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1

Origin of Polymer Materials

1.1 History of Polymers

A polymer is an organic compound, natural or synthetic, with a high molecular
weight made up of repetitive structural units. Large-size chains are formed from
the covalent union of various monomer units [1]. A single-polymer molecule may
consist of hundreds to a million monomers and may have a linear, branched, or
network structure. Polymeric solid can be thought of as a material that contains
many chemically bonded parts or units which themselves are bonded together to
form a solid. The word polymer means “many parts.” Two industrially important
polymeric materials are plastics and elastomers. Plastics are a large and varied group
of synthetic materials that are processed by forming or molding into a shape. There
are many types of plastics, such as polyethylene (PE) and nylon [2]. Elastomers
or rubbers can be elastically deformed a large amount when a force is applied to
them and can return to their original shape when the force is released. Polymers
have many properties that make them attractive to use in certain conditions. Many
polymers (i) are less dense than metals or ceramics, (ii) resist atmospheric and
other forms of corrosion, (iii) offer good compatibility with human tissue, and
(iv) will exhibit excellent resistance to the conduction of electrical current [3].
Covalent bonds hold the atoms in the polymer molecules together and secondary
bonds then hold groups of polymer chains together to form the polymeric mate-
rial [4]. Copolymers are polymers composed of two or more different types of
monomers.

Many examples of synthetic polymers have been mentioned; polyesters or nylons
are used more than others like the one which is used for medical applications for
organs, degradable sutures, etc. [5]. Based on economic and application considera-
tions, plastic materials can be divided into a commodity and engineering plastics.
In the first group, PE, polypropylene (PP), and polyvinyl chloride (PVC) are consid-
ered, and in the second, polycarbonate (PC), polyether ether ketone (PEEK), poly-
imide (PI), etc., are considered. Fibers, natural, artificial (modified natural), and
synthetic are characterized by high aspect ratio, high strength and modulus, and
other properties depending on their applications. Elastomers exhibit the ability to
stretch and retract rapidly [6]. The commercial development of this poly-fiber (PF)

Polymer Nanocomposites for Energy Applications, First Edition.
T. Daniel Thangadurai, Manjubaashini Nandhakumar, Sabu Thomas, and Ange Nzihou.
© 2023 WILEY-VCH GmbH. Published 2023 by WILEY-VCH GmbH.
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‘:] Interchain combination dominated

I:] Interchain cyclization dominated
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vinyl copolymerization
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zation of divinylbenzene with

Star polymers
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styrene
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* Linear polymers with alternating monomer
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Figure 1.1 Timeline of architecturally complex polymers. Source: Gao et al. [8]/Springer

Nature.
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1.1 History of Polymers
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Figure 1.2 History of growth of polymer materials.
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Natural, synthetic ...

v !

According to structure
Semicrystalline and amorphous

According to According to chemical composition
polymerization Acrylics, vinyls ...
mechanism

Addition, condensation

|

According to applications
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v

According to their behavior with temperature
Thermoplastic, thermosetting...

Figure 1.3 Classification of polymers.

material is considered to be the beginning of the truly synthetic plastic era and the
plastic industry, although cellulose nitrate (semisynthetic) had been known and in
use for some time [7] (Figures 1.1-1.3).

1.1.1 Examples of Polymers

Polyethylene PE: most H H
opular plastic |
popular plasti (|:_c|:
H H/,
Polypropylene PP: used as CH—CH,
plastic and as fiber _(_ | T
CHjz n
Polystyrene PS: economic
and resistant.Styrofoam™:
foam of PS
i
o
H H
n
Polyvinylidene fluoride H F
PVDF: high electric and fire [
resistance Cl)—(IJ
H F
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PMMA: transparent plastic O\ |
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|
CH2—(|3
CHj3

Nylon (polyamides): used as

(0]
fibers \ ||
NH‘éCHza— NH—C
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e

1.2 Types of Polymers

1.2.1 Based on Applications
Synthetic polymers can be classified into different types of materials:

Elastomers: Materials with very low modulus of elasticity and high extensibility.

Plastics: Polymers in which, when a sufficiently intense force is applied, they irre-
versibly deform.

Fibers: Present a high modulus of elasticity and low extensibility.

Coatings: Substances, normally liquid, that adheres to the surface of other materials.

Adbhesives: Substances that combine a high adhesion and a high cohesion.

Polymer plasticscan be divided into two classes, thermoplastics and thermoset-
ting plastics, depending on how they are structurally and chemically bonded.
Thermoplastic polymers comprise the four most important commodity materials,
such as PE, PP, polystyrene, and PVC. The term “thermoplastic” indicates that
these materials melt on heating and may be processed by a variety of molding
and extrusion techniques. Alternately, “thermosetting” polymers cannot be melted
or remitted. Thermosetting polymers include alkyds, amino and phenolic resins,
epoxies, polyurethanes, and unsaturated polyesters (Figure 1.4).

;N

Elastomers Fibers Plastics

Figure 1.4 Types of synthetic polymers. Source: Stratasys Ltd., U.S. Department of
Agriculture (USDA)/Wikimedia commons/Public Domain, Gigira/Shutterstock.
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1.2.2 Classification Based on Temperature Effect

1.2.2.1 Thermosetting Polymers

Most polymers can be broadly classified as either thermoplastics or thermosets.
The fundamental physical difference between these two is the bonding between
molecular chains - thermoplastics have only secondary bonds between chains,
while thermosets also have primary bonds between chains. The names are not
only associated with the chemical structure of each but their general thermal and
processing characteristics as well, since this basic structural difference greatly
impacts material properties. Thermosetting polymers chemically decompose when
heated, instead of flowing which is due to a crosslinked structure. Thermoplastic
polymers can be melted or molded, while thermosetting polymers cannot be melted
or molded in the general sense of the term. Thermoplastic and thermosetting poly-
mers are sometimes identified by other names such as “linear” and “crosslinked,”
respectively. It should be noted that the term linear here applies to molecular
structure and not to mechanical characteristics. The polymer can be a hard and
stiff glass-like solid, a soft and flexible elastomeric rubber, or a viscous liquid
depending only on working temperature as compared to two reference tempera-
tures identified as the glasstransition temperature (T,) and the melt temperature
(T,,)- All thermoplastic materials may exist in one of these three phases upon
changes in the working temperature, while thermosetting polymers generally
exist only in the first two phases [9]. The T, and T, for different polymers range
from well below to well above ambient, and therefore a particular polymer may be
glassy, elastomeric, or liquid at room temperature depending only on its chemical
composition.

1.2.2.2 Thermoplastic Polymers

Thermoplastic polymers may be either amorphous or crystalline. Crystallinity is
important to point out the degree of crystallinity by standards for crystalline metals,
ceramics, and other materials [10]. That is, polymers are rarely over 50% crystalline.
Crystalline polymers are often more dense than amorphous polymers due to the
closer packing of their long-chain molecules and, in general, the following properties
are enhanced: hardness, friction and wear, less creep or time-dependent behavior,
corrosion resistance, and/or resistance to environmental stress cracking.

1.3 Properties of Polymers

A polymer is an organic material and the backbone of every organic material is a
chain of carbon atoms. The carbon atom has four electrons in the outer shell. Each
of these valence electrons can form a covalent bond to another carbon atom or a
foreign atom. The key to the polymer structure is that two-carbon atom scan has
up to three common bonds and still bond with other atoms. The elements found
most frequently in polymers and their valence numbers are H, F, CI, Br, and I with



1.3 Properties of Polymers

one-valence electron, O and S with two-valence electrons, N with three-valence elec-
trons, and C and Si with four-valence electrons [11].

The ability for molecules to form long chains is vital to producing polymers.
Consider the material polyethylene, which is made from ethane gas, C,H,. Ethane
gas has two carbon atoms in the chain, and each of the two carbon atoms shares two
valence electrons with the other. If two molecules of ethane are brought together,
one of the carbon bonds in each molecule can be broken and the two molecules can
be joined with carbon to carbon bond. After the two mersare joined, there are still
two free valence electrons at each end of the chain for joining other mers or polymer
chains [12]. The process can continue linking more mers and polymers together
until it is stopped by the addition of another chemical that fills the available bond
at each end of the molecule. This is called a linear polymer and is a building block
for thermoplastic polymers.

1.3.1 Molecular Weight
Macromolecular molecular weight:
M, =MJX,

where
M, = number-average molecular weight
M, = monomer molecular weight
X, = degree of polymerization (average number of monomer units in a chain).
Mean molecular weight—definition of the various molecular weights

M, =) Mgx,

M, = Z M;w;
where
M, = number-average molecular weight
M, = weight-average molecular weight
M; = mean molecular weight in size range i
x; = fraction in number of molecules in range i
w; = fraction in weight of molecules in range i.

1.3.2 Structural Aspects

The polymer chain is often shown in two dimensions, but it should be noted that it
has a three-dimensional structure. Each bond is at 109° to the next and, therefore,
the carbon backbone extends through space like a twisted chain of Tinker Toys.
When stress is applied, these chains stretch and the elongation of polymers can
be thousands of times greater than it is in crystalline structures. The length of the
polymer chain is very important. As the number of carbon atoms in the chain is
increased to beyond several hundred, the material will pass through the liquid state
and become a waxy solid. When the number of carbon atoms in the chain is over

7
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a thousand, the solid material PE, with its characteristics of strength, flexibility,
and toughness, is obtained. The state change occurs because as the length of the
molecules increases, the total binding forces between molecules also increase.
It should also be noted that the molecules are not generally straight but are a
tangled mass. Thermoplastic materials, such as PE, can be pictured as a mass of
intertwined worms randomly thrown into a pail. The binding forces are the result
of van der Waals forces between molecules and mechanical entanglement between
the chains. When thermoplastics are heated, there is more molecular movement
and the bonds between molecules can be easily broken. This is why thermoplastic
materials can be remelted. There is another group of polymers in which a sin-
gle large network instead of many molecules is formed during polymerization.
Since polymerization is initially accomplished by heating the raw materials and
bringing them together, this group is called thermosetting polymers or plastics.
For this type of network structure to form, the mers must have more than two
places for bonding to occur; otherwise, only a linear structure is possible. These
chains form jointed structures and rings and may fold back and forth to take on a
partially crystalline structure. Since these materials essentially comprise one giant
molecule, there is no movement between molecules once the mass has been set.
Thermosetting polymers are more rigid and generally have higher strength than
thermoplastic polymers. Also, since there is no opportunity for motion between
molecules in a thermosetting polymer, they will not become plastic when heated
(Figure 1.5).

The physical properties of a polymer depend not only on the type of monomers
that make up the polymer but also on the stereochemical arrangements of the atoms.
In a linear asymmetric polymer chain, the pendant groups can either be arranged
into orderly configurations or they can be completely random. The steric order is
called tacticity. If all chiral centers have the same configuration, the arrangement
of the side groups is called isotactic, and if every other chiral center has the same

W
Cogeo00070000%0 »

Linear Branched Crosslinked

Figure 1.5 Representation
of different molecular
structures of the polymer.

Table 1.1 Melting and glass transition temperatures for some of the more common
polymeric materials.

Polymer Tg (atactic) Tg (isotactic) Tg (syndiotactic)
Poly(methyl acrylate) 281 272 299
Poly(ethyl acrylate) 249 253 263
Poly(methyl methacrylate) 378 319 433
Poly(n-butyl methacrylate) 293 249 361
Poly(isopropyl acrylate) 267 264 285
Poly(methyl a-chloroacrylate) 416 353 452

Poly(isopropyl a-chloroacrylate) 363 321 392
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Figure 1.6 Different types of arrangements in polymeric chains.

arrangement, it is called syndiotactic, whereas a random arrangement of the side
groups is called atactic or heterotactic (Table 1.1 and Figure 1.6).
An example of tacticity is PP.

1.3.3 Copolymers in Sequence

A copolymer is a polymer that is made up of two or more monomer species. Many
commercially important polymers are copolymers, e.g. polyethylene-vinyl acetate
(PEVA), nitrile rubber, and acrylonitrile butadiene styrene (ABS). The process in
which a copolymer is formed from multiple species of monomers is known as copoly-
merization [13]. It is often used to improve or modify certain properties of plastics
(Figure 1.7).

H3C

H H gscé:; O=¢

II T |'|||'|| H O

—C H O > 58 ¢

' (':('; {7 7T
;i H R, LA wd,

Ethylene vinyl acetate
(EVA) coplymer

P00, PP Vo Doty

Copolymer with random units Copolymer with alternating units

Polyethyl
olyethylene PonvmyI a'getate

Copolymer with block units

Graft copolymers

Figure 1.7 Types of copolymer sequences.
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1.3.4 Crystallinity of Polymers

1.3.4.1 Solid-State Crystallinity

Crystallinity defines the degree of long-range order in a material and strongly affects
its properties. The more crystalline the polymer, the more regularly aligned its
chains. Increasing the degree of crystallinity increases hardness and density which
is illustrated in poly(ethene). High-density polyethylene (HDPE) is composed of
linear chains with little branching. Molecules pack closely together, leading to a
high degree of order. This makes it stiff and dense, and it is used for milk bottles
and drainpipes. The numerous short branches in low-density polyethylene (LDPE)
interfere with the close packing of molecules, so they cannot form an ordered
structure. The lower density and stiffness make it suitable for use in films such
as plastic carrier bags and food wrapping. Often, polymers are semicrystalline,
existing somewhere on a scale between amorphous and crystalline [14]. This
usually consists of small crystalline regions (crystallites) surrounded by regions of
an amorphous polymer.

1.3.4.2 Factors Favoring Crystallinity
In general, factors causing polymers to be more ordered and regular tend to lead to
a higher degree of crystallinity:

a. Fewer short branches: allowing molecules to pack closely together

b. Higher degree of stereoregularity: syndiotactic and isotactic polymers are more
ordered than atactic polymers

c. More regular copolymer configuration: having the same effect as stereoregularity
[15].

1.3.5 Morphology of the Polymeric Crystals

Morphology refers here to the size and shape of crystals and crystal aggregates. For
example, PE is the model semicrystalline polymer. The polymerization methods
available during the decades have made it possible to make PE of different crys-
tallinity and morphologies. The high-pressure process first developed in the 1930s
yielded branched PE with ~50% crystallinity. Low-pressure processes, developed in
the 1950s utilizing metal-organic chemistry, yielded linear PE (~75% crystallinity).
Low- and medium-density PE was made by the low-pressure technique replacing
part of the ethylene with higher 1-alkenes. The metallocene technology was put
into commercial use in the 1990s, and it provides PE with a narrow molar mass
distribution and a uniform distribution of comonomer units [16]. The recent
availability of monodisperse n-alkanes with several hundred carbon atoms using a
preparation method has provided new insight into several important aspects of PE
morphology. PE is used in large quantities and for many different applications. The
properties of PE are controlled by morphology (Figures 1.8 and 1.9).
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Figure 1.8 Polymeric monocrystals.
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1.3.5.1 Solid-State Thermal Transitions

Crystalline solid-solid transitions are often observed in single-component systems.
By changing temperature (or pressure), a crystalline solid can be transformed into
another crystalline solid without entering an isotropic liquid phase. These transi-
tions result in material polymorphs. In most cases, crystalline solid-solid transitions
are first-order transitions that undergo discontinuous changes in volume, enthalpy,
and entropy due to crystal packing changes. The magnitude of these changes is
usually small compared to the changes occurring from crystalline solid-liquid tran-
sitions. Although this transition requires symmetry breaking in structure to qualify
as a first-order transition, the positional changes of the molecules to transform from
one structure to the next must occur cooperatively, and the displacements cannot be
too large [17] (Figures 1.10-1.12).

1.3.6 Mechanical Behavior

Polymers exhibit a wide range of stress-strain behaviors as shown in Figure 1.13.
The brittle polymer elastically deforms and fractures before deforming plastically.
The 100% amorphous curve is a plastic polymer and is similar to curves for many
metals. Its behavior begins in the linear elastic deformation region. As the curve
transitions from the elastic to plastic deformation typically there is peak stress.
For polymer materials, this peak stress is identified as yield stress. As the material is
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Figure 1.10 Cooling curves for thermoplastic polymers. Source: Rosler et al. [18], John
Wiley and Sons, Inc.
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Figure 1.11 Specific volume vs. temperature upon cooling from the liquid melt for
polymers with a different structure. Source: Rosler et al. [18], John Wiley and Sons, Inc.
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Figure 1.12 Influence of molecular weight. Source: Reprinted with permission from Rosler
et al. [18].
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Figure 1.13 (a) Mechanical behaviors of thermoplastics: amorphous, crystalline, and 50/50
amorphous/crystalline, (b) effect of the crystallinity in the modulus of elasticity.

pulled further, fracture occurs. The stress value when the fracture occurs is defined
as the tensile strength for polymer materials. The tensile strength can be greater
than, equal to, or less than the yield strength. These materials exhibit rubber-like
elasticity and will return to their original shape and form unless they are extended
to the point of fracture [19].

1.3.7 Polymer Rheology and Processing

Measurements of the rheological properties offer a fast and reliable way to deter-
mine molecular weight distribution and long-chain branching, which in combina-
tion with the processing conditions, have a decisive influence on the end use product
properties [18]. Shear viscosity, elongation viscosity, normal stress differences, stress
relaxation, and some other measures and rheological phenomena, of relevance to
polymer processing, are discussed in this section. The most widely used polymer
processing technologies are extrusion and injection molding.

Polymer processing consists of melting or dissolving a polymeric material, shap-
ing, and solidifying. The choice of whether a melt or solution technique is used
depends on (i) chemical stability and (ii) the ability to melt or dissolve [20]. For
example, PE is generally melt-processed, since it is stable in the melt but only sol-
uble with some difficulty. Polyacrylonitrile and its copolymers, in composition, are
soluble but infusible, so that they are always processed in solution.

1.3.7.1 Polymer Processing Techniques

The following polymer processing techniques are generally employed: (i) Mixing
(Polymer additives, Mixing mechanics, Mixing devices), (ii) Extrusion (Extrusion
process, Single-screw extruder, Single-screw extruder, Extrusion dies), (iii) Mold-
ing (Injection molding, Compression molding, Blow molding, Rotational molding),
(iv) Calendering (Process, Arrangements of rolls), and (v) Coating (Fluid-coating
process) [21].
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The term rheology was first coined by Professor Eugene Bingham of Lafayette
College, Indiana, in the 1920s, which originates from the Greek word “rheos” mean-
ing everything flows upon time interval. Thus, rheologyis defined as the science of
studying the flow and deformation of matter induced by applied shear forces. From
the scope of rheology, all forms of shear behaviors, including the flow of ideal vis-
cous liquids and the deformation of classical elastic solids, can be described by their
response to external stresses [22]. These rheological characteristics are highly depen-
dent on the deformation process concerning time. Polymer rheology in the liquid
state aims at understanding the complex flow behavior of these materials to model
and optimize processing operations. The complexity of the materials also couples
with that of the processing flow conditions. It suffices to recall that the most used
machinery is the extruder where polymers follow helicoidal trajectories before being
pumped into a dye and then shaped in many different ways. Rheological studies
reduce the flow complexity to a set of basic simple flows because complex flows can
be considered as a combination of simpler ones.

The melt rheological properties of filled polymers are sensitive to the structure,
concentration, particle size, shape, and surface characteristics of the fillers; rheology
offers original means to assess the state of the dispersion in nanocomposites and to
investigate the influence of flow conditions upon nanofiller dispersion itself [23].

A better understanding of the rheological properties of polymers is very important
for determining the preferred industrial-scale processing conditions, as well as for
achieving the desirable physical/mechanical properties in the finished products [24].
Rheometry is the measuring equipment used to assess these rheological proper-
ties [25]. This section gives a general idea of current measuring systems: (i) capil-
lary rheometer, (ii) couette (concentric cylinder) rheometer, and (iii) cone-and-plate
rheometer.

1.3.7.2 Rheology of Nanocomposites

Rheology is the deformation and material flow study. It is dedicated to the study of
viscoelastic materials that include both liquid and solid properties. The rheological
behavior of the reinforced polymers depends on many parameters, such as the nature
of the fillers (size and shape), the concentration, and the interactions between the
fillers and between the polymer and the fillers. These parameters cause not only
an increase in viscosity but also particular phenomena such as the existence of a
flow threshold, a thixotropic, shearing thinning, or shearing thickening behavior. In
the case of nanocomposites, all the rheological characteristics of the conventional
filled polymers are generally observed. However, because the size of the charges is
extremely small, the surface developed with the polymer matrix is therefore very
large [26]. To obtain a reproducible measurement, independent of a human factor
such as the altitude of the flow cut, the gradient (of shear, stress, or strain) applied
to the fluid must be known. For this, appropriate equipment must be used.

To characterize the rheological properties, various devices allow the polymer vis-
cosity measurements. These devices are called kinematic viscometers or rheome-
ters [27]. For the viscosity measurement, the “two-plate” model is used. It defines
the space in which mechanical stress will be applied to the fluid. In this model, the
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soft material is trapped between two surfaces: one is fixed and the other is mobile,
and moves at a constant speed. A shearing motion is then applied to the material to
study its ability to flow [28].

1.3.7.3 Theory and Modeling of Nanocomposites Rheology

There are several rheological mathematical models applied to rheograms to trans-
form them into information on fluid rheological behavior [29]. For non-Newtonian
fluids, the twomost applied models are the Herschel-Bulkley model and the Bing-
ham model.

1.3.8 Polymer Viscoelasticity

One important characteristic of polymeric materials is their viscoelastic behavior.
This means that polymer is elastic because, after a strain due to the application of
stress, it is capable of recovering. On the other hand, polymers are viscous because
of their capability to creep after the strain.

As shown in Figure 1.14, the creep can be nonlinear, where the strain changesin a
nonlinear fashion with time. Upon the release of the stress, the polymer can recover
some, but usually undergoes some amount of permanent deformation.

Viscoelasticity is the property of materials that exhibit both viscous and elas-
tic characteristics when undergoing deformation. A viscous material exhibits
time-dependent behavior when stress is applied while under constant stress and
deforms at a constant rate, and when the load is removed, the material has “forgot-
ten” its original configuration, remaining in the deformed state [30]. On the other
hand, an elastic material deforms instantaneously when stretched and remembers
its original configuration, returning instantaneously to its original state once the
stress is removed. Viscoelastic materials have elements of both of these properties
and, as such, exhibit time-dependent strain showing a “fading memory.” Such
behavior may be linear (stress and strain are proportional) or nonlinear. Whereas
elasticity is usually the result of bond stretching along with crystallographic planes
in an ordered solid, viscoelasticity is the result of the diffusion of atoms or molecules
inside an amorphous material.

The simplest models for the deformation behavior of an ideal material are those of
Hookean linear elasticity in the solidstate and Newtonian linear viscosity in the lig-
uid state. The endpoint of elastic deformation is either fracture or plastic flow, with

Creep Recovery
L] 1
. 1 i
Strain | ;
I I

I } Permanent deformation
Stress Stress Time
applied released

Figure 1.14 Representation of creep and recovery in viscoelastic material.
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the latter taking place at constant yield stress in the ideal case. While the behavior
of many real materials does approximate to these idealized models that of poly-
mers deviates markedly from them. In particular, their solid-state deformation is
time-dependent and nonlinear and so resembles some combination of elastic and
viscous responses, at the same time as their melt rheology is also significantly non-
linear [31].

Polymers are characterized by the fact that their behavior under load or defor-
mation is, to a large extent, time—dependent even at room temperature. Moreover,
their response to a load or deformation will depend, in some cases, upon any previ-
ous load, deformation, or temperature history. This time dependence manifests itself
in several forms: two of these are creeping, that is to say, a progressive increase in
deformation under a constant load, and stress relaxation, a gradual decrease in stress
under a constant deformation. Both these phenomena influence and, in many cases,
limit the application of plastics for structural and load-bearing applications.

The contribution of viscous deformation was shown to result in time-dependent
permanent deformation (creep) under instantaneous, constant stress. Similarly,
under an instantaneous constant deformation or strain, viscous deformation
can cause stress relaxation. Nearly all synthetic and natural polymers used as
biomaterials, as well as biological tissues, exhibit viscoelasticity to varying degrees.
Noncrystalline or semicrystalline polymers and glasses exhibit free volume and a
glass transition temperature (T,) due to the inability of relatively large molecules
to organize into a perfectly crystalline network. Below T,, molecular motions
are restricted by time, and the material exhibits glassy or brittle elastic behavior.
Near T, or more precisely within a temperature range surrounding T, the free
volume allows some viscous molecular rearrangement, and the material exhibits a
viscoelastic response, which becomes increasingly elastomeric (nonlinear elastic)
with the increased temperature above T,. Near the melting temperature, elastic
deformation is lost and the material exhibits only viscous flow. Additional back-
ground on structure-property relationships including the effects of molecular
weight, crystallinity, and crosslinking for noncrystalline and semicrystalline mate-
rials (polymers and glasses) is reported. Hydrated biological tissues can also exhibit
viscoelasticity due to the permeability of the tissue to fluid flow (poroelasticity) [32].

A stress relaxation test is a simple means of investigating the viscoelasticity of a
polymer. To perform this test, a fixed tensile or compressive strain is applied to a
sample, and the stress, which decays over time, is monitored [33, 34]. The decrease
in stress at a constant strain corresponds to a decrease in the apparent modulus of
the polymer. The modulus of a viscoelastic material during a stress relaxation test is
often modeled using Eq. (1.1):

E(t) = E_ + (E, — E,,) exp (~t/7) (1.1)

where (E,) and (E ) are the instantaneous and long-term elastic modulus of the
material, respectively, ¢ is time, and z is the relaxation time constant. As discussed
previously, the uncertainty in the literature concerns the origin of changes in
the time constant commonly observed when fibers are added to a polymer. In
an isotropic solid, the shear modulus (G) and elastic modulus (E) are related by
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Poisson’s ratio (v) as shown in Eq. (1.2). For an isotropic, viscoelastic material,
at each point in time, the same relationship should hold, as shown in Eq. (1.3).
Poisson’s ratio is usually considered to be constant in this treatment:

E=2G1+v) 1.2)
E(t) =2G()A +v) 1.3)

Thus, Egs. (1.1) and (1.2) can be used to obtain the time dependence of the shear
modulus of a viscoelastic material, as shown in Eq. (1.4):

26(HA+v) =2G,1 +Vv)+ 21+ v)(G, — G )exp (—t/7) 1.4
Gt)=G, +(G,— G )exp (—t/7) (1.5)

1.4 Physicochemical Properties of Polymers

1.4.1 Polymers are Very Resistant to Chemicals

Consider all the cleaning fluids in your home that are packaged in plastic. Reading
the warning labels that describe what happens when the chemical comes in contact
with skin or eyes or is ingested will emphasize the need for chemical resistance in the
plastic packaging. While solvents easily dissolve some plastics, other plastics provide
safe, nonbreakable packages for aggressive solvents.

1.4.2 Polymers are Both Thermal and Electrical Insulators

A walk through your house will reinforce this concept, as you consider all the
appliances, cords, electrical outlets, and wiring that are made or covered with
polymeric materials. Thermal resistance is evident in the kitchen with pot and
panhandles made of polymers, coffee pot handles, the foam core of refrigerators and
freezers, insulated cups, coolers, and microwave cookware. The thermal underwear
that many skiers wear is made of PP, and the fiberfill in winter jackets is acrylic and
polyester [35].

1.4.3 Polymers are Very Light in Weight with Significant Degrees
of Strength

Consider the range of applications, from toys to the frame structure of space stations,
or from delicate nylon fiber in pantyhose to Kevlar, which is used in bulletproof
vests. Some polymers float in water, while others sink. But, compared to the density
of stone, concrete, steel, copper, or aluminum, all plastics are lightweight materials.

1.4.4 Polymers are Processed in Various Ways

Extrusion produces thin fibers or heavy pipes or films or food bottles. Injection mold-
ing can produce very intricate parts or large car body panels. Plastics can be molded
into drums or be mixed with solvents to become adhesives or paints. Elastomers and
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some plastics stretch and are very flexible. Some plastics are stretched in processing
to hold their shape, such as soft drink bottles. Other polymers can be foamed like
polystyrene (Styrofoam™), polyurethane, and PE.

1.4.5 Polymers are Materials With a Seemingly Limitless Range
of Characteristics and Colors

Polymers have many inherent properties that can be further enhanced by a wide
range of additives to broaden their uses and applications. Polymers can be made to
mimic cotton, silk, and wool fibers; porcelain and marble; and aluminum and zinc.
Polymers can also make possible products that do not readily come from the natural
world, such as clear sheets and flexible films.

1.4.6 Polymers are Usually Made of Petroleum, but not Always

Many polymers are made of repeat units derived from natural gas or coal or crude oil.
But building block repeat units can sometimes be made from renewable materials
such as polylactic acid from corn or cellulosics from cotton linters. Some plastics
have always been made from renewable materials, such as cellulose acetate used for
screwdriver handles and gift ribbons. When the building blocks can be made more
economically from renewable materials than from fossil fuels, either old plastics find
new raw materials or new plastics are introduced.

1.4.7 Polymers are Used to Make Items That Have no Alternatives
to Other Materials

Polymers can be made into clear, waterproof films. PVC is used to make medical
tubing and blood bags that extend the shelf life of blood and blood products. PVC
safely delivers flammable oxygen in non-burning flexible tubing, an antithrombo-
genic material, such as heparin, can be incorporated into flexible PVC catheters
for open-heart surgery, dialysis, and blood collection. Many medical devices rely on
polymers to permit effective functioning [36].
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Synthesis of Polymers

2.1 Features of the Polymerization Reactions

Polymerization occurs in varied forms like repetitive chemical bonding of individual
molecules or monomers. Assorted combinations of heat, pressure, and catalysis alter
the chemical bonds that hold monomers together, causing them to bond with one
another. Linearly, polymers are created by chains of monomers [1]. Copolymers can
be formed using two or more different monomers, and two or more polymers can
be combined to produce an alloy, or blend, that displays the characteristics of each
component.

The chemical process which converts molecules into polymer macromolecules
(MMs) is known as polymerization. This process is the combination of different
reactions that determine the feature of the product obtained depending also on
the starting chemical composition. These reactions are in general: initiation,
propagation, termination, and transfer. Propagation is often identified as a poly-
merization reaction as it is responsible for MM formation. The polymerization is
a one-pot process and therefore the synthesis of MMs by successive addition of
monomer units in highly distinct steps cannot be considered a polymerization. For
example, proteins and nucleic acids are synthesized in this way. Synthetic polymers
are normally obtained by submitting a monomer to conditions under which the
separated monomer molecules react to bind each other to form a MM. However,
the same monomer we can obtain as a homopolymer, MMs differing in molecular
weight. Therefore, the product of the polymerization may not be formed by a simple
MM, but is in general, a mixture of MMs having a different length. The MW of
the obtained MM, or better its average, depends for a given monomer on reaction
conditions and reaction time as well as the conversion of monomer into MMs [2].
Therefore, all polymerization reactions are characterized by the evolution with time
of both conversion and MW.

Converting monomers to long-chain polymer is the final step in the polymer man-
ufacturing sequence. Polymerization is usually highly favorable in thermodynamic
terms, mainly on energetic grounds because ordering molecules into linked chains
is a process where the entropy is decreased. Advances in catalysis have given a high
degree of control over both structure and molecular mass so that the grades of a given
polymer can be tailored for specific end users. It is possible to look at polymerization
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in at least two different ways: the nature of the catalyst used and the way the chains
grow to form the final product. Polymerizations can be conducted in the gaseous,
liquid, or solid state, and now in the liquid crystal state to produce highly oriented
MMs [3].

A polymer is a large single chain-like molecule in which the repeating units
derived from small molecules, called monomers, are bound together. The process
by which monomers are transformed into a polymer is called polymerization.
For example, ethylene polymerizes to form polyethylene, nCH,=CH, — [-CH,-
CH,-],—. A basic understanding of polymerization processes is important not
only because polymerization affects the structure, and hence properties, but also
because some processing routes can convert monomers directly to a finished shape.
They offer the manufacturing industry considerable benefits both in direct and
indirect costs. An extra dimension to polymer structure is added by the possibilities
of copolymerization, where two or more different monomers are polymerized
together. In one sense, it is comparable to alloying different metals to produce an
appropriate balance of properties in the final product [4]. There are two major types
of polymerization methods used to convert monomers to polymers: addition and
condensation polymerization:

(i) addition polymerization is known as chain, chain-growth, or chain-reaction
polymerization

(i) condensation polymerization is known as step-growth or step-reaction polymer-
ization.

A polymerization in which a cyclic monomer yields a monomeric unit that is
acyclic or contains fewer cycles than the monomer. If the monomer is polycyclic,
the opening of a single ring is sufficient to classify the reaction as ring-opening
polymerization (ROP) [5].

2.2 Chain Polymerization

In chain polymerization, the polymer is formed through a chain reaction in which
the growth proceeds exclusively by a reaction between monomers and reactive sites
on the polymer chain, with the regeneration of the reactive sites at the end of each
growth step. In this kind of reaction, the polymerization is conducted by a chain
reaction without the formation of any small molecules [6] (Figure 2.1).

2.3 Ring-Opening Polymerization

The ROP is another form of chain-growth polymerization in which the terminal
end group of a polymer chain acts as a reactive center, where further cyclic
monomers can be added by ring-opening and addition of the broken bond. Typical
monomers that can be polymerized via ROP are difunctional monomers that carry
two different reactive groups like one amine or alcohol and one carboxylic acid that



2.3 Ring-Opening Polymerization

A Site B Site

Inactive

oreme! Reactive
=@po— B<X Q-
Monomer
Initiator ~ eactive |
(C—) and : substituent effect)

(]EO$C> Chain-growth

condensation polymerization

Figure 2.1 Schematic of chain-growth condensation polymerization.

iy Xy

o 0 Nucleophile (N-) U —> XY U
HN 0
— {X.W\W\.Y}—Xu\?A‘MY7
n

Figure 2.2 Schematic of ring-open-type polymerization.

have undergone a cyclization reaction, for example, caprolactam and caprolactone.
To polymerize these moieties, one of the rings has to open before polymerization.
This can be achieved, for example, by adding a small amount of a nucleophilic
reagent (a Lewis base) as an initiator. This reaction is called anionic ring-opening
polymerization (AROP) (Figure 2.2).

Cationic ring-opening polymerization (CROP) is also possible. In this case, a small
amount of an electrophilic reagent (a Lewis acid) is added to the monomer to ini-
tiate polymerization. However, not all cyclic monomers containing a heteroatom
undergo CROP.

The cyclic monomer undergoes ROP depending on the ring size, to be more spe-
cific, on the ring strain which is caused by bond angle distortion (angular strain),
the repulsion between eclipsed hydrogen atoms (conformational strain), and non-
bonding interactions between substituents attached to different parts of the ring
(transannular strain). Small cyclic monomers with large ring strain such as 3-, 4-,
and 5-membered rings of cyclic esters and amides polymerize readily through ROP,
whereas 7- and 8-membered lactones and lactams are less reactive due to their much
lower ring strain (c. 6.0J mol~!) but are still reactive enough to undergo ROP. An
entropy gain due to additional degrees of rotation after ring-opening can be an addi-
tional driving force, as is the case with cyclic carbonates. Some examples of cyclic
monomers that polymerize through anionic or CROP include cyclic ethers, lactones,
lactams, carbonates, aziridines, and epoxides [7].
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2.4 Polycondensation

In the polycondensation process, the polymers are formed through a condensation
reaction between molecules of all degrees of polymerization. A condensation
reaction is understood as a chemical reaction in which two functional groups
interact to form a different functional group with the loss of a small molecule. The
word condensation suggests a process in which two or more entities are brought
together to form a “dense” entity, such as in the condensation of a gas into the
liquid state; this does not imply, however, that condensation reaction products have
a greater density than the reactants. When the two functional groups reacting are in
the same molecule, the condensation is termed intramolecular; on the other hand,
when the functional groups are in different molecules, it is termed intermolecular
condensation [8].

2.5 Polyaddition

It is a polymerization reaction in which the growth of the polymer chains proceeds
by addition reactions between molecules of all degrees of polymerization [9].

2.6 Step-Growth Polymerization

In this type of polymerization, only one kind of reaction is involved in the formation
of a polymer and the reaction proceeds step by step. The main feature of this type of
reaction is that two monomers, which bear different functionalities, can react with
each other, or with a polymer of any size, through the same kind of reactions. In this
case, the individual polymer molecules can grow throughout the whole process; each
reaction step of a polymer molecule implies that the reactive end of a monomer or
polymer encounters another species with which it can form a link [10]. The func-
tional group at the end of a monomer is usually assumed to have the same reactivity
as that on a polymer chain of any size.

Many step-growth polymerizations involve equilibrium between reactants and
products, the latter comprising macromolecular species and eliminated small
molecules. The course of these polymerizations and the distribution of the molec-
ular weights are statistically controlled. High polymers cannot coexist with many
monomers in a system in equilibrium. Step-growth polymerizations are reversible
and also involve interchange reactions in which terminal functional groups in a
growing chain react with linking units of other molecules producing changes in
the molecular weight distributions [11]. There are step-growth polymerization
reactions in which a small molecule is not produced (e.g. the reaction between a
diol and a diisocyanate); these reactions are considered irreversible and are usually
very fast, leading to high degrees of polymerization (Figure 2.3).

Aliphatic polyesters bearing pendant alkyne groups: These polyesters can be
successfully prepared by step-growth polymerization of different building blocks,
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such as adipic and succinic acid, in combination with an acetylene-based diol,
examples of which are 2-methyl-2-propargyl-1,3-propanediol, 1,4-butanediol, and
the most common ethylene glycol. Alkyne groups can survive the high reaction
temperatures (200 °C) in the presence of a radical inhibitor [12]. Subsequently,
the alkyne groups are reacted by a “click” cycloaddition reaction to obtain a func-
tionalized polyester based on poly(ethylene succinate) and poly(butylene adipate)
(Figure 2.4).

2.7 Dendrimers

The use of monomers with functionality, larger than 2, allows the formation of
tridimensional structures by step-growth polymerization. In particular, the use
of monomers with the general formula A B, could generate several architectures
such as hyper branched, dendrimers, and star polymers. Each architecture will
have different physical and chemical properties. In particular, dendrimers are
regularly branched polymers that can be produced by the divergent approach, or
the convergent approach. In the divergent approach, the dendrimer grows from the
center and spreads radially out in layers, each of them built by a stepwise reaction.
In the convergent approach, the dendrimer production starts at the end with the
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so-called surface functional groups coupled to AB, building blocks, which allow
the preparation of a larger dendron, and the process is repeated to increase the
size of the dendrons. In the end, the dendrons are attached to a multifunctional
core molecule to produce dendrimers [13]. Examples of AB, monomer used, for
example, in polyesters, are those where A and B are -COOH and -OH groups,
respectively, or in some cases their derivatives such as -COCl, -O-(CH,),-OH,
-0-Si(CHj;);, or CH,COO" (Figure 2.5).

Phenolic resins are a generic name given to a wide range of crosslinked polymers
produced by phenol and formaldehyde. There are two types of phenolic resins, resol
and novolac. The type of resin being made depends on the pH of the catalyst and
the ratio of phenol to formaldehyde [14]. Novolac is made under acidic conditions,
and the ratio of phenol to formaldehyde used ranges from 1.49 to 1.72, whereas resol
resins are synthesized in a basic medium using a ratio of phenol to formaldehyde in
the range of 1.0-0.33 (Figure 2.6).

The most conventional kinetic scheme of free radical polymerization includes
initiation, propagation, and bimolecular termination reaction steps. Additional reac-
tions such as chain transfer are introduced to improve the process description. Free
radicals are highly reactive chemical species produced by the homolytic dissocia-
tion of covalent bonds [15]. Such species are produced through physical (thermos
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excitation and radiation) or chemical methods (oxidation-reduction, addition, etc.).
Generally, their survival time is less than a second, except for those radicals highly
stabilized by specific chemical groups; the hybridization state is sp?.

Polymerization by coordination is one of the most versatile methods to produce
a variety of polymers. Stereoregularity is one of the outstanding characteristics of
coordination polymerization that relies on the use of catalytic systems based on
organometallic or coordination complexes of special structures and symmetries to
make highly stereospecific polymers [16].

2.8 Anionic Polymerization

A general mechanism for living anionic polymerization of a vinyl monomer is illus-
trated in Figure 2.7, encompassing only initiation and propagation steps; chains are
terminated only by the deliberate addition of a Bronsted acid or an electrophile.
Important aspects of this mechanism, and that of any living polymerization, are
that one initiator generates one polymer chain and that the product after all of the
monomer has been consumed is a polymer with an active anionic chain end. With
this mechanism, the defining characteristics of living polymerizations concerning
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the synthesis of a wide variety of polymers with low degrees of compositional het-
erogeneity can be understood [17] (Figure 2.7).

2.9 C(Cationic Polymerization

Cationic polymerization of vinyl monomers involves the highly reactive carbenium
ions, which can only be formed when they are stabilized by the substituents on the
vinyl group. Stabilization of the carbenium ion can be achieved by resonance struc-
tures, as is the case for vinyl ether and styrene monomers, or by an inductive effect,
which is the stabilizing mechanism for 1,1-disubstituted alkenes [18]. Despite this
stabilization, the reactivity of such carbenium ions is still very high, giving rise to
the occurrence of side reactions, such as isomerization, hydride abstraction, as well
as various transfer reactions. Moreover, carbocationic polymerizations are very sen-
sitive to minor nucleophilic impurities. Nonetheless, in recent years, a range of less
sensitive polymerization initiators have been developed that can be used in an aque-
ous environment. The counter anion in carbocationic polymerizations is of major
importance to “regulate” the reactivity of the cationic species. Initial studies involved
non-nucleophilic counter anions, such as BF,~, PF,~, SbF,~, or ClO,~, completely
exposing the carbenium ions resulting in uncontrolled cationic polymerizations [19]
(Figure 2.8).
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2.10 Controlled Radical Polymerization

Several controlled radical polymerization (CRP) methods have been developed,
and the three most promising are stable-free radical polymerization (SFRP),
most commonly nitroxide-mediated polymerization (NMP) but may also include
organometallic species transition-metal-catalyzed atom transfer radical poly-
merization (ATRP), and degenerative transfer with alkyl iodides, methacrylate
macromonomers, and dithioesters via reversible addition-fragmentation chain
transfer (RAFT) polymerization (Figure 2.9).

In the case of SFRP or ATRP, the equilibrium is pushed to the left-hand side
(deactivated), forming an excess of dormant species as a result of the persistent
radical effect. In all radical polymerizations, biradical termination occurs at a rate
R,, which is dependent on the concentration of radicals, [P*], where R, = k, [P’].
Therefore, at the same polymerization rate (the same [P"]), essentially the same
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Figure 2.9 Development of CRP by the integration of advances in several fields of
chemistry. Source: Matyjaszewski and Spanswick [20]/Elseiver/CC BY 4.0.
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number of chains terminates regardless of being in conventional or CRP systems.
However, in the conventional process, all chains are terminated, whereas in CRP, as
a result of the greater number of growing chains, the terminated chains constitute
a small fraction of all the chains (~1-10%). The remaining chains are dormant
species, capable of reactivation, functionalization, and chain extension to form block
copolymers, etc.
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2.11 Atom Transfer Radical Polymerization (ATRP)

ATRP is currently the most widely used CRP technique. This originates from the
commercial availability of all necessary ATR Preagents, including transition metal
compounds and ligands used as catalysts as well as alkyl halide initiators and also
the large range of monomers polymerizable by this technique under a wide range of
conditions. The advantages include: (i) only catalytic amounts of transition metal
complexes (commercially available) are necessary; (ii) many commercially avail-
able initiators, including multifunctional and hybrid systems; (iii) large range of
monomers (except unprotected acids); (iv) easy end-functionalization; and (v) large
range of polymerization temperatures.

Radical polymerization is a very important commercial process for preparing
high-molecular-weight polymers because it can be used for many vinyl monomers
under mild reaction conditions, requiring the absence of oxygen but tolerance to
water, and large temperature ranges (—20 to 200 °C) [21]. The only disadvantage
to conventional radical polymerization is the poor control of macromolecular
structures including degrees of polymerization, polydispersity, end functionalities,
chain architectures, and compositions. Thus, it is desirable to prepare, by radical
polymerization, new well-defined block and graft copolymers, stars, combs, and
networks that have not been previously prepared using ionic living polymerizations.
Therefore, controlled T living radical polymerizations allow for the synthesis of
new well-defined and functional materials from a larger range of monomers under
simpler reaction conditions than are appropriate for ionic processes.
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2.12 Reversible Addition Fragmentation Chain Transfer
(RAFT)

RAFT polymerization is a reversible deactivation radical polymerization (RDRP)
and one of the more versatile methods for providing living characteristics to radical
polymerization [22]. The advantages of RAFT polymerization are,

o Ability to control polymerization of most monomers polymerizable by radical
polymerization which includes (meth) acrylates, (meth) acrylamides, acryloni-
trile, styrenes, dienes, and vinyl monomers.

o Tolerance of unprotected functionality in monomer and solvent (e.g. OH, NR,,
COOH, CONR,, SO;H), and polymerizations can be carried out in aqueous or
protic media.

o Compatibility with reaction conditions (e.g. bulk, organic or aqueous solution,
emulsion, mini-emulsion, suspension).

o Ease of implementation and inexpensive relative to competing technologies.

In an ideal living polymerization, all chains are initiated at the beginning of
the reaction, grow at a similar rate, and survive the polymerization: there is
no irreversible chain transfer or termination. If initiation is rapid concerning
propagation, the molecular weight distribution is very narrow and chains can
be extended by further adding monomers into the reaction [23]. In a radical
polymerization, all chains cannot be simultaneously active. In RDRP, such as
RAFT polymerization, these attributes are displayed in the presence of reagents
that are capable of reversibly deactivating propagating radicals such that the
majority of living chains are maintained in a dormant form and reaction condi-
tions that support a rapid equilibrium between the active and dormant chains
(Figure 2.10).

'ZC(=S)S' RAFT ends
= dormant chains

Initiator-
derived ends

Dead chains

'R' RAFT
ends

Propagating radicals

%: active chains

Figure 2.10 Schematic of RAFT polymerization. The number of chains of each type shown
here is not in proportion to that expected for a well-designed experiment. On average, all
living chains grow simultaneously and have equal chain length because the equilibration of
the dormant and active chain ends is rapid concerning propagation. A RAFT agent is
represented as “ZC(=S)S.”
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Figure 2.11 (a) Supramolecular polymeric material based on a low-molecular-weight
compound equipped with two ureido-pyrimidinone (UPy) units; (b) schematic picture of the
underlying polymeric network; and (c) schematic picture of the self-complementary UPy
dimer. Source: Pol [25]/John Wiley & Sons.

2.13 Supramolecular Polymerization

Supramolecular polymers are defined as polymeric arrays of monomeric units that
are brought together by reversible and highly directional secondary interactions,
resulting in polymeric properties in dilute and concentrated solutions as well as in
the bulk [24]. The directionality and strength of the supramolecular bonding are
important features of systems that can be regarded as polymers and that behave
according to well-established theories of polymer physics.

Supramolecular polymerizations can be classified based on three different princi-
ples: (i) the physical nature of the noncovalent force that lies at the origin of the
reversible interaction (physical origin classification), (ii) the type of monomer(s)
used (structural monomer classification), and (iii) the evolution of the Gibbs free
energy of the polymer as a function of conversion (thermodynamical classification).
In principle, a fourth classification scheme based on the dimensionality of the aggre-
gate is possible (Figure 2.11).

2.14 Bulk Polymerization

Bulk polymerization is carried out in the absence of any solvent or dispersant and
is thus the simplest in terms of formulation. It is used for most step-growth poly-
mers and many types of chain-growth polymers [26]. In the case of chain-growth
reactions, which are generally exothermic, the heat evolved may cause the reac-
tion to become too vigorous and difficult to control unless efficient cooling coils are
installed in the reaction vessel [27]. Bulk polymerizations are also difficult to stir
because of the high viscosity, associated with high-molecular-weight polymers. Bulk
polymerization is advantageous in the production of cast-molded products such as
polystyrene scintillators.

Bulk polymerization has the advantages of simple operation, obvious adsorption
effect, and good selectivity for target ions. However, there are some disadvantages,
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which are as follows: (i) the obtained polymers require to be comminuted, milled,
and sieved, and the process is cumbersome and time-consuming, and yields
<50%; (ii) the particle size distribution of MIPs is heterogeneous and the shape
is irregular, which are disadvantageous to many chromatographic and separation
applications; (iii) there is the destruction of some binding sites during grinding,
leading to a great loss of adsorption capacity; and (iv) the adsorption sites in the
polymers are too far from the surface so that binding capacity for the target ion is
poor [28].

2.15 Solution Polymerization

Solution polymerization occurs in the existence of inert solvent and a suitable
catalyst. This polymerization is used for manufacturing many polymers such as
polystyrene, polyethylene, and polymethyl methacrylate for bulk polymerization
and polyacrylonitrile, and polyesters such as nylon for solution polymerization [29].
Examples of solution polymerization are (i) ethylene in isooctane polymerized at
150-180°C, 300-700 psi with chromium-silica-alumina catalyst, (ii) an aqueous
solution of acrylonitrile at 80 °C with a persulfate catalyst resulting in polyacry-
lonitrile precipitate, and (iii) nylon rope trick-interfacial polycondensation of a
solution of sebacoyl chloride in tetrachloroethane plus the aqueous solution of
hexamethylene diamine yielding nylon 6/10 at the boundary (interface) of both
solutions [30].

Advantages of solution polymerizations are: (i) heating and stirring are much eas-
ier than in bulk polymerization due to the solvent medium,; (ii) the viscosity problem
is minimized by the presence of a solvent medium; (iii) heat removal is accomplished
via solvent reflux, and (iv) conversion of monomer(s) to polymer is high and typically
about 80-90% [31, 32].

2.16 Suspension Polymerization

Suspension polymerization is used to make many thermoplastic polymers. In
suspension polymerization, all reactions are carried out in relatively large droplets
or polymer particles stabilized by a small amount of water-soluble gum. Organic
peroxide initiators are used to generate radicals within the droplets. A solvent
may be used to dissolve a monomer at a relatively high concentration. The main
advantages of suspension polymerization over emulsion systems are that no sur-
factants, which are difficult to remove from the product, are used, and no ionic
end groups are present, which may be unstable during processing at high temper-
atures [33]. Suspension polymerization methods for producing beaded polymers
from acrylic and styrene-based monomers are very well-established processes. They
are typically used in the production of ion exchange resins and supports solid-phase
synthesis [34].
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2.17 Methods for the Synthesis of Functional Polymers

The synthesis or modification of polymeric substrates to produce polymers with
polar or functional groups can be carried out by several synthetic pathways. When
the process starts from a previously existing nonfunctional polymer, and functional
groups are introduced to the chain, the term functionalization is used [35].

2.17.1 Direct Copolymerization

In this polymerization, two types of monomers react in which one of them has
a functional or pendant functional group; for instance, the copolymerization
of maleic anhydride (MA) and styrene (St) generates the alternating copolymer
poly(St-alt-MA). Another example is the direct copolymerization of a-olefins,
polypropylene (PP), and polyethylene (PE) with functional monomers such as
MA or glycidyl methacrylate (GM); this goal remains one of the challenges in
synthetic polymer science. In the latter example, the difficulty lies in the fact that
the majority of this kind of polyolefins is produced by Ziegler-Natta or metallocene
coordination chemistry, and both exhibit intolerance to Lewis bases because of
their high oxophilic nature, which leads to the deactivation of the catalysts. The
most important mechanism in catalyst deactivation is the formation of very stable
complexes between the catalyst and the heteroatoms (N, O, and halogens) present
in the functional polar monomers. As a consequence, the post-modification of
polyolefins with polar or functional groups, as opposed to the direct synthesis, offers
the highest viability for the production of polyolefins with functional or reactive
grafts [36].

2.17.2 End-Functionalization

The possible routes for the end-functionalization are (i) modification of the chain
end of preexisting polymers, (ii) break of the growth of a polymeric chain, and (iii)
break of the chain growth followed by its end-functionalization. In all these routes,
it is common to perform the indicated action using agents or chemical groups that
contain the desirable functional group [37].

2.17.3 Functionalization-Grafting

It consists of one of the following techniques: (i) synthesis in situ of grafts of
homopolymers or copolymers (small or long chains) containing functional groups,
starting from units located along an existing polymer backbone; (ii) reaction or
interchange of labile atoms of the polymeric backbone by functional monomers or
reactive species; and (iii) use of preexisting polymers possessing functional species
and chain ends with chemical affinity to the backbone of the polymer [38].

There are several ways in which structures having functional chemical groups
or chains of homopolymers or copolymers grafted onto a polymeric backbone can
be generated. In general, there are three common methods for the synthesis of
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this type of copolymers: “grafting-onto,” “grafting-from,” and “grafting-through.”
Figure 2.12 schematically shows the synthesis of graft copolymers. The first
technique, “grafting-onto” (also called grafting-to), involves the reaction of an
end-functional structure previously synthesized with a complementary functional
monomeric unit present in the polymer backbone [39]. Thus, grafting-onto is
widely used for the synthesis of comb polymers. The “grafting-through” method
uses macromonomers (polymer chains of very low molecular weight or oligomers)
containing groups at their end that is capable of carrying out polymerization,
particularly vinyl groups [40]. The addition of a second monomer (comonomer) in
the presence or absence (in the case of auto-initiation) of an initiator leads to the
construction of several complex topologies of graft copolymers. Indeed, depending
on the reactivity ratios and the distance between adjacent grafts, brushes, regular
grafts, centipede, barbwire, etc. structures can be produced. Finally, “grafting-from”
is the most popular method used to obtain graft polymers and requires a polymer
containing reactive groups, functional species, or initiator moieties along its
backbone, which in the presence of monomers, produce the growth of grafts from
the surface of the substrate. Thus, the number of grafts can be controlled by the
number of active sites present along the backbone [41] (Figures 2.12 and 2.13).

2.17.4 Click Chemistry in Polymerization

Click polymerization is a powerful polymerization technique for the construction
of new MMs with well-defined structures and multifaceted functionalities. Click
chemistry, conceptually introduced by Sharpless and co-workers in 2001, refers to
a new class of organic reactions that enjoy the features of high efficiency, regiose-
lectivity, modularity, atom economy, simple product isolation, and functional group
tolerance [42].
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Figure 2.13  Grafting on surfaces and their dispersion in polymer matrices.

Click polymerization also possesses its unique properties, such as easy access to
and facile variation of the monomers, large-scale purification, good solubility of the
products, and versatile properties. Contrast to traditional polymerizations, the pow-
erful click polymerization makes it possible to integrate units with different char-
acters, for instance, rigidity and flexibility, topology, polarity, and charge, into one
polymeric scaffold [43].

Among different click polymerization techniques, the Cu(I)-catalyzed azide and
alkyne polycycloaddition have been established as a powerful and selective method
for polymer synthesis. Another attractive click polymerization is the thiol-based one,
which is essentially a novel active free radical polymerization [44].

2.18 Polymer Nanoparticles

Polymer nanoparticles (PNPs) can be defined as being colloidal systems, which are
usually from around 5-10 nm to an upper size limit of 1000 nm, although the range
generally obtained is 100-500 nm. The term “polymer nanoparticles” is a collective
term used for any type of polymer nanosized particles, but specifically for poly-
mer nanospheres and nanocapsules. Polymer nanospheres are matrix particles, that
is, particles whose entire mass is solid [45]. They can further serve as carriers for
other biologically active molecules which may be either adsorbed at the sphere sur-
face or encapsulated within the particles. Here, biologically active materials include
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Figure 2.14 Polymer nanoparticle structures. (a) Polymer nanoparticles or polymer
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drugs, genes, nucleic, fluorescence, and other functional materials. Unlike poly-
mer nanospheres, polymer nanocapsules are vesicular systems in which the bioac-
tive agents are confined to an aqueous core and surrounded by the polymeric shell
around them [46]. A schematic representation of PNPs is shown below (Figure 2.14).

The manufacturing techniques of PNPs are classified due to whether the particle
formation involves a polymerization reaction or NPs are produced directly from a
preformed polymer or by direct polymerization of monomers using classical poly-
merization or polyreactions.

2.19 Synthesis Techniques of Polymer Nanoparticle

PNPs can be conveniently prepared by methods like solvent evaporation, salting-out,
dialysis, and supercritical fluid technology [47], involving the rapid expansion of
a supercritical solution or rapid expansion of a supercritical solution into a liquid
solvent, can be utilized for the preparation of PNP from preformed polymers. On
the other hand, various emulsion polymerization techniques such as micro-, mini-,
and surfactant-free, and interfacial polymerization have been utilized for the direct
synthesis of PNPs [48]. Methods like surfactant-free emulsion polymerization can
also be successfully applied for manufacturing surfactant-free PNPs, and they
are environment-friendly. The choice of preparation method is made based on
several factors such as the type of polymeric system, area of application, and size
requirement. For instance, a polymeric system that is developed for application in
the biomedical or environmental fields should be completely free from additives or
reactants such as surfactants or traces of organic solvents. In this case, techniques
like rapid expansion of supercritical solution (RESS) or rapid expansion of a
supercritical solution into a liquid solvent (RESOLV) can be selected, as they do not
utilize any surfactant or organic solvent during the PNPs preparation. These are just
a few of the many factors that have to be considered before choosing a particular
technique for the PNP preparation [49] (Figure 2.15).

2.19.1 Solvent Evaporation

Solvent evaporation was the first method developed to prepare PNPs from a
preformed polymer. Although originally proposed by polymer chemists, its main
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developments are found in pharmaceutical technology where biodegradable
polymers have been applied in the production of drugs. In this method, polymer
solutions are prepared in volatile solvents and emulsions are formulated. In the
past, dichloromethane and chloroform were widely used but are now replaced with
ethyl acetate which has a better toxicological profile. The emulsion is converted
into an NPs suspension on evaporation of the solvent for the polymer, which is
allowed to diffuse through the continuous phase of the emulsion. Solvent evapo-
ration is the most widely employed technique to prepare NPs of polymers in the
current literature on techniques using a dispersion of preformed polymers. In the
conventional methods, two main strategies are being used for the formation of
emulsions: the preparation of single emulsions, e.g. oil-in-water (o/w) or double
emulsions, e.g. (water-in-oil)-in-water, (w/0)/w. These methods utilize high-speed
homogenization or ultrasonication, followed by evaporation of the solvent, either
by continuous magnetic stirring at room temperature or under reduced pressure.
Afterward, the solidified nanoparticles can be collected by ultracentrifugation and
washed with distilled water to remove additives such as surfactants. Finally, the
product is lyophilized. Generally, a polymer dissolved in an organic solvent forms
the oil phase, whereas the aqueous phase containing the stabilizer forms the water
phase [51] (Figure 2.16).

2.19.2 Salting-Out

The methods discussed previously require the use of organic solvents, which are
hazardous to the environment as well as to physiological systems. To overcome this
hurdle, Bindschaedler first disclosed a modified version of the emulsion process
that involves a salting-out process, which avoids surfactants and chlorinated
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Figure 2.16 Preparation of w/o/w double emulsion. (a) High-shear emulsification and
(b) low-shear emulsification.

solvents. The emulsion is formulated with a polymer-solvent which is normally
totally miscible with water, i.e. acetone, and emulsification of the polymer solution
in the aqueous phase is achieved, more like an Ouzo effect, without employing
any high-shear forces, by dissolving a high concentration of salt or sucrose chosen
fora strong salting-out effect in the aqueous phase [48]. Magnesium chloride,
calcium chloride, and magnesium acetate are commonly used suitable electrolytes.
The miscibility properties of water with other solvents are modified as these
components dissolve in the water. A reverse salting-out effect, obtained by dilution
of the emulsion with a large excess of water, leads to the precipitation of the
polymer dissolved in the droplets of the emulsion. In fact, upon dilution, migration
of the solvent for the polymer from the emulsion droplets is induced due to the
reduction of the salt or sucrose concentration in the continuous phase of the
emulsion [52].

2.19.3 Nanoprecipitation

The nanoprecipitation method was developed by Fessi for the preparation of PNPs.
It is also called a solvent displacement method. The basic principle of this technique
is based on the interfacial deposition of a polymer after displacement of a semipo-
lar solvent, miscible with water, from a lipophilic solution. The rapid diffusion of
the solvent into the nonsolvent phase results in the decrease of interfacial tension
between the two phases, which increases the surface area and leads to the formation
of small droplets of organic solvent. The nanoprecipitation system consists of three
basic components: the polymer (synthetic, semisynthetic, or natural), the polymer-
solvent, and the nonsolvent of the polymer [53]. The organic solvent (i.e. ethanol,
acetone, hexane, methylene chloride, or dioxane), which is miscible in water and
easy to remove by evaporation, is chosen as a polymer solvent. Due to this reason,
acetone is the most frequently employed polymer solvent in this method. Sometimes,
it consists of binary solvent blends, acetone with a small amount of water, and blends
of acetone with ethanol and methanol. On the other hand, the nonsolvent phase con-
sisting of a nonsolvent or a mixture of nonsolvents is supplemented with one or more
naturally occurring or synthetic surfactants. Nanoprecipitation is a simple, fast, and
reproducible method that is widely used for the preparation of both nanospheres
and nanocapsules [54].



40| 2 Synthesis of Polymers

A Figure 2.17 Schematic

~~——— representation of an
osmosis-based method for

L preparation of PNPs. Source: Raj

N et al. [55]/MDPI/CC BY 4.0.

Polymer solution

S

[ Polymer solution ]

l Dialysis

|:|_. Polymer solution H
- ', .i;\\\ - .'\

Non-solvent

| Stirrerbar |

2.19.4 Dialysis

Dialysis offers a simple and effective method for the preparation of small,
narrow-distributed PNPs. A polymer is dissolved in an organic solvent and placed
inside a dialysis tube with proper molecular weight cutoff. Dialysis is performed
against a nonsolvent miscible with the former miscible (Figure 2.17).

The displacement of the solvent inside the membrane is followed by the progres-
sive aggregation of the polymer due to a loss of solubility and the formation of homo-
geneous suspensions of NPs [56].

2.19.5 Supercritical Fluid Technology

Supercritical fluid and dense gas technology are expected to offer an interesting and
effective technique of particle production, avoiding most of the drawbacks of the tra-
ditional methods. Two principal processes have been developed for the production
of NPs using supercritical fluids: (i) RESS and (ii) RESOLV [57].

2.19.6 Rapid Expansion of Supercritical Solution (RESS)

In traditional RESS, the solute is dissolved in a supercritical fluid to form a solution,
followed by the rapid expansion of the solution across an orifice or a capillary noz-
zle into the ambient air. The high degree of supersaturation, accompanied by the
rapid pressure reduction in the expansion, results in homogeneous nucleation and,
thereby, the formation of well-dispersed particles [58]. Results from mechanistic
studies of different model solutes for the RESS process indicate that both nanometer-
and micrometer-sized particles are present in the expansion jet (Figure 2.18).
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Figure 2.18 Experimental
setup for the preparation of
PNPs by RESS. Source: Raj et al.
[55]/MDPI/CC BY 4.0.
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2.19.7 Rapid Expansion of Supercritical Solution into a Liquid Solvent
(RESOLV)

A simple, but significant modification to RESS involves the expansion of the super-
critical solution into a liquid solvent instead of ambient air, termed as RESOLV. The
liquid solvent suppresses the particle growth in the expansion jet, thus making it
possible to obtain primarily nanosized particles [59] (Figure 2.19).

2.19.8 Polymerization of Monomers

The techniques discussed previously involve the production of PNPs from pre-
formed polymers and did not involve any polymerization processes. To attain the
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Figure 2.19 Experimental setup for the RESOLV process. Source: Raj et al. [55]/MDPI/CC
BY 4.0.
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desired properties for a particular application, suitable PNPs must be designed,
which can be done during the polymerization of monomers. Processes for the
production of PNPs through the polymerization of monomers are discussed,
focusing principally on mini-, micro-, and emulsion polymerization techniques
as the three major techniques currently in use [60]. Other heterophase polymer-
izations, such as interfacial and living/CRP, are also employed in the preparation
of PNPs.

2.19.9 Emulsion Polymerization

Emulsion polymerization is the most common method used for the production of
a wide range of specialty polymers. The use of water as the dispersion medium is
environment friendly and also allows excellent heat dissipation during polymeriza-
tion. Based on the utilization of surfactant, it can be classified as conventional and
surfactant-free emulsion polymerization [61].

2.19.10 Conventional Emulsion Polymerization

Conventional emulsion polymerization accounts for the majority of the world’s pro-
duction by emulsion polymerization. In the conventional system, the ingredients
comprise water, a monomer of low water solubility, a water-soluble initiator, and
a surfactant. At the end of the reaction, PNPs are typically ~102nm in size, each
containing many polymer chains [62].

2.19.11 Surfactant-Free Emulsion Polymerization

Conventional emulsion polymerization systems utilize varying quantities of surfac-
tants that need to be eliminated from the final product but are hard to completely
remove. Removal of surfactants is a time-consuming process that increases the cost
of production. Moreover, increasing environmental and energy concerns cannot be
effectively addressed because of these drawbacks [63]. As an alternative, emulsion
polymerization has been performed in the absence of added emulsifiers, often
referred to in the literature as surfactant-free, emulsifier-free, or soap-less emulsion
polymerization. This technique has received considerable attention for use as a
simple, green process for PNPs production without the addition and subsequent
removal of the stabilizing surfactants. Surfactant-free emulsion polymerization has
emerged as a simple, green process for PNPs production without the addition and
subsequent removal of stabilizing surfactants [64].

2.19.12 Mini-Emulsion Polymerization

Research publications on mini-emulsion polymerization and the development of a
wide range of useful polymer materials have recently increased substantially. A typ-
ical formulation used in mini-emulsion polymerization consists of water, monomer
mixture, co-stabilizer, surfactant, and initiator. The key difference between
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Figure 2.20 Schematic representation of mini-emulsion polymerization process.

emulsion polymerization and mini-emulsion polymerization is the utilization of a
low molecular mass compound as the co-stabilizer and also the use of a high-shear
device (ultrasound, etc.). Mini-emulsions are critically stabilized, require a high
shear to reach a steady state, and have an interfacial tension much greater than 0
[65] (Figure 2.20).

2.19.13 Micro-Emulsion Polymerization

Micro-emulsion polymerization is a new and effective approach for preparing nano-
sized polymer particles and has attracted significant attention. Although emulsion
and micro-emulsion polymerization appear similar because both methods can
produce colloidal polymer particles of high molar mass, they are entirely different
when compared kinetically. Emulsion polymerization exhibits three reaction rate
intervals, whereas only two are detected in micro-emulsion polymerization. Both
particle size and the average number of chains per particle are considerably smaller
in micro-emulsion polymerization [66]. In micro-emulsion polymerization, an
initiator, typically water-soluble, is added to the aqueous phase of a thermody-
namically stable micro-emulsion containing swollen micelles. The polymerization
starts from this thermodynamically stable, spontaneously formed state and relies
on high quantities of surfactant systems, which possess an interfacial tension at
the oil-water interface close to zero. Furthermore, the particles are completely
covered with surfactants because of the utilization of a high amount of surfactant.
Initially, polymer chains are formed only in some droplets, as the initiation cannot
be attained simultaneously in all micro-droplets.

Later, the osmotic and elastic influence of the chains destabilize the fragile micro-
emulsions and typically lead to an increase in the particle size, the formation of
empty micelles, and secondary nucleation [67]. Very small latexes, 5-50 nm in size,
coexist with a majority of empty micelles in the final product (Figure 2.21).

2.19.14 Interfacial Polymerization

Interfacial polymerization (IP) is one of the well-established methods used for the
preparation of PNPs. It involves step polymerization of two reactive monomers or
agents, which are dissolved in two phases (i.e. continuous and dispersed phase),
and the reaction takes place at the interface of the two liquids. The relative ease
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Figure 2.22 Schematic of membrane reactor for the preparation of PNPs.

of obtaining IP has made it a preferred technique in many fields, ranging from the
encapsulation of pharmaceutical products to the preparation of conducting poly-
mers [68] (Figure 2.22).
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Characterization of Polymer Materials

3.1 Introduction

The polymer characterization studies focus on establishing the molecular structure,
mass, and morphology of synthetic and natural polymeric materials. These are
comprised of concurrent structures of covalently bonded macromolecules. The
thermodynamic and mechanical properties of these structures vary depending on
their chemical or biological composition, but they typically emerge as high-versatile
materials with a range of interdisciplinary applications. Natural polymers include
materials such as wool and rubber, while synthetic polymers are primarily
comprised of plastics such as polythene and polystyrene (PS).

Several characterization techniques have been used to analyze basic aspects such
as the elucidation of a molecular structure, composition, configuration, and confor-
mation of the chemical groups within the polymer. By analyzing the composition
of a polymer molecule, the nature of the atoms in the polymer chain and the type of
bonding can be inferred. The configuration gives an idea about the chemical state of
the polymer, the spatial order of the chemical groups, and the optical characteristics
and possible behavior of the whole molecule. The conformation characterizes the
geometrical state of a polymer [1].

Particle size and size distribution are the key parameters used for evaluating
the physical properties of polymer nanoparticles (PNPs). Photon correlation
spectroscopy (PCS) also known as dynamic light scattering (DLS), laser diffrac-
tion (LD), and Coulter counter are commonly used to measure the size and size
distribution of PNPs. PCS/DLS is widely used to determine the size and size
distribution of nanosized particles suspended in a liquid medium. The mean
particle size and size distribution indicated as the polydispersity index (PDI) is
the typically measured parameter for this technique. A PDI value range from
0.1 to 0.25 indicates a narrow size distribution, while a PDI more than 0.5 refers
to broad distribution. This technique is not useful for measuring the size of dry
powders of PNPs [2]. Although PCS, LD, and Coulter counter techniques provide
the rapid measurement of particle size and size distribution, they cannot be used

Polymer Nanocomposites for Energy Applications, First Edition.
T. Daniel Thangadurai, Manjubaashini Nandhakumar, Sabu Thomas, and Ange Nzihou.
© 2023 WILEY-VCH GmbH. Published 2023 by WILEY-VCH GmbH.

49



50

3 Characterization of Polymer Materials

to evaluate particle morphology. In this case, scanning electron microscopy (SEM),
transmission electron microscopy (TEM), and atomic force microscopy (AFM)
are widely used for the observation of particle morphology. AFM can provide a
three-dimensional surface profile. Additionally, samples viewed by AFM do not
require any special treatments such as metal/carbon coatings that would irre-
versibly change or damage the sample; most of the AFM modes can work perfectly
well in ambient air or even a liquid environment. Importantly, AFM provides a
higher resolution than SEM. The zeta potential of PNPs is commonly measured
by laser Doppler electrophoresis, which evaluates the electrophoretic mobility of
suspended particles in the medium. It is a rule of thumb that an absolute value of
zeta potential above 60 mV yields excellent stability, while 30, 20, and less than 5 mV
generally result in good stability, acceptable short-term stability, and fast particle
aggregation, respectively, for pure electrostatic stabilization or in combination with
low-molecular-weight surfactants, but not for high-molecular-weight stabilizers
present in the medium [3].

3.2 UV-Visible Spectroscopy

The example of the application of UV-visible spectroscopy for determining the
copolymer composition of poly(methyl methacrylate) (PMMA), with different
chlorophenyl methacrylates, is analyzed. Namely, chlorophenyl methacrylates
show intensive = — " transitions at wavelengths lower than 250 nm and n— '
transitions located at wavelengths higher than 260 nm, which shows redshift with
increasing of Cl substitution. In the spectra of copolymers, the absorption of PMMA
moiety at wavelengths longer than 260 nm is negligible; thus, the absorption peaks
at these wavelengths are the only contribution of poly(chlorophenyl methacrylates)
moieties. This allows the calculation of copolymer composition directly from the
intensity of the appropriate absorption bands at around 260 nm. The calibration
curves were calculated from the absorption maxima in the UV spectra of different
concentrations of individual homopolymers in polymer blends. The linear rela-
tionships between the absorbance and the polymer concentration confirm that
Lambert-Beer’s law was valid in the selected concentration range [4]. In the UV
spectra of the copolymer with unknown composition, the absorbance at 260 nm was
determined, for which value from the respected calibration curve the concentration
of poly(chlorophenyl methacrylate) was evaluated. The copolymer compositions
obtained in a presented way showed an excellent agreement with the composition
obtained by chlorine analysis. If the polymers contain conjugated double bonds,
such as polyenes, then the wavelength of the 1 — n* absorption will depend on
the length of the conjugated sequences. This makes the UV-visible spectroscopy
suitable for the estimation of the polymer chain length from the known 4_,, and
according to the Schrodinger equation, solved in one dimension [5]. The UV spectra
could be used for quantitative analysis of copolymers; however, it is limited to the
case when the individual polymer constituents show strong absorption independent
of each other.
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3.3 Elemental Analysis

An elemental analyzer, based on the Dumas combustion method, proved to be a
valuable solution for the elemental analysis (EA) in polymers and plastics in terms of
accuracy, repeatability, and sensitivity of results. Its automation, high speed of anal-
ysis, and the elimination of the sample preparation process allowed efficient analysis
and helped to reduce overall operational costs. The analysis was performed without
matrix effect when changing the sample and element content indicating the com-
plete combustion of the samples [6]. With an upgrade, the elemental analyzer could
determine nitrogen only, simultaneous CHNS, NCS, CHN, and oxygen. Trace sulfur
determination was achieved when the system was coupled with the FPD detector.

Combustion techniques, such as pyrolysis, are one of the most common analyti-
cal methods of identification of the constituents of any sample; the structure of the
monomers or any other added molecules used during the polymer synthesis can then
be subsequently confirmed by spectroscopic techniques. Analytical methods usually
involve, for example, the burning of a sample in an oxygen-containing atmosphere,
to determine amounts of carbon, hydrogen, nitrogen, sulfur, halogens, and oxygen.
Also, dry-ashing, fusion, bomb, and acid digestion can be used to remove organic
material and trace metal residues, which can be further analyzed by spectroscopic
techniques. The elemental composition and content of some specific elements is an
important analytical tool for polymer characterization, mainly for the characteri-
zation of copolymers and polymer blends and the determination of the molecular
weight of homopolymers [7]. The knowledge of the elemental composition of a poly-
mer can be a useful indicator of the identity of the polymer (Figure 3.1).

Determination of copolymer composition, EA is a convenient method for the
determination of copolymer and blend composition if one homopolymer contains
an element not present in the second one. For example, EA can be properly used
to quantify nitrogen in copolymers containing acrylonitrile units and oxygen in
polymeric surfactants such as poly(oxyalkylene). The commonly used techniques
to determine the molecular weight of polymers are osmometry, viscosimetry, light
scattering, gel permeation chromatography (GPC), NMR, etc. In all of them, the
sample must be soluble in organic solvents or water [8]. However, several kinds of
polymers, such as the new and intelligent materials, especially highly thermostable
or conductive polymers such as poly(phenylene sulfides), poly(p-xylylidene), or
polypyrrole, are barely soluble or even insoluble in typical solvents. In such cases,
EA is a promising and useful method. The molecular weight of polymers could
be obtained from the analysis of some elements present in the polymer chain, for
example, heavy metal salts from the analysis of the metal content.
Ol M e m

M M M M M

Figure 3.1 Representation of linear polymer chain. M represents the repeating unit of the
monomer that will be repeated n several times. Clear and black circles can both be either
the initiator fragment remaining on each side of the molecule or an end group deliberately
added to functionalize the polymer.
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3.4 Infrared Spectroscopy

Infrared spectroscopy is a technique based on the vibrations of atoms of a molecule.
To get a spectrum, the sample is placed in a sample holder and then an infrared
ray is passed through the sample. The signals or peaks that can be appreciated
in an IR spectrum correspond to the energy absorbed by the sample at specific
frequencies that depend on the molecule’s structure. To detect a signal, molecules
must change their electric dipole during irradiation, which implies the generation
of specific movements between atoms and chemical bonds. Interactions between
IR radiation and molecules involve changes in molecular dipoles associated with
vibrations and rotations. The atoms in molecules can move and bond lengths can
vary; also, one atom can move out of its present plane in stretching and bending
movements. Vibrations can involve a change in either bond length (stretching) or
bond angle (bending). Depending on the type of movement, there is also symmetric
and asymmetric stretching; each of them is represented as an individual absorption
signal. Even for simple molecules, there will be many vibrational signals. A simple
molecule can generate a complex spectrum. In a polymer, the repeating unit
represents the simple molecule that will be generating a pool of signals or bands.
Bands of vibrations associated with the presence of characteristic functional groups
are called skeletal vibrations, and these skeletal vibrations are likely to constitute
a pattern or fingerprint of the molecule as a whole. In practice, the radiation
emerging from a source is passed through an interferometer and then through
the sample before reaching the detector. The most common interferometer used
in FT-IR is the Michelson interferometer, which consists of two perpendicular
plane mirrors, one of which can travel in a direction perpendicular to the plane.
A semi-reflecting film, the beam splitter, bisects the planes of these two mirrors.
The beam splitter material has to be chosen according to the infrared region to be
examined [9].

3.5 Qualitative Analysis of Polymers

Most organic molecules (including polymers) show absorption bands from the inter-
action between the IR radiation and the atoms in a chemical bond in the mid-IR
region. Most IR studies are related to the analysis of vibrations in the mid-IR region,
but near- and far-IR regions also provide important information about certain mate-
rials. The mid-IR spectrum (4000-400 cm~) can be divided into four main regions,
and the nature of a group frequency may generally be determined by the region in
which it is located. Each band in an IR spectrum can be assigned to a particular
movement in a molecule or group of atoms in a chemical bond. If this is applied to
any bond in a molecule, there will be multiple bands even for similar molecules [10].
A spectrum may have a hundred or more absorption bands, and there is no need to
assign the vast majority; this can be regarded as the “fingerprint” of the molecule
[11] (Figure 3.2).



3.6 Spectral Analysis for Polyethylene and Polystyrene | 53

< Increasing energy
Increasing wavelength >
0.0001 nm 0.01 nm 10nm 1000nm 0.01lnm 1cm im 100m
1 ! 1 1 1 1
Gamma rays X-rays Ultra- Infrgred Radio waves

violet

Radar TV FM AM

NIR region — 750 — 2500 nm
Visible light

400nm 500nm 600nm 700nm

Figure 3.2 IR regions for near, middle, and far spectrum.

3.6 Spectral Analysis for Polyethylene and Polystyrene

The IR spectrum for low-density polyethylene (PE) has four high-intensity absorp-
tion bands. The first band (A) corresponds to the symmetric and asymmetric
stretchings of methyl and methylene groups. Then, symmetrical bending of methyl
(B) and methylene (C) groups of the polymer is observed, and the last band (D)
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Figure 3.3 IR spectrum for high-density polyethylene.
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corresponds to the stretching movement of the methylene groups in the backbone of
the polymer chain [12]. However, the IR spectrum for high-density PE in Figure 3.3
shows some differences, since there are three main signals for a molecule having
the same chemical composition. Band (A) represents the symmetrical stretching
for methyl and methylene groups and band (B) corresponds to the symmetric
methylene bending. The last one (C) is ascribed to the absorption of the methylene

groups [13].
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Figure 3.4 'H NMR spectrum for polystyrene (a) and styrene (b). Source: Based on Shethji
et al. [14]/John Wiley & Sons.



3.7 Determination of Molecular Weight and Thermodynamic Properties

Foe qualitative analysis of polymers, NMR spectroscopy is an analytical tool
extremely useful to follow the synthesis of polymers or supramolecular systems,
from starting materials, intermediates, to products, and their three-dimensional
conformation. The rapid development of advanced techniques has substantially
broadened the application of NMR to the study of polymers. Examples of 'H NMR
spectra of PS and its monomer styrene are shown in Figure 3.4 [15]. The faster
decay of the signal from PS than that from styrene is due to faster relaxation of the
spins or shorter relaxation times. The difference is reflected as a difference in peak
width.

3.7 Determination of Molecular Weight
and Thermodynamic Properties

As shown in Figure 3.5, in the limit of small angles, the effective volume that
is probing is very large in comparison with the volume occupied by a single
macromolecule. Therefore, the number of polymer molecules within this volume
is considerably large. As we approach 0 = 0, this scale becomes quasi-macroscopic
and can reduce the calculation of the fluctuations in the dielectric constant
to that of the fluctuation of the thermodynamic degrees of freedom of the
system [17].
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Figure 3.5 Helix-coil transitions of poly (L.-benzyl glutamate) in a mixture of
dichloroacetic acid and heptane showing the variation of the apparent molecular weight
and the radius of gyration. Source: Cowie [16]/Walter de Gruyter.
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3.8 Differential Scanning Colorimetry (DSC) Analysis

A heat flux differential scanning colorimetry (DSC) (i.e. containing a single heating
block) is comprised of a thermal cell with a sensor that registers the temperature
difference between the sample-filled pan and a similar reference pan that contains
only air. When the sample evolves heat through some thermal process, such as a
crosslinking reaction, the DSC plot shows an increase in heat flow (Figure 3.6).
This is indicative of an exothermic event because the temperature registered by
the sample sensor is higher than that sensed for the reference. If the sample is
undergoing a thermal event that causes it to absorb more heat than the reference
does (such as melting), the DSC plot shows a decrease in heat flow. This is called
an endotherm and, in these cases, the temperature sensor measures a lower
temperature for the sample compared to the reference. For example, a material can
be heated at a controlled steady rate, such as 10 °C per minute, and the heat flow
can be monitored to characterize the thermal events of the sample as a function of
increasing temperature. Figure 3.6 shows a DSC plot for a polyethylene terephtha-
late (PET) sample which had been cooled from the melt at an extremely high rate.
The plot illustrates both exothermic and endothermic thermal events that occurred
during a temperature scan from 50 to 300 °C. The endothermic step change (glass
transition) occurs first in the scan, followed by an exothermic peak due to cold
crystallization, which is then followed by the endothermic peak due to melting.
Many modern DSC instruments can measure absolute heat flow. This is done by
dividing the signal by the measured heating rate, which converts it into a heat
capacity signal [18]. Monitoring the heat-capacity-related signal as a function of the
applied experimental conditions (such as a heating ramp) can determine how the
heat capacity of the sample changes as it undergoes a phase change or a chemical
reaction.
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Figure 3.6 DSC scan of polyethylene terephthalate.
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3.9 Thermogravimetric Assays (TGASs)

Thermogravimetric assays (TGAs) are another type of calorimetric technique that
measures the weight loss of the samples. It is a useful technique to determine the
amount of nano-conjugation, since the change in the nanomaterial composition
produces changes in temperature weight loss. For example, researchers used TGA
analysis to confirm the covalent attachment of a dendritic carbosilane wedge to
PNPs. Since both calorimetric techniques have similar performance, their advan-
tages and disadvantages have been summarized together. Calorimetric techniques
are advantageous in terms of the small amount of sample required, high precision,
and sensitivity [19].

3.10 Gel Permeation Chromatography (GPC)

Gel permeation chromatography (GPC) is a widely used technique to determine the
molecular weight of materials dissolved in organic solvents as well as the physical
stability of assembled nanomaterials. The nanomaterials are eluted as a function
of their molecular weight: the bigger the nanomaterials, the faster the elution. The
quantification of the eluted samples is performed utilizing UV-vis absorption or
changes in the refractive index. This technique could be useful, for example, to study
the stability of a polymer dissolved in an organic solvent. After various periods, the
dissolved polymer should be analyzed through the GPC and its molecular weight
assessed by using a calibration curve [20]. Other examples of the use of GPC in the
nanoscale could be the assessment of the polymer molecular weight, the degree of
polymerization of a synthesized polymer, or even the number of monomer subunits
that a polymer contains. In some cases, GPC has also been used for the purification
of quantum dots or carbon nanotubes. GPC is advantageous in terms of short-time
experiments. However, an important drawback of this technique is the possible inter-
action between the nanomaterials and the column filling, which could interfere with
the size assessment [21].

3.11 High-Performance Liquid Chromatography (HPLC)

High-performance liquid chromatography (HPLC) is the most used type of chro-
matography not only for colloidal nanosystem studies but also for other types
of materials (e.g. proteins). In the vast majority of studies, it is used for the fine
quantification and separation (purification) of actives, such as drugs. Briefly, it
consists of the injection of the liquid sample using a pump that introduces it to
a flow (mobile phase) that passes through a separate column (stationary phase),
which entraps the molecules depending on their nature. The more interactions the
molecules have with the column filling, the later they will be eluted [22]. Further,
molecules are eluted in a characteristic pattern for each compound. It results in a
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Figure 3.7 Schematic representation of an HPLC system.

chromatogram with the peaks of each compound (Figure 3.7). The quantification
of the actives is required in any study of the encapsulation efficiency of drugs in
the nanosystems or their release kinetics, as well as the percentage of conjugation
to some nanosystems. Examples of studies using HPLC for drug quantification
exists are numerous, for example, the encapsulation and release kinetics of dex-
amethasone (an anti-inflammatory drug) from PNPs. They were able to determine
very low concentrations of the drug in a release study receptor solution due to
the high sensibility that offers the HPLC technique. The resolution of the HPLC
depends on the filling of the column (on the stationary phase properties), which is
commonly composed of silica with attached alkyl chains, being the reversed-phase
C,s-type columns the most widely used since it enables a differential retention-
ship depending on the polarity of the compounds. The advantages of HPLC are
the high resolution, the low volumes required, and easy, rapid, and economic
manipulation [23].

3.12 Size Exclusion Chromatography (SEC)

Size exclusion chromatography (SEC), together with ion exchange and affinity
chromatography are classified as low-pressure liquid chromatography. It is useful to
characterize and separate nanomaterials with different properties, dispersed in an
aqueous solution. For example, it has been useful to separate antibody-conjugated
nanoparticles from the free antibody and nanoparticles. Another example of
its use is the characterization of the molecular weight of nano-objects, such
as proteins or polymers [24]. The separation of the compounds depends not
only on their molecular weight but also on their 3D dimensions, due to differ-
ences in pore permeation. It has the same advantages as other chromatographic
techniques [25].
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3.13 Raman Spectroscopy

Raman spectroscopy is a useful technique for direct monitoring of polymerization
reactions because the C=C double bond has stretching vibration in different
positions for different monomers. The intensity of a band in Raman spectra is
linearly proportional to the concentration of the scattering units, which allows
quantitative measurements. It is necessary to perform quantification using known
amounts or concentrations of reference substances. Hence, the technique is
helpful for copolymer composition determination, which is well illustrated in the
example of composition determination of terpolymer methyl methacrylate (MMA)/
butyl acrylate (BA)/styrene (S) (the system contains di-unsaturated crosslinker)
(Figure 3.8).

The procedure is composed of calculating the intensity (I) ratios of the character-
istic peaks of the individual polymers and presenting them in a plot as a function of
their known mass in the copolymer [27]. Firstly, the intensity ratio of styrene ring
mode (1603 cm™1) to carbonyl stretch of MMA and BA (1731 cm™!) is presented vs.
the mass ratio of Mg/(My;ya + Mg, ), resulting in a linear calibration curve, which
allows the calculation of the mass ratio of styrene to total acrylics. Similarly, the
intensity ratios of 842cm™! characteristics of BA and 812cm™! characteristics of
MMA are plotted vs. BA/MMA mass ratios, again yielding a linear calibration curve.
The calculated mass ratio of the acrylics (BA/MMA) from the last calibration curve
and the previously calculated S/(MMA + BA) mass ratio allow the evaluation of the
total composition of an unknown copolymer. One of the useful features of Raman
spectroscopy in the characterization of polymers is the investigation of their mor-
phology. The position of the characteristic vibrations is sensitive to the orientation
of the bonds and the neighboring environment as a result of the particular property
of symmetry that some modes of bond vibration [26]. This gives practical informa-
tion on the polymer orientation and subsequently on the mechanical and other
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physical properties of the polymer. Under the increased stress, the characteristic
Raman shifts move toward lower wave numbers, proportionally to the applied
stress.

Raman spectroscopy method’s high sensitivity to polymer primary and secondary
structure, as well as to solvation state, has allowed for detailed information to be
obtained on a wide variety of soft materials. Furthermore, the portability of the
technique allows for its use in online process monitoring. Raman spectroscopy
has great utility in the characterization of polymeric fibers because of its low
fluorescence background and the ability to obtain both second- and fourth-order
orientation functions from polarized data [28]. Thus, Raman spectroscopy was
used to monitor the effects of firing temperature and polymer drawing during
manufacturing. Cis/trans ratios in polymeric composites have been studied
as a function of temperature. PE production has been monitored for amor-
phous phase orientation and deformation in uniaxially drawn material and when
peroxide-oxidized precursors are used. Similarly, the stress in a composite multifiber
has been observed and related to manufacturing flaws, ultimately leading to design
improvements [29].

Online Raman spectroscopy of crystallization has allowed for corrections to be
made during polymer fabrication. The use of Raman spectra to determine polymer
conformation has been the subject of several publications [30]. Raman has been
used to observe conformational disorder in waxes, solvent reorientation in poly-
acrylamide gels, and strain in-homogeneities in highly oriented gel-spun PE and for
monitoring curing in divinyl ethers and epoxies. A wide range of side products in the
formation of PMDA-ODA polyimide has been observed by FT-Raman with a near-IR
detector. Iodine doping of natural rubber and pseudo-interpenetrating polymer lead
to fingerprint resonance Raman spectra of >1000 cm™! [31].

3.13.1 Polyethylene Density

PEis a key polymer available in two general forms, namely, low-density polyethylene
(LDPE) and high-density polyethylene (HDPE). PE with a density range of 0.920-
0.935gcm™3 is defined as LDPE, while with a density range of 0.955-0.970 gcm™3
is defined as HDPE. Less creep, less gas permeability, and high strength are the
characteristics of HDPE, whereas LDPE is more translucent and flexible. Raman
spectra of PE samples with densities of 0.882, 0.910, and 0.960 g cm~3 are presented
in Figure 3.9. A calibration model can be created using curve fitting techniques to
correlate a PE sample’s Raman spectrum to its density.

3.13.2 Polybutadiene Microstructure

Polybutadiene characterization can be effectively performed using Raman spec-
troscopy due to its ability to differentiate all fundamental structural units through
the v (C=C) bond stretching of 1,4-cis, 1,4-trans, and 1,2-vinyl units, which provide
Raman bands at 1639, 1650, and 1664 cm™!, respectively [33]. Additionally, polybu-
tadiene samples can be quantitatively analyzed using the Raman band intensities
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Figure 3.10 Raman spectral region used to identify microstructure of polybutadienes.

as they vary in proportion to the concentration of the samples. It is necessary to use
curve fitting techniques due to the partial overlapping of the Raman bands. The
resulting Raman data is reproducible to within +1% (Figure 3.10).

3.14 Mechanical Testing and Rheometry

The biocompatibility of polymeric biomaterials could be influenced by mechanical
properties. The most important mechanical parameters in biomedical applications
can be determined via tensile testing. Depending on the application of biomaterials,
the influence of these parameters will be different. The viscoelastic behavior and
rheological properties of polymeric biomaterial commonly could be evaluated by
rheometry, which measures viscosity and storage modulus. Mechanical properties
of polymeric materials include the degree of polymerization, crosslinking, polymer
structure, and functionality. Examples are presented to demonstrate the effect of
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polymer functionalization on their mechanical and rheological properties. Recently,
the enhancing effect of functionalization of nanofillers with hyperbranched polyg-
lycerol (PG) on the mechanical properties of composite nanofibers was studied.
Nanodiamonds (NDs), as nanofillers, were decorated with PG on their surface, and
poly(vinyl alcohol) (PVA) was selected as a model polymer matrix [34]. Unmodified
ND/PVA and PG-modified ND/PVA composite nanofibers were prepared by the
electrospinning technique, and their mechanical properties were characterized
by tensile tests. The grafting of PG on the ND surface improved the mechanical
properties of ND/PVA composite nanofiber membranes, which was revealed by a
60% increase of tensile strength, 51% enhancement of Young’s modulus, and 59%
boost of toughness at 3wt% filler content. Therefore, the enhanced mechanical
performance of ND-PG/PVA nanocomposites could be attributed to the intro-
duced dense hydroxyl groups of the grafted PG, which improved the dispersion
status of nanofillers within a composite matrix and strengthened filler matrix
interactions [35].

Rheological measurements exhibited higher viscosity and storage modulus com-
pared to the unmodified samples. When the chain-extender (GMA) concentrations
are increased, the increase of viscosity and the storage modulus become more
obvious. These viscoelastic properties are related to the molecular structure of
the modified polymers. The effect of reactive compatibilization of GMA on the
PLA/PBAT blends has been confirmed using tensile tests by the improvement of
mechanical properties like a strain at break and Young’s modulus. According to
the tensile mechanical results, the elongation at break of PLA/PBAT (80/20) blends
with 0.25% and 0.5% wt GMA achieved 116% and 135%, respectively, higher than for
unmodified PLA/PBAT blends (50%). Compared to unmodified samples, the pres-
ence of reactive epoxy functions showed an increase in the tensile modulus (from
820 MPa (PLA/PBAT blends) to 1095 MPa (PLA/PBAT/GMA)), which indicates a
reactivity control at the interface due to the formation of ester linkages between
PLA, PBAT, and GMA [36]. Generally, the incorporation of multifunctional epoxy
compounds such as GMA highlighted an improvement of mechanical and rheo-
logical properties of PLA/PBAT blends. The functionalization of hybrid chitosan
(CTS) with GMA shows the rheological analysis for the characterization of these
dental restoratives. Rheological properties of CTS/GMA suspensions increased by
several orders of magnitude in the elastic modulus (G’) and there was a reduction
in the viscous modulus (G”) when compared to pure CTS. The latter indicates
that CTS/GMA suspensions have enhanced elastic behavior. In contrast, pure CTS
suspensions behave like a viscous fluid. Dynamical rheological tests concluded that
CTS-GMA solutions act as physical hydrogels [37].

3.15 Nuclear Magnetic Resonance Spectroscopy

Polymer NMR does not refer to a single methodology, owing to the wide range of
structural and dynamic features of synthetic as well as natural polymers. Depending
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on whether just the chemical make-up or actual properties of a specific material and
its unique morphology are to be characterized, one must employ widely different
NMR methods [38].

In addition to the usual examination of polymers in solution and the molten state,
anew surge of interest in the application of carbon (1*C) NMR to the examination of
polymers in the solid state by magic angle spinning (MAS) has been observed. This
technique is providing new and sometimes different structural information about
polymers because it is examining them in their natural states [39]. Thus, with the
use of MAS, along with the more common methods of examination, NMR has taken
on an even more important role in its application for the determination of polymer
structure, proton (\H) NMR to be a fertile field to characterize the microstructure
of hydrocarbon polymers, and fluorine (*F) NMR for the characterization of fluo-
ropolymers.

In many applications, in particular, those of rubbers made of simple homopoly-
mers or statistical copolymers, the chemical resolution provided by HR-MAS is not
of primary relevance. Rather, D, as a measure of crosslink density is of interest.
On a qualitative level, D, is governing the transverse (T,) relaxation measured
in a Hahn-echo or related experiment, with non-refocused dipolar dephasing
being the dominant source of signal loss, rendering 'H T, experiments a good
choice to obtain the desired insights. However, the most reliable measurement of
D, itself is certainly achieved by static multiple-quantum NMR, which will be
addressed [40].

3.16 X-ray Diffraction

X-ray Diffraction (XRD) analysis can assist in the assessment and quantification of
the crystalline phases (polymorphism), polytypes, and all types of solid-state molec-
ular arrangements [41]. If the polymer is crystalline, then the XRD diffraction pat-
tern is a result of a crystal structure (as related by Bragg’s law); the pattern can be
indexed and represented by a stick pattern of positions and intensities. To aid the
identification of semicrystalline polymers in a polymers sample using the position
and relative intensities of the X-ray fingerprint of the crystalline phases of the poly-
mer [42] is used. Polymers can be processed into fibers and films and can be molded
and extruded. Each of these processes can orient the molecules and the diffrac-
tion can be used to measure the orientation in both crystalline and noncrystalline
materials.

The degree of the crystallinity of crystalline polymer is a structural parameter
that has much to do with their physical properties in general [43]. The degree of
crystallinity is calculated as a ratio of crystal-derived scattering intensity to total scat-
tering intensity [44] (Figure 3.11).

Degree of crystallinity (%) = Crystal derived scattering intensity/(Crystal-derived
scattering intensity + Noncrystal-derived scattering intensity) x 100
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Figure 3.11 Indication of crystal and noncrystal region of polyethylene XRD analysis.

3.17 Molar Mass and Molar Mass Distribution

Polymers are mixtures of molecules of different sizes. Contrary to proteins, where the
chain length is constant, synthetic polymers (rubbers and plastics) and polysaccha-
rides always possess a certain polydispersity, which is intrinsic to the polymerization
process [45].

An important step for polymer characterization is to measure the number and
weight of macromolecular chains at the size (length) s, at the size (s + 1), at the size
(s+2), at the size (s+ 3), and so on. This is referred to as molar mass distribution
(MMD) determination. The MMD of a polymer is of prime importance in its applica-
tion. In most instances, there is a molar mass (MM) range for which a given polymer
property will be optimal for a particular application. The control of MM (expressed
in g/mol) and of its distribution is essential for the practical application of a polymer-
ization process, since its utility is greatly reduced unless the reaction can be carried
out to yield a polymer of a sufficiently high and specified MM [46].

3.18 Osmometry

In osmometry, one measures the osmotic pressure, [], of a polymeric solution at
various dilutions. The quantity [[/RTC is then computed and plotted vs. C (C is
the concentration of the polymer solution, T is the temperature, and R is the gas
constant). The resulting plot is a straight line and its intercept is 1/Mn, since [] is
related to as follows [47]:

[]/RT = C/Nn + A,C? + A,C?

where A, and A, are the second and the third coefficients of the virial expansion.

The field of application of osmometry is limited to polymers with masses below
100 000 since the precision depends on the mass, and therefore it becomes inaccurate
at high masses [48]. Furthermore, being a colligative method, osmometry yields Mn
but not Mw, and therefore it cannot be used to discriminate a narrow MMD from a
broad MMD nor a unimodal MMD from a bimodal MMD.



3.20 Scanning Electron Microscopy (SEM) | 65
3.19 Mass Spectrometry

Mass spectroscopy methods have experienced a steadily increasing use in polymer
analyses due to their high sensitivity. Mass spectrometry is useful also in those cases
in which the scope of the analysis is not simply to measure M,, and M,, of the sample,
but the determination of the entire MMD [49]. For instance, in the case of polymers
obtained by pulsed laser polymerization, the determination of M,, and M, of the
sample is not the primary goal. One has to determine the point of inflection M,
and MS can be used for this purpose. One plot the oligomer’s abundance against
mass and then takes the second derivative. The point at which the second deriva-
tive changes from negative to positive is the point of inflection. Also in the case of
polymers made principally of cyclic molecules, the determination of the sample is
not the primary goal. One has to determine the “trend” followed by the MMD and
whether the abundance of cyclic molecules changes as the ring size grows. MS can
be used for this purpose, by fitting the logarithm of the abundance against log (n)
and fitting the points with a straight line. The slope of the line is the exponent [50].

The analysis of polydisperse polymers by MS methods poses some problems that
have been only recently solved. Polydisperse polymers (including many industrial
polymers) are made of a mixture of macromolecular chains that have quite different
sizes, ranging from dimers and trimers, up to chains with thousands of units [51].
Using MS methods, all the oligomer chains can be ionized, but the ratio between
the number of ions of a given size and the number of molecules of that size (i.e.
the ion yield as a function of chain size) is not constant. The structures and mor-
phologies of polymers have been under investigation employing electron microscopy
(EM) [52].

3.20 Scanning Electron Microscopy (SEM)

EM can be divided into the techniques of TEM and SEM [53]. A step in studying
structures of materials came with the development of scanning probe microscopy, in
particular with a modified, for polymers interesting technique of AFM. In general, all
of the different types of microscopes can be classified according to whether imaging
is achieved by irradiation of the object with a “lamp” or by feeling the surface with
a “finger” or “needle” [54].

The relatively easy preparation of polymer surfaces makes SEM a very valu-
able tool to study larger and even smaller polymer structures. Often, fracture
surfaces of polymers give information on large structural details and structural
defects, which are the source of damage and fracture of polymeric materials [55].
After selective etching of a smooth surface, many structures are visible in SEM.
A well-developed spherulite with a central part of parallel-packed lamellae and
bent lamellae around the so-called eyes of a spherulite. Additional details of the
structure of semicrystalline polymers can be determined on selectively etched
surfaces [56]. The two main types of isotactic polypropylene (PP) are a-modification
with the cross-hatched arrangement of the crystalline lamellae; the main lamellae
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are growing radially from an initial site (center of the spherulite), whereas the
“secondary lamellae” are formed by an epitaxial growth onto them. In f-modified
PP, the lamellae form a more sheaf-like superstructure with a parallel arrangement
of bundles of lamellae [57].

3.21 Transmission Electron Microscopy (TEM)

In practice, most TEM investigations of polymers make use of mass thickness
contrast, that is, specimen parts containing elements with a higher atomic num-
ber and/or which are thicker scatter electrons stronger, but not contributing to
image formation. To increase the density of particular structures in polymers,
usually local chemical staining is applied [58, 59]. The amorphous parts and
particularly the boundaries of the lamellae are chemically stained, appearing dark,
whereas the crystalline lamellae are bright. Crystalline samples can be studied
using diffraction contrast by diffraction patterns and dark field and bright field
contrast [60].

3.22 Atomic Force Microscopy (AFM)

AFM is uniquely suited to characterize polymer materials on the nanoscale reveal-
ing structures and morphology without the need for extensive sample preparation
or vacuum environment. Unlike its EM counterparts, the interaction between probe
and sample in AFM is mechanical-based, making it especially suited to provide con-
trast on polymeric type samples [61].

Within the field of polymer sciences, AFM has been used to quantify the entropic
elasticity of single-polymer chains, the elastic moduli of nanowires, single-polymer
chain elongation, molecular stiffness of hyperbranched macromolecules, friction
of single polymers on surfaces, the influence of temperature on the stability of
single-chain conformation, and surface glass transition temperature [62]. It has also
been used to perform stretching experiments on single carboxy-methylated amylase
and to differentiate between sugar isomers [63].

3.23 Optical Microscopy (OM)

Optical microscopy (OM) is a highly flexible imaging technique commonly used to
study the crystal growth behavior and kinetics of polymeric materials. In the case
of polymer nanocomposites, OM is used to study the clay-induced crystal growth of
polymeric matrices. OM can also be used to study the degree of dispersion of silicate
layers in polymer nanocomposites in the molten state of the polymer matrix [64].
If the silicate layers are dispersed at the nanoscale, the nanocomposite sample
should exhibit no turbidity, since the fundamental particle size is less than A/4.
Therefore, aggregates significantly less than ~1 pm in size are not resolvable by
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OM. The resolution of OM has traditionally been limited by the wavelength of
visible light; however, recent near-field scanning techniques (NSOMs) pushed the
resolution of OM significantly below this limit [65].

References

1 de los Gladys, S.-V. and Elizalde, L.E. (2013). Polymer spectroscopy and com-
positional analysis. In: Handbook of Polymer Synthesis, Characterization, and
Processing (ed. E. Saldivar-Guerra and E. Vivaldo-Lima). Wiley.

2 Xiao, Y.L., Dao, C.W,, Zheng, J.L., and Chen, G.Q. (2011). Polymer nanoparticles.
Prog. Mol. Biol. Transl. Sci. 104: 299-323.

3 Cun, D,, Jensen, D.K., Maltesen, M.J. et al. (2011). High loading efficiency
and sustained release of siRNA encapsulated in PLGA nanoparticles:
quality by design optimization and characterization. Eur. J. Pharm. Biopharm.
77: 26-35.

4 Ahmed, R.M. (2009). Optical study on poly(methyl methacrylate)/poly(vinyl
acetate) blends. Int. J. Photoenergy Article ID 150389, 7 pages.

5 Young, R.J. and Lovell, P.A. (2011). Introduction to Polymers. Boca Raton: Taylor
and Francis Group.

6 Mihaljev, Z.A., Jaksic, S.M., Prica, N.B. et al. (2015). Comparison of the Kjeldahl
method, Dumas method, and NIR method for total nitrogen determination in
meat and meat products. J. Agroaliment. Proc. Technol. 21: 365-370.

7 Xiao-Dong, H., Jenkins, S.E., Min, B.G. et al. (2003). Rigid-rod polymers:
synthesis, processing, simulation, structure, and properties. Macromol. Mater.
Eng. 288: 823-843.

8 Leue, M., Gerke, H.H., and Ellerbrock, R.H. (2011). Correcting microtopogra-
phy effects on DRIFT mapping signals of organic matter at intact soil aggregate
surfaces. Soil Sci. Soc. Am. J. 75: 1626.

9 Silverstein, R.M., Bassler, G.C., and Morrill, T.C. (1991). Spectrometric
Identification of Organic Compounds. New York: Wiley.

10 Chalmers, J.M. and Everall, N.J. (2007). Qualitative and quantitative analysis
of plastics, polymers, and rubbers by vibrational spectroscopy. In: Handbook of
Vibrational Spectroscopy (ed. .M. Chalmers and N.J. Everall). Wiley.

11 Pereira, H.L., Machado, F., Lima, L.E., and Pinto, J.C. (2011). In-line monitor-
ing of vinyl acetate/acrylic acid batch copolymerization through near-infrared
spectroscopy. Macromol. Symp. 299 (3): 1-9.

12 Matyjaszewski, K., Gnanou, Y., and Leibler, L. (ed.) (2007). Macromolecular
Engineering: Precise Synthesis, Materials Properties, Applications, 1937. Weinheim
Germany: Wiley-VCH.

13 Ibett, R.N. (ed.) (1993). NMR Spectroscopy of Polymers. UK: Blackie Academic &
Professional.

14 Shethji JK Stephen MC Ritchie (2015) Microfiltration membrane functionalized
with multiple styrenic homopolymer and block copolymer grafts. J. Appl. Polym.
Sci. https://doi.org/10.1002/APP.42501.

67


https://doi.org/10.1002/APP.42501

68

3 Characterization of Polymer Materials

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

Hatada, K. and Kitayama, T. (2004). NMR Spectroscopy of Polymers. Berlin:
Springer.

Cowie, J.M.G. (1970). The application of light scattering to the investigation of
preferential absorption effects in quasi-ternary systems. Pure Appl. Chem. 23:
355-374.

Hammouda, B. (2010). SANS from polymers - review of the recent literature.

J. Macromol. Sci., Polym. Rev. 50: 14-39.

Hagq, I., Chowdhry, B.Z., and Jenkins, T.C. (2001). Calorimetric techniques in the
study of high-order DNA-drug interactions. Methods Enzymol. 340: 109-149.
Sapsford, K.E., Tyner, K.M., Dair, B.J. et al. (2011). Analyzing nanomaterial bio-
conjugates: a review of current and emerging purification and characterization
techniques. Anal. Chem. 83: 4453-4488.

Fornaguera, C. and Solans, C. (2018). Characterization of polymeric nanopar-
ticle dispersions for biomedical applications: size, surface charge, and stability.
Pharma Nanotechnol. 6: 147-164.

Rahimi, A., Ulbrich, A., Coon, J.J., and Stah, S.S. (2014). Formic-acid induced
depolymerization of oxidized lignin to aromatics. Nature 515: 249-252.

Flavel, B.S., Moore, K.E., Pfoh, M. et al. (2014). Separation of single-walled car-
bon nanotubes with a gel permeation chromatography system. ACS Nano 8:
1817-1826.

Cielecka-Piontek, J., Zalewski, P., Jelinska, A., and Garbacki, P. (2013).

UHPLC: the greenings face of liquid chromatography. Chromatographia 76:
1429-1437.

Wagner, S., Rothweiler, F., Anhorn, M.G. et al. (2010). Enhanced drug targeting
by attachment of an anti av integrin antibody to doxorubicin-loaded human
serum albumin nanoparticles. Biomaterials 31: 2388-2398.

Sadao, M. and Barth, H.G. (2013). Size Exclusion Chromatography. Springer
Science and Business Media.

Everall, N. and King, B. (1999). Raman spectroscopy for polymer characterization
in an industrial environment. Macromol. Symp. 141: 103-116.

Elizalde, O., Asua, J.M., and Leiza, J.R. (2005). Monitoring of high solids content
starved-semi-batch emulsion copolymerization reactions by Fourier transform
Raman spectroscopy. Appl. Spectrosc. 59: 1270-1279.

Andrew Lyon, L., Keating, C.D., Fox, A.P. et al. (1998). Raman spectroscopy.
Anal. Chem. 70: 341R-361R.

Dieing, T., Hollricher, O., and Toporski, J. (2011). Confocal Raman Microscopy.
Berlin Heidelberg: Springer-Verlag https://doi.org/10.1007/978-3-642-12522-5.
Bruckmoser, K., Resch, K., Kisslinger, T., and Lucyshyn, T. (2015). Measurement
of interdiffusion in polymeric materials by applying Raman spectroscopy. Polym.
Test. 46: 122-133.

Colomban, P. (2002). Analysis of strain and stress in ceramic, polymer, and metal
matrix composites by Raman spectroscopy. Adv. Eng. Mater. 4: 535-542.

Koenig, J.L. (2001). Infrared and Raman Spectroscopy of Polymers, vol. 12. Rapra
Technology Limited.


https://doi.org/10.1007/978-3-642-12522-5

References

33 Yang, X., Su, Z., Wu, D. et al. (1997). Raman analysis of a conformational dis-
tribution of poly(ethylene oxide) and its model compound in the liquid state.
Macromolecules 30: 3796-3802.

34 Hollister, S.J. (2005). Porous scaffold design for tissue engineering. Nat. Mater.
4: 518-524.

35 Cai, N,, Li, C., Luo, X. et al. (2016). A strategy for improving mechanical prop-
erties of composite nanofibers through surface functionalization of fillers with
hyperbranched polyglycerol. J. Mater. Sci. 51: 797-808.

36 Al-Itry, R., Lamnawar, K., and Maazouz, A. (2012). Improvement of thermal sta-
bility, rheological and mechanical properties of PLA, PBAT and their blends by
reactive extrusion with functionalized epoxy. Polym. Degrad. Stab. 97: 1898-1914.

37 Flores-Ramirez, N., Elizalde-Pen, E.A., Vasquez-Garcia, S.R. et al. (2005). Charac-
terization and degradation of functionalized chitosan with glycidyl methacrylate.
J. Biomater. Sci. Polym. Ed. 16: 473-488.

38 Saalwachter, K. (2019). Applications of NMR in polymer characterization — an
introduction. In: NMR Methods for Characterization of Synthetic and Natural
Polymers, 1-22. https://doi.org/10.1039/9781788016483-00001.

39 Brame, E.G. (1983). NMR Spectroscopy in the Characterization of Polymers,
Polymer Characterization, 419-420. https://doi.org/10.1021/ba-1983-0203.ch023.

40 Saalwachter