NHS. This comparison clearly demonstrated

that the one-step procedure o�ers a signi�cantly higher yield than the two-

step approach, while also preventing the presence of unreacted amine groups,

which could pose issues in �nal applications.

However, the synthesis of CINN-APTES is highly sensitive to environmental
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conditions, with even minor contamination from water or moisture causing

self-condensation of the silane, thereby rendering it unusable for nanoparticle

functionalization. As extensively documented in the literature, an alterna-

tive approach would be to employ the two-step procedure. However, as

discussed in paragraph 2.3.3, the reaction yield for the method exploiting

CINN-NHS derivatives appears very low.

To address this issue, cinnamoyl chloride, a more reactive derivative of cin-

namic acid, was selected as an alternative grafting group for modifying the

amine groups of APTES that have already anchored onto the �ller surface

(Scheme 2.6).

Scheme 2.6: Double-step functionalization reaction of both SiO2 NPs and Se-
pOH NFs using CNCOCl

2.3.4.1 Experimental Procedure of X@AP-CNCOCl

Step 1: Functionalization of �llers with APTES

�Silica

SiO2 nanoparticles were functionalized with APTES, as outlined in the para-

graph 2.3.3, to obtain SiO2@AP nanoparticles.

�Sepiolite

500 mg of SepOH NFs were dispersed in 25 mL of toluene, and the sus-

pension was heated to 130◦C under mechanical stirring. Subsequently, 527
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µL of APTES was added to the reaction mixture, which was maintained at

130◦C for 24 hours. The product was then centrifuged, washed several times

with toluene, followed by a �nal wash with acetone, and dried overnight in

an oven at 80◦C.[19]

Step 2: Derivatization of the Amino Group of X@AP using

cinnamoyl chloride

The nano�ller was dispersed in DCM in a two-neck round-bottom �ask using

ultrasonication for 2 minutes. Cinnamoyl chloride (CNCOCl was then added

to the dispersion, and the reaction mixture was stirred at room temperature

for 21 hours. The product (X@AP-CNCOCl) was recovered by centrifuga-

tion, washed with DCM, and dried under vacuum for 3 hours. The quantities

of the reactants are provided in Table 2.8.

Table 2.8: Quantities of reactants used fot the derivatization of the amino group
of X@AP �llers

SiO2 NPs SepOH NFs

X@AP 100.0 mg
0.053 mmol
(R-NH2)

250.0 mg
0.448 mmol
(R-NH2)

CNCOCl 22 mg 0.132 mmol 167.0 mg 1.0 mmol
DCM 10.0 mL 41.0 mL

2.3.4.2 Characterization of SiO2@AP-CNCOCl NPs

ATR-FTIR

As in previous cases, the infrared spectrum of the �nal product was ac-

quired and compared with that of the respective starting materials (Figure
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2.28). The starting samples have been thoroughly described in the previous

section. For the �nal sample, new signals appeared in the region between

1700 and 1300 cm−1, likely attributable to the presence of the cinnamic unit.

Figure 2.28: ATR-FTIR spectra of SiO2, SiO2@AP and SiO2@AP-CNCOCl
NPs

ss-NMR

The 29Si CPMAS NMR spectra of the analyzed samples are shown in the

Figure 2.29. The bare silica sample exhibited three resonances correspond-

ing to Q2, Q3, and Q4 units at approximately -90, -99.8, and -108.6 ppm,

respectively. After functionalization, T units were observed in both the

SiO2@AP and SiO2@AP-CNCOCl samples, with T3 and T2 units resonat-

ing at approximately -65.2 and -59 ppm, respectively, con�rming successful
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silane anchoring to the silica surface.[13]

Figure 2.29: 29Si MAS NMR spectra of SiO2, SiO2@AP and SiO2@AP-CNCOCl
NPs

The spectra were normalized to the Q4 signal, revealing a decrease in the

intensity of the Q3 and Q2 units in SiO2@AP, which is attributed to APTES

grafting. Integration analysis showed that for every 100 Q units, there are

12 T units. Interestingly, in the SiO2@AP-CNCOCl sample, the Q unit in-

tensities were comparable to those of bare silica. Integration showed that for

every 100 Q units, only 9 T units were present, fewer than in the SiO2@AP

sample. This could indicate that during the amine group modi�cation reac-

tion, a small portion of APTES may have been lost.

Figure 2.30 presents the 13C CPMAS NMR spectra of the SiO2@AP and
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Figure 2.30: 13C CPMAS NMR spectra of SiO2@AP and SiO2@AP-CNCOCl
NPs

SiO2@AP-CNCOCl samples. The SiO2@AP spectrum con�rms the success-

ful functionalization of the nanoparticles surface with APTES. Speci�cally,

the silane signals are evident at 9.7 ppm (C-c), 22.6 ppm (C-b), and 43 ppm

(C-a). The C-b signal is split into two components at approximately 22.6

and 25.4 ppm, due to its sensitivity to the electronic environment of the

terminal nitrogen, which causes a rearrangement in the orientation of the

propyl chain (γ-gauche e�ect).[13, 14] Two additional signals at 17.6 and 61.2

ppm correspond to the non-hydrolyzed ethoxy groups. The peak at 164.8

ppm indicates a reaction between the amine group of APTES and CO2, a

behaviour previously reported in the literature and noted as a reversible

phenomenon after heat treatment. Further functionalization with CNCOCl

is clearly visible in the spectrum of the SiO2@AP-CNCOCl sample. The
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signal at 168 ppm corresponds to C-1', while the vinyl carbons (C-3' and

C-2') are observed at approximately 140 and 121 ppm, respectively. The

quaternary carbon and the remaining carbons of the benzene ring resonate

at 135 and 128 ppm, respectively.

The carbon at position C-c' experiences a 10 ppm high-�eld shift, making it

the most sensitive to grafting with APTES. Additionally, the C-b' signal is

no longer split into two components, indicating the absence of the γ-gauche

e�ect. This behaviour can be explained considering that the terminal nitro-

gen is now bonded to the cinnamic unit, preventing the rearrangement of

the propyl chain.

TGA

Figure 2.31 summarize the thermograms acquired for SiO2, SiO2@AP, and

SiO2@AP-CNCOCl NPs. The mass percentage and degree of functionaliza-

tion of APTES for SiO2@AP, and the cinnamic units for SiO2@AP-CNCOCl,

were calculated as previously described (Table 2.9).

A key observation is that the degree of functionalization for SiO2@AP NPs

is consistent across both synthesis batches, con�rming the reproducibility of

the reaction.

In contrast, the degree of functionalization achieved by the two-step proce-

dure using CNCOCl is notably higher than that obtained with CINN-NHS

(0.24 n.(CINN)/nm2). However, when compared to the one-step procedure,

it is evident that this strategy remains the most e�cient (1.8 n.(CINN)/nm2).
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Figure 2.31: TGA curves of of SiO2, SiO2@AP and SiO2@AP-CNCOCl NPs

Table 2.9: Functionalization degree (both wt.% and σ) of SiO2@AP and
SiO2@AP-CNCOCl NPs

wt%(Y) σ (n./nm2)
SiO2@AP NPs 4.21 1.79
SiO2@AP-CNCOCl NPs 5.14 1.03

CHNS

Elemental analysis shows a clear increase in the relative percentage of car-

bon atoms as the functionalization steps progress, as expected (Table 2.10).

In contrast, the percentage of nitrogen atoms rises in the case of SiO2@AP,

due to the presence of the amine group in APTES and the use of NH3 dur-

ing the functionalization process. However, the nitrogen content remains

nearly constant in the sample functionalized with the cinnamic unit, since

this reaction does not introduce additional N atoms. Using the equations
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provided in the appendix, the degree of functionalization was calculated and

resulted 1.52 n.(APTES)/nm2 for SiO2@AP and 1.14 n.(CNCOCl)/nm2 for

SiO2@AP-CNCOCl, in line with the results obtained from thermogravimet-

ric analysis.

Table 2.10: CHNS elemental analysis results of SiO2, SiO2@AP and SiO2@AP-
CNCOCl NPs

Sample C (wt.%) H (wt.%) N (wt.%) S (wt.%)
SiO2 1.52 1.531 0.63 0.085
SiO2@AP 3.66 1.631 1.75 0.266
SiO2@AP-CNCOCl 8.26 1.855 1.8 0.294

2.3.4.3 Characterization of SepOH@AP-CNCOCl NFs

ATR-FTIR

The infrared spectra of SepOH, SepOH@AP, and SepOH@AP-CNCOCl

nanoparticles are presented in Figure 2.32. The detailed description of the

SepOH spectrum can be found in Section 2.3.2.2. Notably, similar to the

silica nanoparticles functionalized via the two-step method with CNCOCl,

both functionalized sepiolite �bers exhibit weak signals around 3000 cm−1,

attributed to the C-H stretching vibrations of alkyl chains or the aromatic

ring. Of particular importance are the peaks observed at 1658 and 1619

cm−1 in the sample functionalized with the cinnamic unit, corresponding to

the stretching of the C=O and conjugated C=C bonds, respectively. Addi-

tionally, overlapping in this region is the bending mode of water molecules,

which are abundantly present within the channels of the sepiolite structure.
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Figure 2.32: ATR-FTIR spectra of SepOH, SepOH@AP and SepOH@AP-
CNCOCl NFs

ss-NMR

Figure 2.33 presents the 29Si CPMAS NMR spectra of the samples. All spec-

tra display three distinct resonances at 90, 93, and 96 ppm, corresponding

to Q3 units, which represent the three di�erent Si atom positions in the sepi-

olite structure (Figure 2. 23).[15] The presence of APTES functionalization

is evident in both samples, indicated by the T3 and T2 units appearing at

approximately 65 and 56 ppm, respectively. Integration analysis revealed a

ratio of Q units to T units of around 100:10.

Figure 2.34 displays the 13C CPMAS NMR spectra of SepOH@AP and

SepOH@AP-CNCOCl samples. In the SepOH@AP sample, the successful

grafting of APTES onto the sepiolite surface is con�rmed by peaks at 11
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Figure 2.33: 29Si MAS NMR spectra of SepOH, SepOH@AP and SepOH@AP-
CNCOCl NFs

ppm (C-c), 22 ppm (C-b), and 43 ppm (C-a), with the C-b peak split due

to the γ-gauche e�ect.[13, 14] Additionally, residual non-hydrolyzed ethoxy

groups were observed, along with a peak at 165 ppm, indicating the reaction

of APTES with CO2.[17, 18]

For the SepOH@AP-CNCOCl sample, the further functionalization with cin-

namoyl chloride was successful, as evidenced by signals corresponding to the

cinnamoyl unit: 167 ppm (C-1'), 140 ppm (C-2'), 122 ppm (C-3'), and 135

ppm (C-Ph). The disappearance of the splitting in the C-b' signal suggests

that the NH2 groups no longer interact with surface silanols after the second

functionalization step, eliminating the γ-gauche e�ect.
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Figure 2.34: 13C CPMAS NMR spectra of SepOH@AP and SepOH@AP-
CNCOCl NFs

TGA

The thermograms of SepOH, SepOH@AP, and SepOH@AP-CNCOCl NFs

samples are reported in Figure 2.35. TGA was performed to estimate the

amount of functionalizing agent grafted onto the nano�ber surfaces after

con�rming the success of the functionalization reaction. As described earlier

for SepOH@CN, the mass loss between 150◦C and 1000◦C cannot be solely

attributed to the decomposition of the functionalizing agent. Nonetheless,

an estimation of the degree of functionalization is provided in Table 2.11.

A key remark is that the estimated degree of functionalization for SepOH@AP

is signi�cantly higher than that of SepOH@CN (from the one-step proce-

dure). One possible explanation is that the shorter APTES unit may more
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Figure 2.35: TGA curves of SepOH, SepOH@AP and SepOH@AP-CNCOCl
NFs

easily penetrate the sepiolite channels, becoming adsorbed or even covalently

bound within the porous internal structure.

Table 2.11: Functionalization degree (both wt.% and σ) of SepOH@AP and
SepOH@AP-CNCOCl NFs

wt%(Y) σ (n./nm2)
SepOH@AP NFs 10.41 5.23
SepOH@AP-CNCOCl NFs 6.53 1.58

CHNS

Elemental analysis once again reveals a progressive increase in the percent-

age of carbon atoms as the reaction steps advance (Table 2.12). As expected,

the percentage of nitrogen atoms increases during the �rst step, due to the
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amine group of APTES, and remains almost unchanged after the attach-

ment of the cinnamic unit. Using the equations provided in the appendix,

the degrees of functionalization were calculated as 7.60 n.(APTES)/nm2 for

SepOH@AP NFs and 2.59 n.(CNCOCl)/nm2 for SepOH@AP-CNCOCl NFs.

In this case, unlike the previous results, the TGA and CHNS measurements

show some discrepancies. This di�erence could be attributed to the fact that

the degree of functionalization calculated by TGA is based on data obtained

at temperatures above 150◦C, whereas in the case of CHNS, the mass loss

over the entire temperature range is considered. Given the porous structure

of the material, it is possible that solvent and adsorbed substances on the

surface are accounted in the CHNS analysis, leading to an overestimation of

the results.

Table 2.12: CHNS elemental analysis results of SepOH, SepOH@AP and
SepOH@AP-CNCOCl NFs

Sample C (wt.%) H (wt.%) N (wt.%) S (wt.%)
SepOH 0.48 1.722 0.66 0.198
SepOH@AP 9.47 2.184 1.36 0
SepOH@AP-CNCOCl 11.52 2.354 1.21 0

DRS � Photoresponsive properties

DRS spectra of both cinnamic-functionalized �llers were acquired to assess

the absorption properties of the samples (Figure 2.36, Figure 2.37). Addi-

tionally, both powders were irradiated at 365 nm for 24 hours, followed by

exposure to 254 nm for another 24 hours, to evaluate their photoresponsive

behavior.
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Figure 2.36: DRS spectra of SiO2@CN NPs in three conditions: as-prepared,
after 24 hours of irradiation at 365 nm, and following an additional 24 hours of
irradiation at 254 nm

Both SiO2@CN and SepOH@CN functionalized �llers exhibited similar pho-

toreversible characteristics. Upon UV irradiation at λ ≥ 365 nm, corre-

sponding to the photodimerization step, an increase in re�ectance intensity

was observed. Since transmittance is assumed to be zero, an increase in re-

�ectance corresponds to a decrease in absorbance. This change is attributed

to the conversion of the vinyl aryl groups in the cinnamic units into cyclobu-

tane structures, disrupting the π-conjugation (Scheme 2.7).

After irradiation at λ= 254 nm, photocleavage occurs, partially reversing the

changes. The re�ectance intensity decreases, indicating a partial recovery of

the original absorption properties and a return to the cinnamic structure.
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Figure 2.37: DRS spectra of SepOH@CN NFs in three conditions: as-prepared,
after 24 hours of irradiation at 365 nm, and following an additional 24 hours of
irradiation at 254 nm

Scheme 2.7: Photoreversible dimeriation scheme of CINN-APTES grafted on
�ller surface

However, as observed in both SiO2@CN and SepOH@CN, this recovery is

incomplete, with the initial spectral features only partially restored. This

incomplete regeneration is likely due to an equilibrium between photodimer-

ization and photocleavage processes occurring on the nanoparticle surfaces.

Furthermore, photoinduced cluster formation may occur, especially within
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the cross-linked cinnamic units between nanoparticles, creating shielding ef-

fects that prevent full UV light exposure and limit the reversal of cyclobutane

back to the vinyl aryl state.[20, 21]
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2.4 Exploitation of another light-responsive unit:

coumarin

This paragraph focuses on the functionalization of silica nanoparticles with

coumarin, a well-known chromophore that undergoes photoreactions, mak-

ing it an ideal candidate for developing light-responsive materials. The pro-

cess begins with the synthesis of acrylic coumarin (AC), which is then at-

tached to silica nanoparticles in a multi-step procedure using MPTMS.[22]

The approach involves a radical reaction between the acrylic group of the

coumarin and the methacrylic group of MPTMS, enabling the covalent at-

tachment of coumarin units onto the silica surface. The successful grafting

of coumarin is con�rmed through solid-state NMR (ss-NMR) and DRS spec-

troscopy, which show enhanced light absorption in the UV-visible range, con-

sistent with coumarin's known photoreactivity. The characterization results

highlight the potential of this functionalized �ller for light-induced applica-

tions, such as responsive coatings and other smart material technologies.

2.4.1 Preparation of Coumarine functionalized SiO2 NPs

Materials

7-Hydroxy-4-methylcoumarin 98% (HMC) and Toluene (99%) was purchased

from Alfa Aesar. Acryloyl Chloride 97% and Dicumyl Peroxide 98% (DCP)

were purchased from Sigma-Aldrich and used as received. MPTMS 97% was

purchased from abcr. Sodium hydroxide 98% (NaOH) was purchased from

Thermo Fisher Scienti�c. Absolute anhydrous Ethanol was purchased from

VWR.
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2.4.1.1 Experimental Procedure of SiO2@MP-AC

Step 1: Synthesis of Acrylic Coumarine

Acrylic coumarin (AC) was synthesized using a method reported in the lit-

erature (Scheme 2.8). Speci�cally, 2.17 g of 7-hydroxy-4-methylcoumarin

and 0.5 g of NaOH were placed in a round-bottom �ask containing 100 mL

of ethanol. The mixture was heated to 70◦C and stirred for 30 minutes.

Subsequently, the reaction was cooled to 0-5◦C, and 1.12 mL of acryloyl

chloride was slowly added dropwise, allowing the reaction to proceed for an

additional 60 minutes at 0-5◦C. The reaction mixture was then poured into a

beaker containing 200 mL of cold distilled water, and the precipitated prod-

uct was �ltered, washed with cold distilled water, and dried in a vacuum

oven at 50◦C. 1H NMR (400.13 MHz, DMSO-d6): δ 7.85 (d, J = 8.64 Hz,

1H), 7.35 (d, J = 2.28 Hz, 1H), 7.25 (dd, J = 8.64, 2.28 Hz, 1H), 6.58 (dd, J

= 17.24, 1.24 Hz, 1H), 6.43 (m, 2H), 6.20 (dd, J = 10.32, 1.24 Hz, 1H); 2.44

(d, J = 1.12 Hz, 3H). NMR data are consistent with the literature data.[23]

Scheme 2.8: Preparation of AC

Step 2: Functionalization of silica with MPTMS

In a 50 mL round-bottom �ask 1.0 g of SiO2 was dispersed in 24 mL of

toluene, and the resulting suspension was heated to 130◦C under mechan-

ical stirring. After reaching the desired temperature, 1.12 mL of MPTMS

was added to the reaction mixture, which was then kept at 130◦C for 24
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hours. The product was isolated by centrifugation, washed multiple times

with toluene, followed by a �nal wash with ethanol, and then dried overnight

in an oven at 80◦C (Scheme 2.9).

Step 3: Modi�cation of SiO2@MP with AC

20 mg of AC was dissolved in 10 mL of toluene, and 500 mg of the previously

synthesized SiO2@MP NPs were dispersed in the solution. The mixture was

heated to 170◦C, and upon reaching the target temperature, a solution of 20

mg of DCP (4 wt.% with respect to SiO2) in 2 mL of toluene was added. The

reaction was stirred at 170◦C overnight. The product was then centrifuged

and washed three times with toluene, followed by a �nal wash with ethanol.

The powder was dried overnight in an oven at 80◦C (Scheme 2.9).

Scheme 2.9: Double-step functionalization reaction of SiO2 NPs using AC

2.4.1.2 Characterization of SiO2@MP-AC

UV-Vis

To verify the chromophore properties of the acrylic coumarin sample, its

UV-Vis spectrum was recorded with the molecule dissolved in DCM. The

spectrum, shown in the Figure 2.38, reveals two main absorption peaks at

275 nm and 315 nm, con�rming the molecule's strong absorption in the UV-

Vis range.[12] These peaks demonstrate the characteristic light absorption

properties of acrylic coumarin, which are essential for its functionality in
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light-responsive applications.

Figure 2.38: UV-Vis spectrum of AC

ss-NMR

Figure 2.39 shows the 29Si NMR CPMAS spectra of the SiO2, SiO2@MP,

and SiO2@MP-AC NPs samples. The spectrum of SiO2 exhibits the char-

acteristic asymmetric line shape resulting from three components assigned

to the structural units Q2, Q3, and Q4. These units are present in all sam-

ples, although the functionalized samples show a slightly lower amount of

Q4. The spectra of functionalized SiO2 display T1 and T2 units at 46 and

55 ppm, respectively, indicating silane grafting. The absence of T3 units

suggests a very low degree of condensation of MPTMS.
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Figure 2.39: 29Si NMR CPMAS spectra of the SiO2, SiO2@MP, and SiO2@MP-
AC NPs

Figure 2.40 presents the 13C CPMAS spectra of silica functionalized �rst

with MPTMS and subsequently with AC molecules.

In the spectrum of the SiO2@MP sample, the organic chain is represented

by three resonances corresponding to the methylene carbon atoms of the

propyl chain (C-1, C-2, C-3) and three resonances of the methacrylate tail:

the carbonyl (C-4 at 169 ppm), vinyl (C-5 and C-6 at 137 and 124 ppm,

respectively), and methyl (C-7) carbon atoms.[24] The peak at 50 ppm can

be attributed to unhydrolyzed -OCH3 groups, while the signal at 55 ppm is

assigned to a CH2 carbon involved in an ethoxy group, according to the liter-

ature. Since the particles were washed with ethanol, it is possible that some

solvent molecules remain adsorbed on the sample surface. Additionally, the
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Figure 2.40: 13C CPMAS NMR spectra of SiO2@MP and SiO2@MP-AC NPs

shape and chemical shift from 1 to about 6 ppm suggest a low degree of

condensation.

The spectrum of the SiO2@MP-AC sample shows signals corresponding to

both the MPTMS and AC components, with the AC resonances visible in

the 100-160 ppm region. The binding between the two components is ev-

idenced by the appearance of new resonances in the methylene region at

30-50 ppm, as well as the disappearance of the vinyl peaks (C-5, C-6) and

the broadening and down�eld shift of C-4.[22, 25] These results con�rm the

successful functionalization of silica nanoparticles with coumarin units.

TGA

Thermogravimetric analysis was employed to estimate the degree of func-
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tionalization. As in previous cases, the equations provided in the appendix

were used to obtain the results presented in the Table 2.13.

Table 2.13: Functionalization degree (both wt.% and σ) of SiO2@MP and
SiO2@MP-AC NPs

wt%(Y) σ (n./nm2)
SiO2@MP NPs 2.90 0.56
SiO2@MP-AC NPs 3.29 0.36

It can be observed that, consistent with the ss-NMR analysis, the degree of

functionalization with MPTMS is relatively low. However, the subsequent

reaction with AC successfully functionalized more than 50% of the avail-

able methacrylate groups. It is evident that the functionalization reaction

with MPTMS requires optimization. Additionally, it must be noted that the

chemistry involved in this process relies on radical reactions. Therefore, the

structure depicted in the diagram may be a simpli�ed representation of the

actual situation. It is possible that methacrylate groups of MPTMS could

react with each other, or that coumarin units may also react among them-

selves, forming oligomeric chains of coumarin units, which are subsequently

bound to the nanoparticle surface.

DRS

DRS analysis was conducted as a preliminary step to assess the absorption

properties of nanoparticles functionalized with coumarin units. The spectra

of SiO2@MP and SiO2@MP-AC nanoparticles are presented in Figure 2.41.

The methacrylate group exhibits weak absorption around 270 nm. How-

ever, the addition of the coumarin unit, even with a relatively low degree of
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functionalization, signi�cantly enhances the absorption, displaying a band

starting at 330 nm and a second peak at 275 nm, consistent with the UV-Vis

absorption of the coumarin unit (Figure 2.38). Ongoing irradiation measure-

ments will further evaluate the material's photoresponsive behaviour, which

could lead to the development of a new reactive �ller. Once optimized, this

approach will also be applied to sepiolite nano�bers, as previously explored

with cinnamic-functionalized systems.

Figure 2.41: DRS spectra of SiO2@MP and SiO2@MP-AC NPs
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This chapter describes the synthesis, characterization, and evaluation of

a novel photo-responsive etheri�ed starch material derived from yuca starch

This research was conducted in collaboration with Dr. Simona Petroni and

Prof. Laura Cipolla, with whom the �nal results were shared.

The modi�cation was carried out through an etheri�cation reaction with

cinnamyl chloride, aiming to improve the properties of native starch and

introduce functional groups able to confer light-responsive behaviour. The

chapter details the experimental procedures used for etheri�cation, degree

of substitution analysis, �lm formation, and characterization of the modi�ed

starch, as well as the evaluation of its thermal stability and photo-responsive

properties.

The characterization of the modi�ed starch was conducted using several ana-

lytical techniques. ATR-FTIR, solution-state, and solid-state NMR provided

evidence for the formation of ether bonds between starch and cinnamyl chlo-

ride. Thermogravimetric analysis showed enhanced thermal stability with

increasing Degree of Substitution (DS).

The photo-responsive properties of the modi�ed starch were investigated

using UV-Vis and 1H-NMR spectroscopy. These analyses revealed partial

photodimerization and isomerization of cinnamyl moieties in solution.

Overall, the chapter provides a comprehensive overview of the synthesis,

characterization, and functional analysis of cinnamyl etheri�ed yuca starch,

emphasizing the material's photoresponsive properties.
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3.1 Experimental Procedure

Starch is a biopolymer that stands out for its versatility, biodegradability,

and abundance. Particularly when derived from organic waste or food in-

dustry surplus, starch supports the principles of the circular economy by

reducing waste and encouraging the reuse of materials that contribute to

environmental challenges.[1]

Chemically, starch is a polysaccharide composed of two main components:

amylose and amylopectin. Amylose is a linear polymer made up of α-

D-glucose units linked by α(1→4) glycosidic bonds, which contributes to

starch's �lm-forming abilities. Amylopectin, a highly branched polymer,

contains α(1→4) linked glucose units with α(1→6) linkages at the branch-

ing points, contributing to its structure (Figure 3.1). The abundance of

hydroxyl (-OH) groups in starch gives it a hydrophilic nature but also pro-

vides sites for chemical modi�cations, such as crosslinking or grafting, to

improve its performance.[2]

Cassava (yuca) starch, in particular, has emerged as a promising raw ma-

terial for bioplastic production due to the sustainable practices associated

with its cultivation. Cassava is resilient in arid climates, requiring minimal

agricultural inputs, making it an ecologically sound crop. Its high amy-

lose content enhances its capacity to form strong, durable �lms, which is

crucial for packaging applications. Additionally, cassava starch has a rela-

tively low gelatinization temperature (55◦C to 75◦C), which reduces energy

consumption during processing, making it more e�cient for industrial-scale

production.[3]
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Figure 3.1: Amylose and amylopectin structures[2]

Despite these advantages, starch has inherent limitations, including high

hydrophilicity, low thermal stability, and inadequate mechanical strength,

which can limit its use in certain applications like food packaging. To over-

come these challenges, two primary modi�cation strategies are often em-

ployed. Crosslinking is an e�ective method for improving the mechanical

strength, water resistance, and thermal stability of starch-based materi-

als.[4�6] Incorporating natural nano�llers, such as silicates (e.g., sepiolite,

palygorskite, montmorillonite, and kaolinite), into starch matrices can sig-

ni�cantly create a tortuous path that impedes the di�usion of gases and
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moisture, thereby improving the water resistance and overall strength of

starch-based �lms.[1]

In conclusion, starch, particularly yuca starch, emerges as a promising biobased

polymer for packaging applications due to its biodegradability, availability,

and cost-e�ectiveness. Its properties can be improved through crosslink-

ing and the incorporation of nano�llers. The development of starch-based

nanocomposites aligns with global e�orts to reduce environmental pollution

and promote a circular economy.

Materials

Yuca (cassava) starch powder sourced from Colombia (Almidón de Yuca

Dulce, produced by Cimpa s.a.s.) was previously dried in a static oven

at 65◦C for 48 hours. Cinnamyl chloride 95% (CINN-Cl), NaOH (pellets,

purity ≥ 98%), and THF ≥ 99.9% were obtained from Sigma-Aldrich and

used without further puri�cation. Acetone 96.6% was sourced from Thermo

Fisher Scienti�c. Anhydrous Dimethyl Sulfoxide (DMSO) was purchased

from VWR International. DMSO-d6 (99.5% atom D) and tri�uoroacetic

acid-d (TFA-d, 99.5% atom D) for NMR spectroscopy were obtained from

Acros Organics.

3.1.1 Etheri�cation of yuca starch with cinnamyl

chloride

Three di�erent starch/NaOH/cinnamyl chloride ratios were used to obtain

varying degrees of substitution (Table 3.1). The ratios were calculated based

on the mmol of anhydroglucose units (AGU, MW = 162.14 g/mol).
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Scheme 3.1: Etheri�cation of yuca starch with cinnamyl chloride

Yuca starch (1 g, 6.16 mmol AGU) was suspended in 16 mL of dry DMSO

in a round-bottom �ask and heated to 90◦C with magnetic stirring until

dissolved (approximately 3 hours). The solution was then cooled to room

temperature, and a speci�c amount of previously powdered NaOH was added

to the reaction mixture, which was then stirred vigorously for 1 hour. Sub-

sequently, cinnamyl chloride was added dropwise, and the reaction mixture

was stirred for 24 hours at room temperature. The solution was transferred

to a beaker containing 30 mL of acetone, placed in an ice bath. The product

precipitated as a white powder, which was then centrifuged and washed once

with a cold solution of acetone and water (3:1), followed by several washes

with fresh cold acetone. The powders were dried under vacuum overnight

(Scheme 3.1).

3.1.2 Degree of substitution by NMR spectroscopy

analysis

The degree of substitution (DS) represents the number of substituents at-

tached to each anhydroglucose unit (AGU) and can range from 0 to 3, cor-

responding to the hydroxyl groups on carbons 2, 3, and 6. However, the
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maximum DS of 3 is only achievable if the 6-OH group is not involved in

α(1,6)-linkages. Given that starch includes α(1,6)-branched amylopectin,

the DS cannot reach this maximum.[7]

Table 3.1: Reagent molar ratio used for the etheri�cation reaction for each degree
of substitution (DS)

Sample NaOH/AGU CNCl/AGU DS
CS1 1 0.2 0.09
CS2 1 1 0.33
CS3 3 4.5 1.24

The DS is calculated, using 1H-NMR spectroscopy, by the ratio of the nor-

malized integration area of the aromatic protons (APh/5) to the combined

integration areas of the anomeric protons Aα(1,4) and Aα(1,6), as shown in

Equation 3.1.

DS =
APh

5 · (Aα(1,4) + Aα(1,6))
(3.1)

3.1.3 Film formation of etheri�ed yuca starch

450 mg of cinnamyl-starch ether (DS 0.09, CS1) were dissolved in 10 mL of

deionized water at 90◦C under magnetic stirring for 1 hour. Once fully dis-

solved, the solution was cooled and poured onto a low-density polyethylene

Petri dish. The formed �lm was then peeled o� and left to air-dry at room

temperature for 3 days.
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3.2 Characterization

ATR-FTIR

ATR-FTIR analysis was employed to preliminary assess the e�ective deriva-

tization of yuca starch. Speci�cally, Figure 3.2 shows the FTIR spectra

of the native starch, three derivatized samples (CS1-3, with increasing DS),

and cinnamyl chloride (CNCl). The region between 1200 and 800 cm−1 high-

lights the characteristic C-O bond bands of both C-OH and C-O-C groups,

which are present in the anhydroglucose units of starch. A very broad band

around 3400 cm−1 is observed, corresponding to the vibration of the -OH

bond, which is prominent in the carbohydrate chain, while water bending is

found at 1633 cm−1.

The presence of the cinnamic unit modi�es the starch spectrum. Speci�-

cally, distinct peaks at 1650, 966, and 691 cm−1 can be attributed to the

stretching and bending of the C=C bond in the disubstituted alkene of the

cinnamic unit. Additionally, especially in sample CS3, new signals appear

around 3000 cm−1, corresponding to the C-H bonds of both the disubstituted

alkene and the aromatic ring. These diagnostic signals are clearly visible in

sample CS3, which has a high degree of substitution, and appear weakly in

the other two samples. This result indicates the presence of the cinnamic

unit in the samples. However, since the bond formed between the cinnamic

unit and the starch anhydroglucose unit is an ether bond, it overlaps with

the C-O-C bond present in each anhydroglucose unit, making its identi�ca-

tion challenging.
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Figure 3.2: FTIR-ATR spectra of pristine yuca starch (PS), cinnamyl chloride
(CINN-Cl), and cinnamyl starch samples (CS1-3)

NMR

To con�rm the formation of the ether bond between the cinnamic unit and

the anhydroglucose units of starch, 1H-NMR spectra were acquired, as shown

in the Figure 3.3 for the CS1 sample. The other two samples (CS2-3) exhibit

the same diagnostic peaks but with di�erent integration values, which were

used to determine their respective degrees of substitution (DS). The spectra

were recorded in the presence of deuterated tri�uoroacetic acid (TFA-d),

which rapidly exchanges the protons of unsubstituted hydroxyl groups with

deuterium atoms, thereby eliminating interfering signals that overlap with

the protonic peaks of the starch backbone, allowing for accurate DS quan-

ti�cation. The resulting non-deuterated tri�uoroacetic acid gives rise to a

broad signal centered around 7.5 ppm for unmodi�ed starch and 8.7 ppm for
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the CS1 sample, both of which fall outside the diagnostic region of interest.

Figure 3.3: Comparison of 1H-NMR spectra in DMSO-d6 for PS, CS1, and
CNCl. H-1 indicates anomeric protons in the α(1,4) glycosidic linkage, H-1' for
those in α(1,6), and H4' for non-reducing terminal glucose units.

In contrast to the results obtained from infrared spectroscopy, the 1H-NMR

spectrum of CS1 clearly shows signals corresponding to the cinnamic unit.

Speci�cally, the aromatic protons (H-11, H-12, and H-13) resonate between

7.5 and 7.2 ppm, while the vinyl protons are observed at 6.65 ppm (H-9)

and 6.35 ppm (H-8). The H-7 protons resonate at 4.26 ppm, slightly shifted

compared to the corresponding signal in pure cinnamic chloride (CNCl),

which appears at 4.34 ppm, suggesting the formation of the ether bond.

Furthermore, the relative broadening of the cinnamic unit signals in the

CS1 spectrum compared to those in pure CNCl provides additional evidence
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Figure 3.4: 13C-NMR spectrum of CS1 in DMSO-d6

of modi�cation, which can be attributed to the attachment of the cinnamic

unit at three di�erent positions (C-2, C-3, and C-6) on both amylopectin and

amylose components. This results in the same bonds resonating at slightly

di�erent chemical shifts, leading to the formation of a broader signal.

The anomeric protons H-1 (α(1,4)) and H-1' (α(1,6)) resonate at 5.10 and

4.77 ppm, respectively, and the ratio between the integral of the anomeric

proton and that of the cinnamic unit signals allows the DS to be calculated,

as shown in the Table 3.1 using the previously reported equation.

Figure 3.4 presents the 13C-NMR spectrum of sample CS1 as a representative

example. The peaks were assigned following the same approach used for the

1H-NMR spectrum, supported by relevant literature data.[7] This analysis
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provides additional veri�cation that the starch modi�cation was successfully

achieved.

ss-NMR

For a comprehensive characterization of the material, solid-state 13C CP-

MAS NMR spectra were acquired for all samples. In Figure 3.5 the spectra

of the initial components, namely cinnamyl chloride (CNCl) and yuca starch,

as well as the modi�ed starch samples (CS1-3) are reported and compared.

The resonances corresponding to the starch carbons are observed in the fol-

lowing regions: 94-105 ppm for C-1, 80-84 ppm for C-4, 68-77 ppm for C-2,

C-3, and C-5, and 58-65 ppm for C-6.[8] In the cinnamyl chloride spectrum,

the vinyl carbons resonate at 134 ppm (C-9) and 125 ppm (C-8), while the

aromatic ring carbons resonate between 125-130 ppm (C11-13) and at 136

ppm (C-10). The corresponding peaks are also present, despite broader, in

the substituted starch samples, further con�rming the presence of the cin-

namyl moiety.

The allylic carbon C-7 of cinnamyl chloride resonates at 46 ppm, but it is

absent in the spectra of cinnamyl-starch samples. According to the literature

data on cinnamyl ethers,[9] the etheri�cation reaction causes a shift of the

allylic carbon C-7 to approximately 70 ppm, placing it in the same spectral

region as the starch carbon atoms. To identify the C-7 signal and con�rm

the formation of a covalent bond between starch and the cinnamyl moi-

ety, a Cross Polarization with Polarization Inversion (CPPI) pulse sequence

was applied to the solid-state NMR analysis of the CS2 sample (see Fig-

ure 3.5). The parameters were optimized to obtain 13C-NMR spectra with
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Figure 3.5: 13C CPMAS NMR spectra of PS, CS1, CS2, CS3 and 13C CPPI
NMR spectrum of CS2 sample (cinnamyl methylene carbons involved in the ether
linkage are highlighted)

CH2 resonances appearing as negative peaks while suppressing all other car-

bon resonances (e.g., CH3, CH, and quaternary carbons).[10] The 13C CPPI

NMR spectrum of CS2 reveals three signals: the �rst, centered at 61 ppm,

corresponds to the C-6 carbon of the anhydroglucose units, while the other

two, located at approximately 68 and 71 ppm, represent the cinnamyl al-

lylic CH2 involved in ether linkages (C-7), consistent with literature data.[9]

The presence of two peaks may indicate di�erent grafting sites on the starch

chains. Moreover, the absence of the peak at 46 ppm associated with the

allyl chloride further supports the successful covalent grafting of cinnamyl

151



CHAPTER 3

moieties onto yuca starch.

It is also noteworthy that the C-1 carbon signal is sensitive to starch crys-

talline conformations. Speci�cally, the shape of the C-1 resonance in yuca

starch is characteristic of crystalline starch, while the C-1 line shape of the

derivatized samples (CS1-3) suggests amorphization resulting from the mod-

i�cation process.

Overall, the combined results from ATR-FTIR, solution, and solid-state

NMR spectroscopy unequivocally demonstrate the formation of a covalent

ether bond between yuca starch and the cinnamyl moiety.

Solubility Properties

The solubility of starch derivatives is in�uenced by their degree of substitu-

tion (DS), as the introduction of apolar groups modi�es the polar hydroxy

groups responsible for hydrogen bonding. The solubility of starch cinnamyl

ethers (CS1-3) was analyzed. CS1 was soluble in demineralized water. CS2,

on the other hand, dissolved in ethanol only after prolonged mixing at room

temperature but remained insoluble in water. CS3 was insoluble in po-

lar solvents like water, ethanol, and acetone, whether at room temperature

or under re�ux conditions. However, it dissolved in toluene when heated

to 90◦C. Therefore, adjusting the DS allows for control over the solubility:

slight derivatization leads to water solubility by weakening the hydrogen

bonding network, while higher DS enhances solubility in non-polar organic

solvents, potentially broadening its practical applications.
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TGA

Thermogravimetric analysis was conducted on the modi�ed starch samples

to evaluate the thermal stability of the material following chemical modi�ca-

tion. Figure 3.6 shows the thermograms of both the unmodi�ed starch and

the modi�ed samples (CS1-3), along with the derivative thermogravimetric

(DTG) curves of each sample (inset). The unmodi�ed starch exhibits two

distinct degradation processes: the �rst, occurring up to 150◦C, corresponds

to the dehydration of the sample, while the second degradation step begins

at 270◦C, with a maximum mass loss observed around 300◦C, which corre-

sponds to the decomposition of the carbon chain.

Figure 3.6: TGA and DTG (inset) of CS1-3 compared to PS

In contrast, the modi�ed starch samples exhibit multi-step degradation curves,
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likely indicating the combined decomposition of functionalized and non-

functionalized fractions of the polymer.[11] Additionally, as the degree of

substitution increases, a transition to a single-step degradation trend is ob-

served, suggesting improved homogeneity in the chain distribution. This is

also accompanied by an increase in the thermal stability of the sample.

Photoresponsive properties

The photoresponsive properties of the new material were investigated using

both UV-Vis and NMR spectroscopy. Speci�cally, sample CS1 was ana-

lyzed exclusively by UV-Vis spectroscopy, as the cinnamic unit signals in

the NMR spectrum, though detectable, were too weak to observe signi�cant

changes. In contrast, sample CS2 was studied using both UV-Vis and NMR

spectroscopy. The photoresponsive properties of sample CS3 could not be

evaluated due to its low solubility, even in organic solvents like DMSO.

- UV-VIS

Figure 3.7: UV-Vis spectra of CS1 sample after exposure at λ ∼ 365 nm and,
subsequently, at λ = 254 nm (left); maximum absorption plotted against UV
irradiation time at λ ∼ 365 nm and λ = 254 nm (right)

154



CHAPTER 3

A solution of CS1 was prepared in water at a concentration of 10−4 M for

the cinnamic units and analyzed using a UV-Vis spectrophotometer. The

solution was placed in a well-sealed quartz cuvette, which was thermostated

and irradiated under a 365 nm lamp at di�erent time intervals. After 24

hours of irradiation, the solution was further irradiated using a second lamp

at 254 nm. The UV-Vis spectra are shown in the Figure 3.7 (left), while

Figure 3.7 (right) depicts the absorbance trend as a function of irradiation

time at the wavelength of maximum absorption (250 nm). A progressive

decrease in the absorption band is observed, particularly during irradiation

at 254 nm. This behavior can be attributed to the loss of conjugation of

the cinnamic unit, which reacts with another neighbouring cinnamic unit to

form a cyclobutane ring.

Additionally, the absorbance trend over time indicates that, under 365 nm

irradiation, the decrease in absorbance is slower and reaches a plateau after

24 hours. In contrast, after subsequent irradiation at 254 nm, the absorbance

decreases again, reaching a second plateau within 140 minutes. These pre-

liminary results may suggest that the modi�ed starch undergoes photodimer-

ization in aqueous solution. Sample CS2 exhibited similar behavior; however,

the solution was prepared in ethanol, as the degree of substitution prevented

its solubility in water.

- 1H-NMR

The photodimerization properties observed via UV-Vis spectroscopy were

further investigated using 1H-NMR spectroscopy to con�rm the formation

of cyclobutene (Scheme 3.2). CS2 sample was dissolved in DMSO-d6 and ir-

radiated at 365 nm for 24 hours in a quartz cuvette. The 1H-NMR spectra of
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Scheme 3.2: Photodimerization of Cinnamyl Starch

Figure 3.8: 1H-NMR spectra of the CS2 sample in DMSO-d6 before and after
24h UV exposure (λ ∼ 365 nm). Shaded areas highlight spectral changes, with *
indicating new peaks; relevant integrals are marked

the sample before and after irradiation are shown in the Figure 3.8. It should

be noted that, unlike in Figure 3.3, TFA-d6 was not added to the sample,

in order to avoid any potential interference during the irradiation process.

According to literature,[12�16] the proton signals of cyclobutane resonate

between 4.5 and 3.0 ppm, and their appearance would provide evidence for

the photodimerization of the cinnamic unit. However, this region is �lled
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with broad signals from the starch carbon chain that could obscure the new

signals, making it di�cult to observe any signi�cant changes. Nevertheless,

after irradiation, new signals were observed near the aromatic region at 6.6

and 5.8 ppm (marked with *). These signals can be attributed to protons

H-9 and H-8 of the cinnamic unit, respectively, in the Z-con�guration, sug-

gesting photoinduced isomerization. Moreover, the sum of the integrals of

the two green regions between 7.0 and 5.0 ppm decreased from 2.33 to 2.13

after irradiation, indicating that a portion of the vinyl protons reacted, likely

resulting in partial photodimerization. Although further analysis is needed,

this behavior suggests a possible competition between photodimerization

and photoisomerization of the cinnamyl moieties, especially in solution, as

widely reported in the literature.[13, 14] In summary, the combined UV-Vis

and NMR investigations support partial but successful cross-linking via 2π

+ 2π cycloaddition of the double bonds in the starch cinnamyl units when

irradiated at 365 nm.

To complete the analysis and provide a comparison with the UV-Vis spec-

troscopy results, the same sample was subsequently irradiated under a 254

nm lamp for 10 minutes. This led to partial degradation of the starch itself,

indicating that the decrease observed in the UV-Vis spectrum after irradia-

tion at 254 nm could also be due to the degradation of the starch chains.

Film

Films were fabricated using the solvent-casting method to demonstrate the

potential applicability of the innovative bio-based, bio-inspired polymer.

CS1 was selected because of its solubility in water, which is a biocompatible
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solvent. The resulting �lm exhibits a uniform and transparent appearance

(Figure 3.9).

Figure 3.9: Photo of CS1 �lm fabricated by solvent-casting method
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This chapter focuses on the development and characterization of bio-

nanocomposites, speci�cally those based on starch and sepiolite or silica

nanoparticles. The goal is to create materials that can respond to external

stimuli, such as light, through reversible assembly and disassembly, making

them particularly promising for applications like sustainable packaging.

The �rst part of the chapter examines the interactions between sepiolite

and starch, as previously explored in collaborative studies. These bio-

nanocomposites, consisting of yuca starch, glycerol as a plasticizer, and

varying amounts of sepiolite, show potential as biodegradable alternatives

to petroleum-based plastics. The study highlights that while sepiolite en-

hances thermal stability, mechanical strength, and water resistance, higher

concentrations can lead to aggregation and inhomogeneous dispersion.

To address these challenges, functionalizing agents such as cinnamic units

were introduced to both the �ller and the polymer matrix. These units have

the potential to create covalent bonds between the matrix and �ller, forming

a stable network that can be disassembled under speci�c light conditions.

This feature aligns with circular economy principles, enabling the formation

and degradation of these materials with minimal environmental impact.

The second part of this chapter presents initial trials in preparing bio-

nanocomposites using silica nanoparticles functionalized with cinnamic units.

These nanoparticles were selected as a model system. Additionally, a low-

substitution yuca starch was chosen as the polymer matrix to ensure water-

processability, making the material suitable for eco-friendly applications.

Throughout the chapter, the groundwork is laid for further exploration. This
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includes optimizing the preparation process, investigating di�erent degrees

of functionalization, and studying how these parameters a�ect the �nal

properties of the material, such as mechanical strength, thermal stability,

biodegradability, and photocrosslinking behavior.
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4.1 Starch-Sepiolite Bio-Nanocomposites

Regarding this project and the potential to develop starch-based bionanocom-

posites that can assemble and disassemble in response to the wavelength of

incident radiation, a collaboration with the University of Trento was initi-

ated. The �rst step involved studying the interaction between raw sepiolite

and raw starch, as reported by Bugnotti et al.[1] in the paper titled "Struc-

ture of Starch�Sepiolite Bio-Nanocomposites: E�ect of Processing and Ma-

trix�Filler Interactions".

This study explores how the processing method and the inclusion of sepi-

olite clay in�uence the microstructure and properties of starch-based bio-

nanocomposites. These materials hold great promise for applications such

as sustainable packaging due to their biodegradability and potential to re-

place petroleum-based plastics.

The bio-nanocomposites were prepared by combining starch (from yuca), 40

wt.% glycerol (as a plasticizer), and untreated sepiolite at various loadings

(3, 5, 10, and 15 wt.%). The processing involved starch gelatinization, where

the rigid lattice structure of semicrystalline starch is disrupted by heating,

followed by mixing with glycerol and sepiolite, and casting to form thin �lms.

The goal was to produce �exible, transparent �lms suitable for use as pack-

aging materials. The results provided valuable insights into the structural,

thermal, and mechanical behavior of the composite �lms, in�uenced by both

the processing method and �ller content.

In order to have a total overview of systems, the acronyms used in this work

are listed in the Figure 4.1.
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Figure 4.1: Sample list and labeling: Y = yuca starch, G = glycerol, S =
sepiolite. Percentages are given relative to starch content[1]

The gelatinization process used to form the �lms e�ectively disrupted the

semicrystalline structure of starch, as analyzed by 13C CPMAS NMR. The

spectra of pristine starch powder (Yp), starch �lm (Yf), and plasticized

starch �lm (YGf) are shown in Figure 4.2, with carbon labels provided in

the inset. The C1 and C4 carbons, involved in glycosidic bonds, are the

most sensitive to starch conformation, as they re�ect the geometry of these

linkages. In Yp, the C1 region exhibited a shoulder characteristic of a V-type

polymorph and a triplet signal of an A-type polymorph. In contrast, Yf and

YGf �lms showed a di�erent C1 signal, typical of amorphous starch.

The C2,3,5 region also broadened signi�cantly, forming a less de�ned signal,

while the intensity of the C4 site, related to the amorphous regions of starch,

increased. This con�rmed that starch had transformed into an amorphous

form during �lm processing, indicating successful gelatinization. The YGf

sample also revealed distinct glycerol resonances, con�rming its presence in

the �lm.
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Figure 4.2: 13C CPMAS NMR spectra of Yp, Yf, and YGf samples. The arrow
points to the glycerol methylene peak[1]

XRD analysis showed that pristine starch (Yp) displayed typical A-type

crystalline re�ections with 45.2% crystallinity and a small V-type content

(1.5%). In contrast, Yf and YGf �lms showed amorphous halos, consistent

with the NMR results, indicating a loss of crystalline structure. In YGf,

the amorphous halo's intensity and position shifted slightly due to glycerol

interactions with starch chains (Figure 4.3).

Similarly, FTIR analysis con�rmed these structural changes, with shifts in

the O-H stretching band and reduced crystalline peak intensity. Glycerol,

used as a plasticizer to enhance �exibility, had a signi�cant impact on the

starch structure, promoting amorphization through strong hydrogen bond-

ing with the hydroxyl groups of starch.
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Figure 4.3: XRD patterns of Yp, Yf and YGf samples[1]

Sepiolite's inclusion also a�ected the �lms' structure and properties. Figure

4.4 illustrates the uniform and transparent nature of the �lms, regardless

of sepiolite content, though a yellowish tint became more pronounced with

higher �ller content. Transparency, evaluated using UV-Vis spectroscopy,

showed that glycerol and sepiolite had little e�ect in the visible range. How-

ever, in the nanocomposite �lm with the highest sepiolite content (YG15Sf),

an absorbance peak appeared below 300 nm, attributed to Mg-O-Si bonds

in sepiolite, indicating interaction between sepiolite and the starch matrix.

SEM analysis showed that the sepiolite �ller, with its needle-like shape, was

well-dispersed throughout the starch matrix in both YG3Sf (lowest �ller con-

tent) and YG15Sf (highest �ller content) (Figure 4.5). Some agglomeration

was observed at the highest sepiolite concentration (15 wt.%).
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Figure 4.4: UV�Vis transmittance spectra and images of starch �lm (Yf),
plasticized starch �lm (YGf), and nanocomposite �lms with 15 wt.% sepiolite
(YG15Sf)[1]

The 13C CPMAS NMR spectra of composites, along with the reference YGf,

indicated that sepiolite does not signi�cantly a�ect the amorphous struc-

ture of the starch matrix (Figure 4.6). The glycerol peak remained at a

consistent resonance position but broadened and lost intensity in the com-

posites, suggesting reduced chain mobility or increased anisotropy due to

glycerol�sepiolite interactions.

29Si CPMAS NMR was employed to analyse sepiolite in nanocomposite �lms,

using neat sepiolite as a reference (see paragraph 2.3.2.2 for an explana-

tion of sepiolite peaks). The Si1 peak, located near structural water at the

edges of the octahedral sheets, showed reduced intensity in the composite

�lms compared to neat sepiolite. In neat sepiolite, the intensity ratio of

the triplet resonances was approximately 1:1:1, but this ratio changed in
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Figure 4.5: SEM images of YG3Sf (a, b) at 10 kX and 50 kX magni�cation, and
YG15Sf (c, d) at 10 kX and 50 kX magni�cation, showing consistent dispersion
of sepiolite particles[1]

the composites. This suggests that glycerol may be replacing zeolitic water

within sepiolite's channels, interacting with structural water or Mg-OH pro-

tons, thereby altering the intensity ratio. To investigate further, two �lm

samples of starch and sepiolite were prepared without glycerol. The 29Si

CPMAS NMR spectra of these samples (Figure 4.7) con�rmed that starch

alone does not interact with sepiolite's channels, verifying that the decrease

in Si1 intensity is due to glycerol intercalation within the sepiolite structure.

XRD analysis was performed to examine the long-range order of nanocom-

posite �lms with di�ractograms presented in Figure 4.8. The basal plane
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Figure 4.6: 13C CPMAS NMR spectra of plasticized starch �lm (YGf) and
composite �lms with sepiolite at various loadings: YG3Sf, YG5Sf, YG10Sf, and
YG15Sf[1]

(110) of sepiolite as observed at approximately 7.20◦, corresponding to a

d-spacing of 1.22 nm (calculated via Bragg's law), and was consistently

visible in all composite �lms. Glycerol and starch did not disrupt the in-

ternal channels of sepiolite, as its sheets are covalently bonded and cannot

be exfoliated. Additional sepiolite re�ections were detected at 2δ values of

19.8◦, 20.5◦ (weak), 23.6◦, and 26.3◦. The peak intensities increased with

higher sepiolite content, notably for the (060) re�ection at 19.8◦ and the

(080) peak at 26.3◦. However, no crystalline starch peaks were observed in

the nanocomposites, indicating that the amorphous structure of starch re-

mained unchanged, consistent with NMR �ndings. The enhanced intensity

of the 0k0 re�ections, combined with the unchanged crystallite size and 13C

CPMAS NMR results, suggests the emergence of a �ller-preferred orienta-
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Figure 4.7: 29Si CPMAS NMR spectra of pristine sepiolite compared with
nanocomposites at di�erent sepiolite loadings: YG3Sf, YG5Sf, and YG10Sf[1]

tion in the bio-composites. This is likely due to interactions between starch

and sepiolite, leading to its alignment within the matrix.

FTIR spectra showed no major changes with the addition of sepiolite, but

an increase in the area under the peak at 970 cm−1 with higher �ller content

indicated more Si-OH bond vibrations, con�rming sepiolite-starch interac-

tions.

Thermogravimetric analysis revealed that sepiolite enhanced the thermal

resistance of the �lms, though thermal stability decreased slightly at the

highest sepiolite content (15 wt.%). At lower concentrations (3�5 wt.%), se-

piolite was well-dispersed throughout the starch matrix, but agglomeration
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Figure 4.8: Di�ractograms of pristine sepiolite, plasticized starch �lm (YGf),
and nanocomposite �lms with varying sepiolite loadings (YG3Sf, YG5Sf, YG10Sf,
and YG15Sf)[1]

occurred at higher concentrations (10�15 wt.%), suggesting complex inter-

actions between sepiolite, glycerol, and starch chains.

The study demonstrated that starch processing signi�cantly disrupted its

crystalline structure, resulting in an amorphous �lm, particularly when glyc-

erol was added. Sepiolite, when incorporated into these �lms, interacted

with glycerol, leading to subtle structural reorientations, but did not alter

the overall amorphous nature of the starch. The nanocomposites exhib-

ited improved thermal stability due to the presence of sepiolite, highlighting

the potential of these materials for applications such as sustainable pack-

aging. However, at higher loadings, aggregates and inhomogeneous �ller

dispersion may occur. The interaction between the �ller and the polymer
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matrix is primarily electrostatic, which could lead to phase separation over

time due to environmental factors such as humidity and temperature. A

potential solution to this issue is to introduce a functionalizing agent on the

�ller surface to improve dispersion within the polymer matrix. Additionally,

modifying both the �ller and the polymer matrix with photoreversible units,

such as cinnamic groups, could create a nanocomposite with strong covalent

bonds between the matrix and the �ller. This network could be activated

by irradiation at a speci�c wavelength and broken by irradiation at another

wavelength, o�ering a reversible, low-environmental-impact approach in line

with circular economy principles.

The following section presents a preliminary attempt to create bio-nanocomposites

with photoresponsive properties based on these �ndings.
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4.2 Bio-Nanocomposites with photo-responsive

properties

In Chapter 2, the design of two types of �llers, SiO2 nanoparticles (SiO2

NPs) and sepiolite nano�bers (SepOH NFs), both functionalized with cin-

namic units, was discussed in detail. These cinnamic units impart photore-

sponsive properties to the system. Chapter 3 focused on the modi�cation of

yuca starch polymer chains with the same cinnamic units, resulting in three

di�erent degrees of substitution depending on the reaction conditions.

Considering this background, the aim of this section is to present an initial

attempt at preparing photoresponsive bio-nanocomposites using the afore-

mentioned materials. Speci�cally, silica nanoparticles functionalized with

cinnamic units via the one-pot procedure (SiO2@CN) were selected, as this

method results in a higher degree of functionalization, approximately 1.8

n./nm2, compared to the two-step strategy. Silica nanoparticles were cho-

sen as the model system to simplify the development and the study of the

photoresponsive bio-nanocomposite by minimizing other factors such as the

anisotropy and porosity characteristic of sepiolite, which can trap glycerol

or intercalate polymer chains.

For the polymer matrix, the sample with the lowest degree of substitution

(CS1) was selected, as it can be processed in water. As described in Chapter

3, higher degrees of substitution reduce water solubility but increase solubil-

ity in organic solvents. Additionally, with the lower degree of substitution,

glycerol remains necessary as a plasticizer, since it forms hydrogen bonds

with the unmodi�ed hydroxyl groups in the starch chains.
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This section introduces the �rst trials in the preparation of these photore-

sponsive bio-nanocomposites, laying the groundwork for further exploration

and optimization.

4.2.1 Experimental procedure

12.5 mg of SiO2@CN was dispersed in 10 mL of distilled water, initially

by ultrasonication for 10 minutes, followed by magnetic stirring at room

temperature (RT) for 24 hours. Afterward, 250 mg of CS1 and 100 mg of

glycerol were added to the mixture, which was then stirred, heated, and

maintained at 90◦C for 30 minutes. To minimize air bubbles during the

�lm formation process, the suspension was cooled to room temperature and

subjected to an additional 10 minutes of ultrasonication. The mixture was

cast into a low-density polyethylene (PE) petri dish with a diameter of 4 cm,

and the solvent was allowed to evaporate at 40◦C in an oven for 48 hours.

This process resulted in a transparent, free-standing �lm with a pale yellow

tint, labeled CS1-G-5SiCN (Figure 4.9).

Figure 4.9: Photo of CS1-G-5SiCN �lm
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The Figure 4.10 illustrates the experimental procedure and clari�es the ab-

breviations used for these bio-nanocomposites based on their composition.

This method o�ers a reliable approach to creating uniform, transparent �lms

with photoresponsive properties.

Figure 4.10: Generic scheme for the preparation of photoresponsive nanocom-
posites from X@CN, glycerol, and CSY, along with the labeling procedure for the
nanocomposites
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4.2.2 Preliminary DRS Analysis

A preliminary DRS spectrum of the sample was obtained to verify its ab-

sorption properties (Figure 4.11). The graph shows a re�ectance band that

begins to decrease around 350 nm, followed by a sharp decline from 300

nm to 190 nm. This behavior is consistent with what has been observed

for silica nanoparticles functionalized with cinnamic units, con�rming the

sample's absorption characteristics.

Figure 4.11: DRS spectrum of CS1-G-5SiCN

This experiment serves as a proof of concept for the development of these

new photoresponsive bio-nanocomposites. However, much work remains to

be done. A deep characterization of the materials is essential, including

optimizing the preparation process for each system. For example, an appro-
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priate solvent must be identi�ed to dissolve the highly substituted starch

samples and to process the �lm. The e�ect of the cinnamic unit, the type

and content of �ller, and how the degree of functionalization impacts the

�nal properties of the material all need to be systematically studied. Addi-

tionally, the in�uence of the starch substitution degree on the composite's

overall performance must be evaluated.

In addition, the structural, thermal, and mechanical properties, the biodegrad-

ability and compostability of the material must also be assessed, especially

for its potential applications in the food packaging industry. Despite these

challenges, the preliminary �ndings indicate that this material holds great

promise for future advancements.
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The chapter focuses on the preparation of solvent-free nano�uids, a concept

introduced deeply in the introduction. This research was conducted during

a period at the Charles Gerhardt Institute in Montpellier (CNRS).

The �rst part of this section describes the synthesis of a guanidinium-

containing silane, which was then employed in a one-step functionalization

of both silica nanoparticles and sepiolite nano�bers. The success of the

functionalization was con�rmed through ATR-FTIR, solid-state NMR (ss-

NMR), and zeta potential measurements. TGA and CHNS analyses were

used to estimate the degree of functionalization.

The functionalized �llers were modi�ed with sulfonated polyethylene gly-

col (sulfo-PEG). Various weight ratios of sulfo-PEG to �llers were tested

to examine how the polymer-to-�ller ratio a�ects the properties of the �nal

system. ATR-FTIR provided preliminary insights into the composite sys-

tems, while TGA and DSC were used to study the thermal behavior of the

composites in relation to the sulfo-PEG matrix and functionalized �llers.

Additionally, TD-NMR was employed to evaluate molecular mobility within

the nanocomposites by measuring T2 relaxation times. This allowed di�er-

entiation between mobile and bound polymer regions, helping to assess the

impact of �ller loading on polymer-�ller interactions. A preliminary proof

of concept of thermal macroscopic behaviour is �nally presented.

Together, these characterization techniques o�er a comprehensive under-

standing of the thermal, structural, and dynamic properties of the silica

and sepiolite-based composites, which is essential for optimizing their per-

formance in application like smart lubricant.

185



CHAPTER 5

186



CHAPTER 5

5.1 Synthesis of guanidinium alkoxysilane

The guanidinium ion, the protonated form of guanidine, originates from

guanine, a natural product found in Peruvian guano. Guanidine has an ex-

ceptionally high basicity (pKa = 13.6), surpassing hydroxide ions, pyridines,

amines, and amidines. This makes guanidinium groups highly e�ective in

participating in various biological processes, including membrane transport

and channeling, making them essential in human biology. In organic chem-

istry, guanidines are widely used as strong organic bases and as catalysts in

reactions such as the Michael reaction and the Henry reaction. With the

growing advancements in organocatalysis, their role as e�cient and selective

catalysts has expanded signi�cantly.[1]

Guanidinium groups, due to their strong basicity and resonance-stabilized

structure, form stable noncovalent complexes with a variety of anionic species,

particularly in aqueous environments. In particular, the Guanidinium-Sulfonate

interactions (Figure 5.1) are particularly noteworthy due to their high a�n-

ity, which is driven by electrostatic forces, hydrogen bonding, and the com-

plementary geometries of the interacting molecules. Sulfonate groups are

commonly found in biological molecules, and their interactions with guani-

dinium groups, such as those present in the side chain of arginine, are crucial

for processes like protein-ligand recognition and membrane transport. On

the other hand, in synthetic systems, guanidinium-functionalized molecules

are designed to bind strongly with sulfonate-based ligands or receptors. This

interaction is often used to mimic biological systems, particularly for molec-

ular recognition in drug development or the creation of host-guest systems.
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Figure 5.1: Guanidinium-Sulfonate ionic interaction

These guanidinium-sulfonate interactions are increasingly utilized in the de-

sign of molecular recognition systems, synthetic receptors, and catalysts.

The stability and speci�city of these interactions make them valuable in ar-

eas like drug delivery, sensor design, and catalysis. The strong acidity of

sulfonate groups, which can form stable dianionic species, enhances their in-

teractions with guanidinium, leading to more robust complexes. This char-

acteristic makes sulfonate groups preferable in synthetic applications over

carboxylates, which are more common in nature but form comparatively

weaker complexes.[2, 3]

Guanidinium ions have also been used to functionalize silica nanoparticles.[4]

In particular, Guodong et al.[1] synthesized these systems using a one-pot

procedure, modifying the amino group of APTES. However, this one-pot

procedure is characterized by low yields, which could potentially be im-

proved by using a silane covalently bearing a guanidinium unit.

Materials

1H-Pyrazole-1-carboxamidine hydrochloride 98% (PyzCA) was purchased

from Alfa Aesar. Poly(ethylene glycol) 4-nonylphenyl 3-sulfopropyl ether

potassium salt (sulfo-PEG) was purchased from Sigma-Aldrich. APTES
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98% was purchased from abcr. Absolute anhydrous Ethanol was purchased

from VWR.

5.1.1 Experimental Procedure of GuPTES

Scheme 5.1: Preparation of GuPTES

The preparation procedure of the new GuPTES organosilane is described in

Scheme 5.1.

2.73 g of PyzCa was dispersed in 10.0 mL of absolute anhydrous EtOH in a

Schlenk tube under an inert gas atmosphere. Then, 4.12 g of APTES was

added dropwise to the dispersion. The addition of APTES resulted in heat

release and the dissolution of PyzCa. The clear yellow solution was stirred

at room temperature overnight. The solvent was removed using a vacuum

pump, and the resulting yellow oily product was stored under inert gas.

5.1.2 Characterization of GuPTES

NMR

The characterization of the newly synthesized organosilane was carried out

using 1H-NMR, 13C-NMR, and 1H-13C HSQC spectroscopy. For a compre-

hensive analysis, the spectrum was compared with those of two reference

compounds, PyzCA and APTES (Figure 5.2).
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Figure 5.2: 1H NMR spectra of APTES, PyzCA, and the novel GuPTES
organosilane

The spectra of both PyzCA and APTES are consistent with the tabulated

values found in the literature [5, 6], and their peaks were assigned accord-

ingly. In the case of GuPTES, the signals corresponding to protons at posi-

tions 1' and 2' exhibit chemical shifts very similar to those observed for the

same protons in APTES. In contrast, the protons at position 3' exhibit a

down�eld shift of approximately 0.6 ppm. This could indicate a modi�ca-

tion of the amine group of APTES into a guanidinium group. In this case,

the positive charge of the guanidinium group attracts the electron cloud,

resulting in increased deshielding of the protons at position 3'.

Furthermore, signals related to the ethoxy groups of the silane are observed

in the region between 4.5 and 0 ppm. Signals indicating signi�cant contam-

ination with ethanol, the reaction solvent, are also present. This suggests
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Figure 5.3: 13C-NMR spectrum of GuPTES

that not all of the solvent was e�ectively removed from the �nal product or

that hydrolysis of some of the ethoxy groups of silane occurred, generating

ethanol molecules. This is further con�rmed by the fact that the relative

ratio between the integrals of the signals of the ethoxy groups of the silane

and the protons of the propyl chain is lower than expected.

The signals of the by-product, pyrazole, resonate in the region between 8.0

and 6.0 ppm. The proton at position b' resonates at approximately 6.25

ppm, while the protons at positions a' and c' form two broad signals within

the 8.0 to 6.5 ppm region, consistent with literature data.[7, 8] Notably, in

the starting reagent, PyzCA, the same protons resonate at higher chemical

shifts, which further con�rms the success of the synthesis.
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Figure 5.4: 1H-13C HSQC NMR spectrum of GuPTES

The signals from the NH2 groups of the guanidinium moiety in GuPTES, as

well as the proton of the NH group directly bonded to carbon at position

3', also fall within the same region. The absence of signals attributable to

the starting reagents made it impossible to determine the reaction yield pre-

cisely. However, based on the outcomes, it can be estimated to be greater

than 95%, indicating an excellent result for the synthesis.[9]

As further evidence of the successful synthesis of GuPTES, Figure 5.3 and

Figure 5.4 show the 13C NMR spectrum and the heterocorrelated HSQC 2D

NMR spectrum, respectively. Using the information already obtained from

the 1H-NMR analysis, it was possible to assign each signal. In the 13C spec-

trum, the most deshielded carbon is the one involved in the guanidinium

unit, while the signals for carbons C-a' and C-c', which are related to the
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pyrazole ring, are broader due to the fact that the nitrogen-bound proton

can "jump" between the two nitrogen atoms. These same signals converge

into a single signal, making the carbons at positions a' and c' equivalent

when measured at higher temperatures. In the HSQC spectrum, these sig-

nals are visible only at high magni�cation and coincide with those described

in the 1H-NMR spectrum (broad signals between 8.0 and 6.5 ppm).
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5.2 Preparation of guanidinium functionalized �llers

5.2.1 Experimental Procedure

Scheme 5.2: Functionalization procedure of SiO2 NPs and SepOH NFs

Both silica nanoparticles and sepiolite nano�bers were functionalized using

the experimental procedures previously described for their functionalization

with APTES. Reaction scheme is reported in Scheme 5.2. In particular,

details have already been reported in sections 2.3.3.1 and 2.3.4.1. The mass

of GuPTES used was calculated so that the moles of GuPTES were equal

to the moles of APTES for both materials. Since GuPTES was not puri�ed,

the presence of pyrazole was also accounted for in the weighed mass, as it is

stoichiometrically present with respect to GuPTES.

5.2.2 Characterization

ATR-FTIR

Infrared analysis was initially used to verify the presence of GuPTES on the

surface of the �llers. Figure 5.5 show the comparison between the spectrum

of GuPTES, the spectrum of the bare �ller, and the spectrum of the func-

tionalized �ller.

194



CHAPTER 5

Figure 5.5: ATR-FTIR-normalized spectra of (left) GuPTES, pristine SiO2

NPs and SiO2@GuPTES NPs; (right) GuPTES, pristine SepOH NPs and Se-
pOH@GuPTES NPs

Speci�cally, regarding the silica nanoparticles, it can be observed that fol-

lowing functionalization, a peak appears around 1670 cm−1, which can be

attributed to the C=N bond. Additionally, new signals appear around 3000

cm−1, which are attributable to the propyl chain. Furthermore, a change in

the lineshape of the curve can be seen in the range between 3500 and 3200

cm−1, with the preliminary formation of two separate and more pronounced

signals, similar to those observed in GuPTES, probably attributable to the

vibration of the N-H bond.[10]

For the sepiolite nano�bers, the same signals discussed for the silica nanopar-

ticles are also observed, with the di�erence that the additional signals in this

case are signi�cantly more intense. This could indicate a higher functional-

ization yield.

ss-NMR

The Figure 5.6 shows the 29Si CPMAS spectra of the �llers, both function-
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alized and unfunctionalized.

In the spectra of silica nanoparticles, the three components assigned to Q2,

Q3, and Q4 structural units are clearly visible. The functionalization of SiO2

with GuPTES appears to be e�cient, as indicated by the presence of T2 and

T3 structural units at 55 and 65 ppm, respectively. The high intensity of

the T units, relative to the Q units, and the low Q3/Q4 ratio further con�rm

successful functionalization.

Figure 5.6: 29Si CPMAS spectra of (left) pristine SiO2 NPs and SiO2@GuPTES
NPs; (right) pristine SepOH NPs and SepOH@GuPTES NPs

According to the literature,[11] the silicon spectra of the sepiolite samples

show that the sepiolite structure is characterized by four types of silicon

atoms: one Q2 and three Q3, producing sharp and well-resolved resonances

corresponding to Q3 in di�erent positions of the Si atom within the struc-

ture. These include the edge (Si1) at -96.6 ppm, center (Si3) at -92.9 ppm,

near edge (Si2) at -90.4 ppm, and Q2 silanols at -84 ppm (see Figure 2. 23).

The functionalization of SepOH with GuPTES leads to partial consumption

of the sepiolite silanols, as indicated by the reduction in the intensity of Q2

196



CHAPTER 5

Figure 5.7: 13C MAS spectra of SiO2@GuPTES NPs and SepOH@GuPTES NFs

units and a slight alteration of the 1:1:1 Q3 peak group. Speci�cally, the Si1

peak, which is located at the edges of the octahedral sheets and very close

to structural water, decreases in intensity compared to bare sepiolite and

exhibits a down�eld shift of approximately 0.4 ppm, while Si2 and Si3 ex-

hibit an up�eld shift of about 0.6 ppm. This suggests an interaction with the

silane, with partial substitution of zeolitic water inside the sepiolite channels

by GuPTES molecules.[11]

Figure 5.7 shows the carbon spectra of both silica and sepiolite functional-

ized with GuPTES.

The assignment was performed based on the 13C NMR spectrum of GuPTES

(Figure 5.3). In both spectra, the resonances corresponding to the GuPTES

chain are visible, along with intense peaks from unreacted ethoxy groups,
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especially in SiO2@GuPTES. Interestingly, in the SepOH@GuPTES sample,

the resonances (C-a', C-b', C-c') of pyrazole, the by-product, are present,[12]

whereas in SiO2@GuPTES, only the GuPTES signals are visible. The sig-

ni�cant intensity of the pyrazole signals indicates that the puri�cation of the

sepiolite nano�bers was insu�cient for its removal, and it is highly probable

that pyrazole has entered the sepiolite channels and remained adsorbed on

their surface. Therefore, it is necessary to optimize the puri�cation proce-

dure for the sepiolite nano�bers, or even earlier, to �nd a method to purify

GuPTES from its by-product.

ζ-potential

The mean ζ-potential values of the two di�erent �llers, both functionalized

and unfunctionalized, are summarized in the Table 5.1.

Table 5.1: ζ-potential values of bare �llers and guanidinium functionalized �llers

Sample Silica Sepiolite
X -19 ± 3 mV -20 ± 5 mV
X@GuPTES 33 ± 4 mV 39 ± 7 mV

In agreement with previous studies,[13] unmodi�ed silica nanoparticles ex-

hibited negative ζ-potentials in distilled water. In contrast, according to the

literature,[14] sepiolite nano�bers should exhibit a positive ζ-potential at pH

7. However, these nano�bers were previously treated in a basic solution to

increase the number of surface hydroxyl groups. This pretreatment might

explain the negative ζ-potential value observed for bare sepiolite nano�bers.

For the functionalized samples, in both cases, it was observed that the ζ-

potential value became positive. This behaviour is expected due to the
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guanidinium group of the compatibilizing agent. This �nding further con-

�rms the e�ectiveness of the functionalization reaction and the presence of

a positively charged group on both �llers.

TGA

The results of the thermogravimetric analysis (TGA) are provided in the

Table 5.2, and using the equations explained in the appendix, the degree of

functionalization of both �llers was calculated. For the silica nanoparticles,

the results were highly promising and consistent with previous observations

obtained using other compatibilizing agents (CINN-APTES and APTES).

In contrast, for the sepiolite nano�bers, a relatively high weight loss in the

TGA was observed, which resulted in an unrealistic calculation of the degree

of functionalization. Considering the solid-state NMR analysis, which shows

a strong presence of pyrazole (a by-product of the GuPTES synthesis) and

evidence of intercalation of material within the sepiolite channels, the degree

of functionalization for sepiolite is likely overestimated.

Table 5.2: Functionalization yields (wt% and σ) of both SiO2@GuPTES and
SepOH@GuPTES

Sample wt.%(Y) σ (n./nm2)
SiO2@GuPTES NPs 6.89 1.28
SepOH@GuPTES NFs 32.84 9.43

CHNS

The elemental analyses carried out on both functionalized and non-functionalized

samples of both �llers (see Table 5.3 and Table 5.4) indicate that function-

alization leads to a signi�cant increase in the percentage of both carbon
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and nitrogen atoms, attributable to the presence of GuPTES. The degree of

functionalization of the silica nanoparticles and sepiolite, calculated based

on the carbon content and using the equations provided in the appendix, is

1.67 and 12.87 n./nm2, respectively. These values are slightly higher than

those obtained with TGA, but it must always be considered that elemental

analysis also accounts for any residual solvent adsorbed on the surface that

has not been completely removed. It is important to emphasize again that

the functionalization result for sepiolite is likely overestimated due to the

reasons previously explained.

Table 5.3: CHNS elemental analysis results for bare SiO2 NPs and
SiO2@GuPTES NPs

Sample C (wt.%) H (wt.%) N (wt.%) S (wt.%)
SiO2 2.46 1.314 0.83 0.133
SiO2@GuPTES 5.54 1.614 2.49 0.226

Table 5.4: CHNS elemental analysis results for bare SepOH NFs and Se-
pOH@GuPTES NFs

Sample C (wt.%) H (wt.%) N (wt.%) S (wt.%)
SepOH 0.24 2.096 0.62 0.17
SepOH@GuPTES 15.33 3.862 10.17 0.064
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5.3 Modi�cation of guanidinium �llers with sulfo-

PEG

5.3.1 Experimental Procedure

Scheme 5.3: Procedure of modi�cation of guanidinium �llers with sulfo-PEG

100 mg of X@GuPTES NPs were dispersed in 5 mL of an aqueous sulfo-PEG

solution using an ultrasonication bath. The preparation scheme is shown in

Scheme 5.3. The amounts of sulfo-PEG are provided in the Table 5.5. The

mixture was then heated to 70◦C and maintained at this temperature for 24

hours under vigorous magnetic stirring. Afterward, the solvent was removed

using a vacuum pump, and the samples were stored at room temperature.

Table 5.5: Amounts of sulfo-PEG used for the nanocomposite preparation

X Sample sulfo-PEG (mg) Weight ratio Loading

SiO2

SiGu-sPEG_1 100 1:1 50 wt.%
SiGu-sPEG_2 200 1:2 33 wt.%
SiGu-sPEG_3 300 1:3 25 wt.%
SiGu-sPEG_5 500 1:5 17 wt.%

Sep

SepGu-sPEG_1 100 1:1 50 wt.%
SepGu-sPEG_2 200 1:2 33 wt.%
SepGu-sPEG_3 300 1:3 25 wt.%
SepGu-sPEG_5 500 1:5 17 wt.%

The texture of the samples is shown in Figure 5.8.
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Figure 5.8: Photos of the nanocomposites

5.3.2 Characterization

ATR-FTIR

Infrared analysis performed on all samples (Figure 5.9) reveals that, for both

silica nanoparticles and sepiolite nano�bers, as the �ller loading in the com-

posites decreases from 50 wt.% to 17 wt.%, the spectral features increasingly

resemble those of the polymer matrix. This trend indicates a progressive

loss in the ability to identify the characteristic signals of the �ller materials.

Speci�cally, at lower �ller concentrations, the absorption bands associated

with the silica nanoparticles and sepiolite nano�bers are gradually obscured

by the dominant spectral features of the polymer.

TGA

TGA was exploited to assess the thermal stability and composition of the

nanocomposites. As shown in Figure 5.10, for all silica-containing compos-

ites, except for the one with the highest loading, the decomposition tempera-
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Figure 5.9: ATR-FTIR spectra of silica nanocomposites (left) and sepiolite
nanocomposites (right) compared to functionalized �ller and sulfo-PEG

ture increases by approximately 40 ◦C compared to sulfo-PEG. Furthermore,

the nominal loading values (50%, 33%, 25%, 17%) correspond closely to the

values calculated using the percentage of undegraded residue at 1000◦C (Ta-

ble 5.6).

Figure 5.10: Thermograms of silica nanocomposites (left) and sepiolite
nanocomposites (right) compared to functionalized �ller and sulfo-PEG

Notably, for the sample with the highest loading, phase separation occurs

over time, and the lack of homogeneity may explain why it begins to degrade
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Table 5.6: Comparison of nominal loading and loading calculated using TGA
results

X Sample Nominal Loading TGA Loading

SiO2

SiGu-sPEG_1 50 wt.% 57 wt.%
SiGu-sPEG_2 33 wt.% 40 wt.%
SiGu-sPEG_3 25 wt.% 15 wt.%
SiGu-sPEG_5 17 wt.% 10 wt.%

Sep

SepGu-sPEG_1 50 wt.% 45 wt.%
SepGu-sPEG_2 33 wt.% 28 wt.%
SepGu-sPEG_3 25 wt.% 21 wt.%
SepGu-sPEG_5 17 wt.% 12 wt.%

at lower temperatures. Another signi�cant observation is the emergence of a

second degradation step, particularly in the 25% and 17% samples. This can

be attributed to the degradation of polymer chains directly bonded to the

surface of the nanoparticles, which become more rigid and con�ned. This

likely indicates the presence of an interface between the nanoparticles and

the polymer.

In the case of sepiolite composites, an increase in degradation temperature

of approximately 50◦C is observed across all loadings. An higher mass loss is

observed in the SepOH@GuPTES sample compared to the SiO2@GuPTES

sample. The mass loss is partly due to the decomposition of the silane

(GuPTES), pyrazole intercalated within the pores, and potentially solvent

trapped within the sepiolite structure. This also occurs in the composites,

which is why the percentage of undegraded material at 1000◦C is lower than

the nominal loading.

Additionally, unlike the silica composites, a second degradation step is ob-

served in all sepiolite samples, even at lower loadings. This behavior is likely

caused by interfacial interactions, as well as the polymer being intercalated
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within the sepiolite channels, which �delays� its degradation.

DSC

DSC measurements were performed to study the thermal behavior of the

raw materials and the composites. The samples were �rst heated to 180◦C

to eliminate the thermal history of the materials, cooled to -80◦C, and then

subjected to a �nal heating cycle up to 180◦C. The results from this �nal

heating phase are shown in Figure 5.11 and Figure 5.12, corresponding to

silica and sepiolite composites, respectively. The thermograms of the com-

posites were compared with those of sulfo-PEG and the initial functionalized

�llers.

In the case of sulfo-PEG, the glass transition temperature (Tg) occurs around

-20◦C. Due to the low molecular weight of the polymer, this Tg is lower

than that of medium- and high-molecular-weight PEGs. An additional en-

dothermic signal around 35◦C corresponds to the melting of the polymer's

crystalline domains, consistent with the behavior reported in the literature

for low-molecular-weight PEG samples.[15]

A similar melting signal is observed in all composites containing function-

alized silica. In samples with higher silica content (50% and 33%), the

melting peak broadens, likely due to increased amounts of silica in�uencing

the variation in crystallite sizes. Additionally, an endothermic relaxation

around 70◦C suggests internal structural relaxation, caused by changes in

the spatial arrangement of the polymer chains. These changes are re�ected

in temperature shifts, indicating modi�cations in the polymer chain organi-
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Figure 5.11: DSC curves of SiO2@GuPTES, sulfo-PEG and silica nanocompos-
ites

zation due to the presence of silica.

For composites with higher silica loading, an additional exothermic peak

around -20◦C is observed, likely due to structural relaxation, which enhances

heat emission. This may result from the formation of distinct polymeric do-

mains between the silica nanoparticles. In sepiolite composites, a similar

thermal trend is observed, further ampli�ed by the anisotropy of sepiolite

and its ability to self-assemble into network structures, forming con�ned

polymer domains.[16] Additionally, sepiolite's porosity may allow the poly-

mer to channel through its structure, shifting the melting peak to lower tem-

peratures compared to sulfo-PEG. In the sample with lower sepiolite loading

(17%), a splitting of the melting peak is observed, likely due to the presence
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Figure 5.12: DSC curves of SepOH@GuPTES, sulfo-PEG and sepiolite
nanocomposites

of both free polymer and surface-bound polymer trapped between sepiolite

�bers and within its channels. The broadening of the peaks is attributed

to the formation of crystalline domains of varying sizes within the composite.

HE TD-NMR

Relaxation times are closely linked to molecular motion regimes in materials,

with trends a�ected by factors such as molecular mobility, temperature, and

material composition. These parameters are interrelated through the corre-

lation time (τ c), which represents the time required for molecules to undergo

conformational changes. The relationship between relaxation times and the

logarithm of the correlation time is depicted in the accompanying Figure
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5.13. Two key types of relaxation times are typically observed: longitudinal

spin-reticulum relaxation time (T1) and transverse spin-spin relaxation time

(T2), which correspond to distinct relaxation mechanisms.

Figure 5.13: Behavior of T1 and T2 as a function of correlation time (in double-
log scale) for ½ spins[17]

The transverse spin-spin relaxation time (T2) was measured using the Hahn

Echo (HE) pulse sequence in this study. Initially, T2 values are relatively

high but decrease to a plateau in the region corresponding to rigid materials

or solids, which have higher correlation times. In rigid materials, spin-spin

interactions become more pronounced, leading to rapid phase coherence loss

and faster cancellation of transverse magnetization.[17]

In this study, the Hahn Echo (HE) sequence was used to assess the T2 relax-

ation time of the composite. While T1 is generally more suitable for studying

the interaction between the spin and the lattice (reticulum), T2 also provides

valuable information about the direct interactions between di�erent proton

populations within the components. The aim was to distinguish the various
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Figure 5.14: T2 trends and two-component exponential function of
SiO2@GuPTES, sulfo-PEG and silica nanocomposites

contributions from these proton populations and evaluate the presence of

an interphase between the �ller and the sulfo-PEG matrix. This analysis

aids in understanding the material's structural dynamics and the potential

interactions at the �ller-polymer interface.

For this analysis, it was decided to focus only on the three nanocomposites

with the highest loadings, excluding the sample with a 50 wt.% loading.

This exclusion was made because, even at the macroscopic level, signi�cant

inhomogeneities were observed in the 50 wt.% sample, with phase-separated

zones. This high loading prevented the nanoparticles from exhibiting liquid-

like behavior, while the generation of sticky agglomerates prevails. These ag-

glomerates compromise the uniform distribution of the nanoparticles within
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the matrix, negatively a�ecting the material's overall properties and perfor-

mance.

Figure 5.14 illustrates the transverse relaxation trends for the silica compos-

ites, comparing them with pure sulfo-PEG and the functionalized nanoparti-

cles (SiO2@GuPTES). For all samples, the relaxation data is well-represented

by a two-component exponential function (Equation 5.1).

y = y0 + A1 · exp−
x
t1 + A2 · exp−

x
t2 (5.1)

This model indicates the presence of two distinct proton populations: one

that is more mobile and another that is more constraint. The Table 5.7

presents the results of the bi-component exponential �t for each sample,

with y0 �xed at zero across all samples. The R2 coe�cient shows optimal

values for most samples, con�rming the accuracy of the model, except in the

case of the SiO2@GuPTES powder, where the relaxation trend displays a

non-uniform behaviour. This anomaly suggests variability in the relaxation

dynamics of the powder, potentially due to heterogeneous proton environ-

ments or variations in nanoparticle interactions.

Table 5.7: Two-component exponential function parameter of SiO2@GuPTES,
sulfo-PEG and silica nanocomposites

Sample A1 t1 A2 t2 R2

NPs 0.40 ± 0.08 0.17 ± 0.04 0.72 ± 0.09 0.64 ± 0.05 0.99793
Si1:2 0.31 ± 0.01 3.5 ± 0.2 0.67 ± 0.01 22.3 ± 0.4 0.99976
Si1:3 0.24 ± 0.01 1.8 ± 0.1 0.74 ± 0.01 14.8 ± 0.3 0.99952
Si1:5 0.48 ± 0.06 30 ± 2 0.53 ± 0.06 78 ± 4 0.99984
sPEG 0.68 ± 0.04 24.8 ± 0.9 0.32 ± 0.04 101 ± 10 0.99983

Notably, the sulfo-PEG polymer itself displays two distinct components: a
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less mobile component with a T2 of 25 ms and a more mobile one with a

T2 of 101 ms, indicating possible inhomogeneity in the proton population.

When SiO2@GuPTES nanoparticles are introduced, this two-component in-

homogeneity remains but with signi�cant shifts in relaxation times for both

the mobile and constrained components. For instance, in the SiGu-sPEG_2

sample, the more rigid component has a T2 of 3.5 ms, while the more mobile

component shows a T2 of 22.3 ms. A similar trend is observed in the SiGu-

sPEG_3 sample (as shown in Table 5.7). These shifts likely result from a

highly restricted interfacial region caused by ionic interactions between the

nanoparticles and the polymer chains.

The persistence of two components as the system transitions from pure poly-

mer to composite suggests the formation of a stable interface between the

�ller and the polymer, likely driven by ionic interactions. If no such inter-

actions were present, additional components would likely appear, re�ecting

the independent behavior of the polymer and the �ller.

However, this trend is not consistent across all samples. For example, the

SiGu-sPEG_5 sample (17% loading) exhibits higher mobility than the pure

polymer, which may indicate phase separation within the system or the pres-

ence of both free polymer and polymer bound to the �ller surface. Addition-

ally, composites loaded with 33% and 25% of �ller exhibit an unexpected

behavior, with lower loading leading to higher sti�ness. This deviation from

theoretical expectations may be due to mass inhomogeneities introduced

during sample preparation.

For the sepiolite composites, a clear relationship between increasing sulfo-
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Figure 5.15: T2 trends and two-component exponential function of Se-
pOH@GuPTES, sulfo-PEG and sepiolite nanocomposites

PEG chain weight fraction and enhanced mobility is observed, with lower

�ller loading resulting in lower sti�ness (as shown in Figure 5.15). Sim-

ilar to the silica composites, a two-component behavior is present in all

sepiolite composites, supported by excellent R2 values (Table 5.8), suggest-

ing the formation of ionic interactions between the �ller and the polymer.

The signi�cant shift in relaxation times between the mobile and constrained

components from pure sulfo-PEG to the composite further con�rms the pres-

ence of a strong nanoparticle-polymer interface. In this case, the relaxation

trends correlate well with the nanoparticle loading, indicating that sepiolite

composites are particularly promising for applications requiring �ne-tuned

mobility and robust interfacial interactions. Additionally, it should be noted

that the polymer, as previously observed, intercalates within the sepiolite
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structure, further contributing to the reduction of sulfo-PEG chain mobility.

Table 5.8: Two-component exponential function parameter of SepOH@GuPTES,
sulfo-PEG and sepiolite nanocomposites

Sample A1 t1 A2 t2 R2

NFs 1.38 ± 0.09 0.046 ± 0.004 0.44 ± 0.02 0.60 ± 0.04 0.9944
Sep1:2 0.94 ± 0.09 2.4 ± 0.3 0.9 ± 0.1 6.5 ± 0.35 0.99975
Sep1:3 0.28 ± 0.01 3.0 ± 0.1 0.72 ± 0.01 11.3 ± 0.2 0.99995
Sep1:5 0.22 ± 0.01 3.9 ± 0.2 0.78 ± 0.01 14.0 ± 0.1 0.99997
sPEG 0.68 ± 0.04 24.8 ± 0.9 0.32 ± 0.04 101 ± 10 0.99983

Macroscopical Thermo-responsive Properties

An initial attempt was made to assess the thermoresponsive properties of

the material.[18] At room temperature, the system exhibits a highly viscous

texture. However, when the temperature is increased to 70◦C, a decrease

in viscosity is observed, and the composite becomes more transparent. No-

tably, this behavior is fully reversible, when the system cools back to room

temperature, it regains its original viscosity and opacity. This thermal cy-

cling process was repeated multiple times, consistently demonstrating the

material's thermoresponsive performance. Figure 5.16 shows the sample

SiGu-sPEG_2 before and after the thermal treatment at 70◦C.

To better understand the underlying mechanisms at play, further analysis is

needed to explore the structural changes occurring within the system. In fu-

ture studies, 1H Time-Domain Nuclear Magnetic Resonance (1H TD-NMR)

experiments will be performed at di�erent temperatures to investigate how

polymer chain mobility varies as a function of temperature. Additionally,

Small Angle X-ray Scattering (SAXS) is planned to analyze how the polymer
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Figure 5.16: Photos of SiGu-sPEG_2 before (left) and after (right) thermal
treatment at 70◦C

organizes itself in the presence and absence of silica and sepiolite nanoparti-

cles, providing insight into the material's microstructural arrangement and

interactions.

Moreover, a priority for future work will be the removal of pyrazole, a by-

product of the GuPTES synthesis that remains into sepiolite structure, to

study its impact on the system in more detail. The removal of this by-

product will be crucial for optimizing the material's performance and ensur-

ing its long-term stability.

In summary, these systems exhibit signi�cant potential for applications re-

quiring thermoresponsive properties. The ability to �ne-tune viscosity and

transparency with temperature change could be useful in a variety of �elds,

in particular for smart lubricant application. Further investigation into the

molecular and structural dynamics will help unlock new possibilities for these

thermoresponsive SNFs.
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The present work is focused on the development of novel stimuli-

responsive �ller materials for smart composite applications. The

key �ndings from each experimental attempt and the potential perspectives

are brie�y summarized below referring to the relative chapter of the thesis.

Chapter 2 explored the development of light-responsive �llers using sil-

ica nanoparticles (SiO2 NPs) and sepiolite nano�bers (Sep NFs). Two types

of photoresponsive units, capable of undergoing reversible 2π + 2π cy-

cloaddition reactions, were employed. The cinnamic unit was anchored

to the silica nanoparticles through two di�erent approaches: (1) a one-

step functionalization using CINN-APTES, a newly synthesized alkoxysi-

lane, and (2) a two-step method involving pre-grafted APTES groups, fol-

lowed by modi�cation with cinnamic derivatives (CINN-NHS or CNCOCl).

The results showed that, in any case, the one-step method enables to

achieve the highest functionalization yield, while the success of the

two-step method depends on the reactivity of the starting molecule, with

CNCOCl proving to be more e�ective than CINN-NHS. Preliminary tests

con�rm the photoresponsive behavior of these �llers, indicating their poten-

tial for integration into polymer matrices functionalized with the same units.

Additionally, an initial attempt to functionalize SiO2 NPs with coumarin

units using a two-step procedure was also carried out and the performance

preliminary assessed. Further endeavours will be devoted to scale-up the

preparation of the �ller bearing the CINN groups as well as to optimize the

functionalization procedure with coumarin derivatives.

Chapter 3 detailed the successful modi�cation of starch through

etheri�cation with cinnamyl chloride, resulting in varying degrees of

221



CHAPTER 6

substitution depending on the reaction conditions. This produces photore-

sponsive crosslinking units as pendant groups on the polymer chains. The

degree of substitution a�ects the solubility and processability of the starch,

which is relevant for its application. For example, samples with the lowest

degree of substitution can form free-standing �lms under biocompat-

ible conditions. The photoresponsive behavior of these modi�ed starches

was preliminarily evaluated using UV-Vis spectroscopy and solution-phase

NMR. UV-Vis analysis revealed a decrease in the absorbance of the function-

alized starch sample when irradiated at 365 nm. This trend continued even

after irradiation at 254 nm, which was unexpected; normally, absorbance

should increase at 254 nm as the original molecule is expected to reform.

NMR indicated that irradiation at 365 nm prompts competition between the

isomerization and dimerization reactions. Irradiation at 254 nm highlights

sample degradation. Further studies are needed to achieve selective pho-

todimerization at 365 nm and to explore an experimental setup that would

break the cyclobutane linkage without degrading the starch itself. Despite

these challenges, the results are promising, showcasing the e�cacy of this

methodological approach in developing a bio-based, light-responsive system

with potential applications in packaging products.

Chapter 4 described the �rsts attempts to create a bio-nanocomposite us-

ing low-substitution starch developed in Chapter 3 and SiO2 nanoparticles

functionalized with CINN-APTES synthesized as reported in Chapter 2. Dif-

fuse Re�ectance Spectroscopy (DRS) was employed to con�rm the UV-Vis

absorption properties of this �lm. This preliminary work lays the foundation

for the development of photoresponsive nanocomposites, with potential

applications in smart packaging. Considerable further research is required
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to optimize �lm preparation, especially for the starch samples with higher

degrees of substitution, which are water-insoluble. Other essential factors

include examining how the starch substitution degree, �ller functionaliza-

tion yield and aspect ratio a�ect the nanocomposite's structural, thermal,

mechanical, photoresponsive, and biodegradable properties. Another im-

portant goal will be to optimize the preparation of �llers, the modi�cation

of starch, and the �lm production process by using greener solvents. This

approach aims to create composites with more sustainable components and

eco-friendly �lm-forming methods. These elements are crucial, particularly

for applications in food packaging. While challenges remain, the initial �nd-

ings indicate promising avenues for future development.

Finally, Chapter 5 focused on the design of thermoresponsive solvent-

free nano�uids for use in smart lubricants. SiO2 NPs and Sep NFs were

functionalized with a newly synthesized silane containing a guanidinium

unit (GuPTES). After con�rming and quantifying the functionalization of

both �llers, they were further modi�ed with sulfo-PEG chains. The inter-

action between the nanoparticles and sulfo-PEG chains was primarily con-

�rmed by HE TD-NMR, where the composites consistently exhibited a two-

component exponential function, similar to sulfo-PEG alone. This �nding

indicates that the composites have a stable strong interface between the com-

ponents. The thermoresponsive properties of the system were investigated

using DSC and macroscopic observations, which suggest that temperature-

induced rearrangement of the chains a�ects both viscosity and transparency

of the SNFs. These preliminary results will be further explored using HE

TD-NMR analyses to study how the mobility of proton populations within

the system changes at di�erent temperatures. Additional work is needed
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to remove pyrazole, a byproduct of GuPTES synthesis, from functionalized

sepiolite to accurately assess the properties of sepiolite nanocomposites with-

out interference. These systems show considerable potential for applications

requiring thermoresponsiveness, such as in smart lubricants.

In summary, all the materials developed demonstrated promising stimuli-

responsive behaviors, indicating a signi�cant potential for use in smart

packaging and lubricant applications. Future research should focus on opti-

mizing and thoroughly characterizing these nanocomposites, enhancing their

long-term stability and performance in industrial settings, and expanding the

range of stimuli-responsive functionalities. Additionally, exploring environ-

mentally sustainable and biodegradable materials will be crucial for realizing

the eco-friendly advanced composites.
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A.1 Liquid state NMR

Nuclear Magnetic Resonance (NMR) is a widely used spectroscopic tech-

nique for determining molecular structures in solution. It is non-destructive,

and its sensitivity depends on factors such as the abundance of isotopes and

their magnetic moments. In an applied magnetic �eld, nuclei with spin

quantum number III have di�erent energy levels, and for nuclei with spin

1/2 (e.g., 1H or 13C), these levels depend on the magnetic �eld strength and

the gyromagnetic ratio.

Modern NMR spectrometers use radiofrequency pulses to excite nuclei, and

Fourier transform is applied to convert the resulting data from the time do-

main to the frequency domain, identifying transitions between energy levels.

Chemical shifts (δ) are used to describe the local magnetic environment of

a nucleus, measured relative to a reference compound like tetramethylsilane

(TMS). Shielded nuclei have chemical shifts (δ<0) at higher magnetic �elds,

while deshielded nuclei (δ>0) appear at lower magnetic �elds.

Spin-spin coupling between neighboring nuclei results in multiplet patterns,

providing additional structural information. The integrated intensity of a

signal is proportional to the number of equivalent nuclei, which aids in spec-

tral assignments. NMR experiments, including 1H, 13C, and HSQC, are

performed in solvents like CDCl3 or DMSO-d6 at room temperature using

a Bruker Avance 400WB spectrometer at 400.13 MHz, providing detailed

insights into the molecular structure and interactions.

227



APPENDIX

A.2 Solid state NMR

Solid-state nuclear magnetic resonance (ss-NMR) spectroscopy is a special-

ized type of NMR characterized by the presence of anisotropic interactions

within solid samples. To enhance spectral resolution, magic-angle spinning

(MAS) is commonly employed in ss-NMR experiments. In MAS, the sample

is rapidly spun at an angle of approximately 54.74◦, known as the magic an-

gle, with respect to the direction of the external magnetic �eld. By spinning

at frequencies ranging from 1 to 100 kHz, this technique e�ectively averages

out anisotropic interactions, resulting in narrower spectral lines and sig-

ni�cantly improved resolution, allowing for more precise identi�cation and

analysis of the solid-state spectrum.

Solid state Magic Angle Spinning (MAS) NMR analyses were carried out

with a Bruker 400WB spectrometer operating at a proton frequency of

400.13 MHz. Spectra were acquired with single (SP) or cross polarization

(CP) pulse sequence under the following conditions: 29Si frequency: 79.48

MHz, contact time 10 ms, decoupling length 6.8 µs, recycle delay: 10 s, 5k

scans. 13C frequency: 100.48 MHz, contact time 1.5 ms, decoupling length

5.6 µs, recycle delay 3 s, 2 k scans. Samples were packed in 4 mm zirconia

rotors, which were spun at 6 kHz under air �ow. Adamantane and Q8M8

were used as external secondary references. The Si structural units are la-

beled according to the usual NMR notation: Tn and Qn indicate R-SiO3

and SiO4 silicon units, respectively, and n is the number of oxo-bridges.

Bruker TopSpin software was used for the lineshape analysis. The results

were considered acceptable with a con�dence level >95%.
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A.3 ATR-FTIR

The surface chemistry of the analyzed materials was qualitatively character-

ized using vibrational spectroscopy. The absorption of infrared radiation at

various wavelengths corresponds to the vibrational modes of di�erent chemi-

cal bonds. Attenuated Total Re�ectance (ATR) spectroscopy operates based

on the principle of total internal re�ection within a crystal. When the angle

of incidence at the interface between the crystal and the sample exceeds the

critical angle, total internal re�ection occurs, causing the radiation to pen-

etrate slightly beyond the re�ecting surface. When the sample is in direct

contact with this surface, energy is absorbed at speci�c wavelengths where

the material interacts with the radiation. This absorbed energy is then mea-

sured and plotted as a function of wavelength.

ATR measurements were conducted at room temperature using a Ther-

moFisher Nicolet iS20 instrument, with a spectral resolution of 4 cm−1 and

64 scans in the range of 4000�550 cm−1. The resulting ATR-FTIR spectra

were processed using OMNIC software, which included background subtrac-

tion and baseline correction to ensure accurate spectral interpretation.

A.4 UV-Vis Spectroscopy

UV-Vis spectroscopy is an analytical technique used for both qualitative and

quantitative analysis, focusing on the interaction between a solution-phase

sample and electromagnetic radiation within the wavelength range of 190 to

900 nm. In this range, the absorption of electromagnetic radiation results

in valence electron transitions and bond formation, and is directly propor-

229



APPENDIX

tional to the concentration of molecules in the sample. This relationship is

described by the Lambert-Beer law, which establishes a linear correlation

between concentration and absorbance (A):

T = P
P0
, A = −log10(T ) = log10(

P
P0
), Aλ = ϵλbc

where T represents transmittance, P is the transmitted radiation, P0 is

the incident radiation, ϵλ is the molar extinction coe�cient speci�c to each

molecule, b is the optical path length, and c is the concentration. The

Lambert-Beer law is valid for monochromatic radiation and is applicable

only to dilute solutions (less than 0.01 M) and in the absence of electrolytes,

as electrostatic interactions can cause deviations from linearity.

UV-Vis spectroscopy also provides qualitative information about the pres-

ence or absence of functional groups that absorb radiation within the range

of 180 to 1000 nm. The absorption spectra and kinetic analyses were carried

out using a UV-Vis Cary 60 spectrophotometer and a 5 mm cuvette.

A.5 DRS spectroscopy

Di�use re�ectance spectroscopy (DRS) is a surface analysis technique that

employs UV-Visible radiation to gather information about the structural

characterization and optoelectronic properties of solid-state samples. It

speci�cally measures the light scattered by the sample when exposed to

radiation in the 200 to 800 nm range and represents it as a percentage of

re�ectance. In general, light scattering (R) is always accompanied by ab-

sorption (A) and transmission (T) phenomena, adhering to the following
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law:

A+ T +R = 1

Similar to UV-Vis spectroscopy, the interaction between electromagnetic ra-

diation and the material in DRS results in electronic transitions involving

both bond and valence electrons.

The instrument used in this study was a Perkin Elmer Lambda 1050+

UV/Vis/NIR spectrophotometer, which consists of a light source, a di�rac-

tion grating monochromator, a sample holder, and a detector. The powders

were dispersed in EtOH and drop-casted on a quartz slide. The resulting

spectrum is presented as percent re�ectance (R%) as a function of wave-

length.

A.6 DSC

Di�erential Scanning Calorimetry (DSC) is a thermal analysis technique

used to measure the heat �ow associated with material transitions as a func-

tion of temperature. In DSC analysis, both a sample and a reference are

heated or cooled simultaneously, and the di�erence in energy required to

maintain the same temperature between them is recorded. This enables

the determination of thermal events such as melting, crystallization, glass

transitions, and decomposition. The technique is commonly employed to

characterize the thermal properties of various materials, including polymers,

metals, and ceramics, providing valuable information on thermal stability,

phase transitions, and heat capacity.
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In this study, an initial heating ramp was performed up to 180◦C to erase

the sample's thermal history. The sample was then cooled to -80◦C, followed

by reheating to 180◦C. The curves presented in the graphs represent only

the �nal heating ramp. The measurements were carried out using a Mettler

Toledo DSC Stare instrument, ensuring precise control and analysis of the

thermal transitions.

A.7 TEM

Transmission Electron Microscopy (TEM) is a powerful technique for mor-

phological characterization of nanostructured materials, o�ering much higher

resolution than Scanning Electron Microscopy (SEM). TEM analysis utilizes

a high-energy electron beam, which can be accelerated up to 300 kV, and

a series of electromagnetic lenses to achieve high-resolution imaging. The

sample, typically supported on a 3 mm copper grid, is exposed to the elec-

tron beam, which interacts with the material and produces transmitted and

elastically scattered electrons. These electrons form a di�raction pattern,

which is then reconstructed by a projection lens into a two-dimensional im-

age of the sample.

TEM can e�ectively resolve �ne details, making it suitable for analyzing

powders, nanostructured materials, and ultrathin sections of composites,

with images showing features down to 0.17 nm resolution.

TEM images on materials were collected by using a JEOL JEM-2100Plus

TEM (JEOL, Akishima, Tokio, Japan) operating at an acceleration voltage

of 200 kV, equipped with an 8-megapixel Gatan (Gatan, Pleasanton, CA,

232



APPENDIX

USA) Rio complementary metal-oxide-semiconductor camera. The samples

were deposited onto carbon-coated Cu TEM mesh grids by drop-casting

dilute NPs dispersions in ethanol.

A.8 SEM

The Scanning Electron Microscope (SEM) is a powerful instrument used for

morphological characterization, enabling the observation of large specimens

at high resolutions and magni�cations far exceeding those of ordinary light

microscopy. The �rst SEM prototype was developed in 1942 by Russian

engineer Vladimir Zvorykin.

SEM operates by directing a high-energy electron beam in a vacuum onto

the sample, using a lens system to focus and de�ect the beam. This in-

teraction generates various signals, which are detected and converted into

images using specialized software. The electron beam is produced by an

illumination source, or electron gun, which can utilize either thermionic or

�eld emission.

Due to its high resolution, SEM is widely utilized for assessing surface mor-

phology, defects, surface potential, and chemical composition, often in con-

junction with Energy Dispersive X-ray (EDX) analysis. SEM images on

materials were collected by a Vega TS5136 XM Tescan microscope in a

high-vacuum con�guration. The electron beam excitation was 30 kV at a

beam current of 25 pA, and the working distance was 12 mm. In this con-

�guration, the beam spot was 38 nm. The samples were dispersed in EtOH,
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deposited onto an aluminium substrate by drop-casting and covered with

gold coating.

A.9 Nitrogen Physisorption

Nitrogen physisorption is a non-destructive analytical technique used to de-

termine speci�c surface area, pore size distribution, and pore volume of solid

materials. It is based on the physical adsorption of nitrogen gas onto the

surface of a solid at a constant temperature (-196◦C or 77 K), using an in-

ert gas like N2 due to its chemical stability and appropriate condensation

properties. The adsorption phenomenon involves interactions between the

surface atoms and the adsorbate via Van der Waals forces, with interaction

energies around 20 kJ/mol.

The output of the analysis is an adsorption isotherm, which plots the ad-

sorbed gas volume (V_ads) versus the relative pressure (P/P0). The isotherm

re�ects how gas adsorption occurs on di�erent pore sizes, with small pores

being �lled at low relative pressures and larger pores �lled as the pressure

increases. Near saturation pressure, all pores are �lled, and the total pore

volume can be determined.

The International Union of Pure and Applied Chemistry (IUPAC) classi-

�es pores into micropores (pore size < 2 nm), mesopores (2-50 nm), and

macropores (> 50 nm). IUPAC also recognizes six basic types of adsorption

isotherms, which are indicative of the nature of the material's surface and

porosity. For example, type I is typical for microporous materials, while

types IV and V exhibit hysteresis loops associated with mesoporous materi-
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als.

The desorption isotherm often shows hysteresis, which indicates di�erences

in adsorption and desorption behavior, commonly due to capillary conden-

sation in mesopores. There are four types of hysteresis classi�ed by IUPAC:

H1 (associated with homogeneous pore sizes), H2 (non-uniform pore distri-

bution), H3 (�at-shaped pores like cracks with non-uniform sizes), and H4

(�at-shaped pores with uniform sizes).

Various models are used to analyze di�erent regions of the adsorption isotherm.

The Brunauer-Emmett-Teller (B.E.T.) method is widely used for determin-

ing speci�c surface area, while other methods, such as the Dubinin method

and Langmuir isotherm, can also be applied. The Barrett-Joyner-Halenda

(BJH) method, Horvath and Kawazoe method, and Saito-Foley method are

used to evaluate pore size distribution, while the t-plot method is used to

determine micropore volume, and the Kelvin equation is applied for meso-

pore size and volume.

Non-local density functional theory (NLDFT) is another powerful approach

to determine the porosity of a sample, speci�cally pore size and pore size

distribution, from measured gas adsorption isotherms. NLDFT builds upon

density functional theory (DFT), which is a computational tool in quantum

physics used to approximate solutions to the Schrödinger equation for multi-

body systems. In the context of gas adsorption, DFT models the properties

of the adsorptive �uid, such as nitrogen, con�ned in porous solids. NLDFT

improves upon DFT by using non-local approximations, allowing it to better

represent non-homogeneous �uid behavior within pores. The advantage of

NLDFT lies in its ability to characterize materials with porosity spanning
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multiple scales, from micropores to mesopores and macropores, providing a

continuous pore size distribution that captures the complete porosity pro�le

of materials like activated carbons and zeolites. The analysis is performed

using a Quantachrome Autosorb-1 apparatus, which provides valuable in-

sights into the textural properties of solid materials.

A.10 Thermogravimetric Analysis

Thermogravimetric analysis (TGA) thermograms were collected using a Met-

tler Toledo TGA/DSC1 STARe system under a constant air �ow of 50 cm3

min−1. The materials were heated from 30 ◦C to 150 ◦C at a rate of 10

◦C min−1, with an isothermal hold at 150 ◦C for 10 minutes. This was fol-

lowed by heating from 150 ◦C to 1000 ◦C at the same rate, with the samples

then held at 1000 ◦C for 5 minutes. The sample holder was an alumina pan

with a volume of 75 µL, used without a pan and �lled to at least half of its

capacity. The analysis recorded the weight loss percentage of the samples

during heating, which occurred due to decomposition reactions, oxidation,

and physical processes such as vaporization and desorption.

Thermogravimetric analysis (TGA) was primarily used to estimate the num-

ber of surface hydroxyl (OH) groups present on bare nanoparticles, as well

as the number of functionalization agents on grafted nanoparticles. The cal-

culation speci�cally focused on the mass loss observed between 150◦C and

1000◦C, which is attributed to the decomposition of surface-bound hydroxyl

groups and the surface-bound functionalization agent. This analysis assumes

that within the selected temperature range (150◦C to 1000◦C), no other sig-

ni�cant mass loss events occur, such as the loss of organic contaminants or
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physically adsorbed species (which are typically lost below 150◦C). These

factors must be carefully considered when interpreting the results.

The equation used to calculate the OH surface content of bare nanoparti-

cles (Equation A.1) takes into account the normalized mass loss measured

during TGA in the range of 150◦C to 1000◦C (δwt%(OH+OEt)st (NPs)) and

correlates it with the moles of hydroxyl groups per gram of nanoparticles.

OHsup[mol/g(NPs)] =
∆wt.%(OH+OEt)st(NPs) · 2
MW (H2O) · wt.%(1000◦C)st

(A.1)

To determine the number of hydroxyl groups per unit surface area, Equa-

tion A.2 is used, which considers the moles of hydroxyl groups per gram of

nanoparticles (calculated by Eq. 1) and the speci�c surface area of nanopar-

ticles (SSABET), as determined by physisorption analysis using the BET

method.

OHsup[n./nm
2] =

OHsup[mol/g(NPs)] ·NA[n./mol]

SSABET [m2/g] · 1018[nm2/m2]
(A.2)

To estimate the degree of functionalization of grafted nanoparticles, several

factors must be considered: the normalized weight loss from 150◦C to 1000◦C

of the grafted nanoparticles (∆wt.%(150−1000◦C)st), the normalized weight loss

from 150◦C to 1000◦C of the bare nanoparticles (∆wt.%(OH+OEt)st (NPs)),

the molecular weight of the organic chain lost during heat treatment (MW(Y)),

and the molecular weight of water (MW(H2O)). Equation A.3 calculates
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the percentage of mass loss attributable solely to the functionalizing agent

(wt.%(Y)), assuming that, on average, each silane molecule binds with two

of the three available hydroxyl groups. Unreacted hydroxyl groups on both

the nanoparticle surface and the functionalizing agent are also accounted for

in this equation.

It is important to note that other factors, which cannot be easily predicted,

may contribute to the mass loss. Consequently, the result is an estimate,

not an absolute value.

wt.%(Y ) =
∆wt.%(150−1000◦C)st −∆wt.%(OH+OEt)st(NPs)

MW (Y )− MW (H2O)
2

MW (Y ) (A.3)

As with the hydroxyl group calculation, the percentage of mass loss (wt%(Y)),

(calculated by Equation A.3) can be converted into σ, the number of molecules

per unit area (Equation A.4), by considering the SSABET of the bare particles

and MW(Y).

σ[n./nm2] =

wt.%(Y )
MW (Y )

·NA[n./mol]

wt.%(1000◦C)st · SSABET [m2/g] · 1018[nm2/m2]
(A.4)

238



APPENDIX

A.11 CHNS analysis

CHNS analysis is a rapid method for determining the concentrations of car-

bon, hydrogen, nitrogen, and sulfur in various materials, including solids,

liquids, and viscous samples. This technique is applicable across multiple

�elds, such as pharmaceuticals, polymers, environmental science, food, and

energy.

The analysis involves high-temperature combustion in an oxygen-rich envi-

ronment, typically around 1000 ◦C, which can occur under static or dynamic

conditions, often with catalysts to enhance the process. During combustion,

carbon is converted to carbon dioxide, hydrogen to water, nitrogen to molec-

ular nitrogen or nitrogen oxides, and sulfur to sulfur dioxide. The combus-

tion products are carried away by an inert gas (helium) through heated,

pure copper, which removes any unreacted oxygen and converts nitrogen

oxides back to molecular nitrogen. The gases are then directed through an

absorbent trap to isolate carbon dioxide, water, nitrogen gas, and sulfur

dioxide.

Gas detection methods include chromatography and the use of infrared

and thermal conductivity cells. Element quanti�cation requires calibration

against high-purity micro-analytical standards like acetanilide and benzoic

acid. The analysis is performed using an Elementar VarioMICRO analyzer in

CHNS con�guration, with a measurement uncertainty of 0.1%. The combus-

tion column operates at 1150 ◦C, while the reduction column is maintained

at 850 ◦C, and measurements are normalized to a sulfanilamide standard.

In this study, CHNS analysis was primarily used to evaluate the degree of
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substitution in functionalized nanoparticles. By converting the di�erence in

the percentage of carbon mass between functionalized and bare nanoparti-

cles into moles of the functionalizing agent, Eq. 4 can be applied to calculate

the number of functionalizing agent molecules per unit area. This result can

then be compared with the thermogravimetric analysis to con�rm the esti-

mate of the degree of functionalization.

While it would also be possible to perform a similar analysis using the di�er-

ence in the nitrogen mass percentage (since all the functionalizing agents in

this thesis contain nitrogen), this approach is problematic. Some synthetic

procedures use ammonia as a catalyst, which could remain as a residue in

the samples, skewing the results. Additionally, the instrument used has cali-

bration issues for nitrogen, a�ecting all users, which have not been resolved.

A.12 1H TD-NMR

The 1H TD-NMR analyses were performed using the Bruker Minispec in-

strument, a time-domain NMR spectrometer equipped with a permanent

magnet that generates a magnetic �eld of 0.47 T and a Larmor frequency

of 20 MHz for 1H nuclei. Due to its rapid analysis, reproducibility, non-

destructive nature, and straightforward sample preparation procedure, this

instrument is widely used in various applications, from polymer studies to

the agri-food industry, both in research and quality control.

The instrument consists of three main components:

- Magnet Unit: This contains the permanent magnet that generates the

0.47 T magnetic �eld. At the top of this unit is an aperture where a
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glass tube, with an outer diameter of 10 mm, containing the sample

material is inserted. The sample is positioned inside the instrument at

a height of 14.3 cm from the inlet nozzle to the center of the sample

in the tube (usually occupying about 1 cm from the bottom of the

tube). This ensures the sample is at the point of maximum magnetic

�eld homogeneity. Surrounding the probe is a coil that generates RF

pulses and collects the electrical signal from the free induction decay

(FID), as explained in the previous chapter on NMR mechanisms.

- Magnetic Control Unit: This unit consists of various electronic boards

responsible for generating the RF pulses according to the user-de�ned

settings and receiving the NMR signal.

- Gradient Unit: Positioned between the magnet and magnetic control

units, this component allows the generation of gradient pulses to create

controlled inhomogeneity in the magnetic �eld.

The instrument is equipped with a BVT3000 temperature control system,

which operates with nitrogen gas �ow and calibrates the temperature using

an external thermocouple system with an accuracy of ± 1 K and a precision

of 0.1 K. For low-temperature operations, the instrument can be connected

to a liquid nitrogen evaporator controlled by the same unit.

Hahn Echo (HE)

Field inhomogeneities, which are especially prominent in solid samples and

low-�eld instruments, cause signi�cant spin de�ection. As a result, in a stan-

dard NMR experiment that includes a 90◦ pulse followed by signal acqui-
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sition, the transverse magnetization decays more quickly than anticipated.

The time constant associated with this faster decay is known as T2*, and

the relation T2 ≤ T2* always holds true.

To address the issue of inhomogeneities and accurately measure T2, Hahn

Echo (HE) sequences are commonly employed. These sequences mitigate the

problem by using pulses that refocus the spins, which lose phase coherence

due to �eld e�ects, resulting in what is known as a spin echo.

The Hahn Echo sequence proceeds as follows (Figure A.1):

1. A 90◦ pulse is applied, rotating the magnetization from the z-axis to

the xy-plane.

2. A variable delay time, τ , is introduced, during which the magnetization

partially recovers its initial state.

3. A 180◦ pulse is then applied to refocus the spins. This 180◦ pulse

reverses the precession of the spins in the xy-plane, leading to the

formation of the echo signal.

By repeating the experiment with di�erent τ values, the T2 relaxation time

can be measured. The experimental data obtained are then �tted using the

Equation A.5

I(t) = I0(e
τ
T2 ) (A.5)
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where I(t) is the signal intensity at time τ , I0 is the initial signal intensity,

and T2 is the transverse relaxation time.

Figure A.1: Hahn Echo sequence
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