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Abstract

Polymers play an influential role in several field of textile industry. Textile research has concentrated on the
production of fiber/fabric based on polymer as well as textile fabric coated with polymers. Polyester,
Polyamide, polypyrrole, polyaniline, polyacrylonitrile, polyurethane, polyacrylamide, polyvinyl chloride,
polyvinyl fluoride, polyvinyl alcohol, rayon, etc., have been specified as textile service polymers. Polymers are
essential chemicals for the production of textile. Polymers are used in every step of textile manufacturing from
fiber manufacturing to textile coloration and finishing. Different Nanoparticles and Nano carbons have also
been utilized in polymeric composites for textile-related objectives. The possibilities and combination of
polymer and textile materials are endless depending on the purpose of final use.

Keywords: Polymers, textile production, textile coloration, Nanoparticles

1. Introduction

Polymer came from the Greek word “poly” and
“meros”, where “poly” means many and “meros”
means part. Polymers are macromolecules or giant
substances made from the interlinking of many
small units. Polymerization is the process of
creating polymers. During polymerization, smaller
molecules, called monomers or building blocks, are
chemically combined to create larger molecules or a
macromolecule. Different polymerization
techniques are applied to obtain polymers with
unique properties suitable for various applications.
[1]

Basically, two types of reactions are involved in
polymerization. Monomers are either linked
together without any elimination; this type of
reaction is called addition reaction or chain
polymerization. Or reaction between the reactive
groups of the monomers where elimination of low
molecular compound is involved, this type of
reaction is called condensation reaction or step
polymerization. [2]

Textiles and polymers are interconnected
materials and all textile fibres are polymers.
Polymers are essential chemicals for the production
of textile. Polymers are used in every step of textile
manufacturing from fiber manufacturing to textile

coloration and finishing. [3-8] Apart from this,
polymers play an important role in textile
processing and are utilized for various applications
like sizing agents, thickeners for textile printing,
finishing chemicals, coating chemicals, etc. All
textile materials are polymeric except the metal,
glass, and inorganic fiber woven fabric. Polymers
have been used as fiber materials as well as for
coating in the textile. [9, 10]

In the case of fibers, polymers have been spun
using various spinning techniques such as fiber
spinning, melt spinning, solution spinning, and
electro spinning. The fibers then can be woven or
stitched into the form of textile cloth or fabric A
wide range of polymers, thus, have been identified
in the textile industry. Polymer science and textile
technology work together for the development of
polymer-based textile materials. [11, 12]

2. Polymers

The Polymers are very large molecules, or
macromolecules, formed by the union of many
smaller molecules. These small units from which
polymers are formed are known as a monomer,
which means a single part. The process by which
individual monomers are linked together to form
polymers is known as “polymerization” The
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polymer can be formed from one type of monomer.
The polymer formed from one type of monomer is
known as a homo-polymer. For examples,
polyethylene is formed only from ethylene
monomer. On the other hand, the polymer formed
from more than one type of monomers is called
copolymer. Polyester can be taken as an example
here, two types of monomers—acid and alcohol are
used for the polyester polymer-formation. [13]

2.1. Classification of Polymers

There are many polymers with a variety of
different behaviors. They can be classified in
different ways based on their origin, physical
properties, and thermal behavior. [14]

2.1.1. Based on Sources: Source of origin is the
easiest way to classify a polymer. Based on
their origin polymers are classified into
natural and synthetic.

I Natural Polymer: Polymers have been found
naturally existing in natural sources like
vegetable and animals are known as natural
polymers. Some examples include cellulose
and starch present in vegetables, the protein
present in animals and rubber from plant’s
latex.

1. Synthetic  Polymer: Polymers that are
produced artificially in labs from lower
molecular weight compound are known as
synthetic polymers. They are produced
commercially by the industries according to
the demand. Commonly produced synthetic
polymers that we used in our day-to-day life
are Polyethylene, PVC, Polyester, Nylon, etc.

1l. Semi-synthetic Polymer: Polymers obtained
by the modification of natural polymers.
These types of polymers also are
commercially important like vulcanized
rubber, where the rubber is treated with sulfur
for cross-linking between the polymers.
Cellulose acetate is another example of a
semi-synthetic polymer. Naturally occurring
cellulose polymers are acetylated to produce a
cellulose derivative known as cellulose
acetate. [15]

2.1.2. Based on Polymer Structure: Based on the
structure polymers are classified as
follows:

I Linear Polymer: These polymers are straight
and long chain polymer. These are the high-
density polymer as polymers are straight a
compact structure is possible to obtain.
Polymers’ melting temperature is generally

very high due to high density. PVC is a
straight-chain polymer.

Il. Branch Chain Polymer: As the name suggests,
polymers have a branch chain at random point
of the main chain. Branching does not allow
polymers to be packed closely; as a result,
low-density polymer with lower melting
temperature is obtained.

. If the branches are formed by repeating units
(monomer) different from those forming the
main chain, the branched polymer is a graft
copolymer

V. Cross-linked Polymer: Polymers are internally
linked with each other are known as cross-
linked polymers. Monomers with  tri-
functional groups are prone to form a cross-
linked network. Cross linked polymers are
rigid and brittle. Urea and Melamine

formaldehyde are examples of cross linked
polymers figure 1. [16]

Figure 1 Different polymer chain topologies: (a)
linear polymer; (b) branched polymer; (c) graft
copolymer; and (d) crosslinked polymer.

2.1.3. Based on Type of Polymerization: The
process by which monomers are linked
together to form a polymer is called
polymerization. Based on polymerization
types polymers are classified as follows:

I.  Addition Polymers: Polymers that are
produced by addition polymerization process
is called addition polymers. Monomers
linked together without any elimination in
this process. In this case, double or triple
bonds present in the chemical structure of
the monomers work as functional group.
Monomer and polymer have the same
composition as no elimination of chemical
species of monomer take  place.
Polyethylene, PVC, etc.,, are addition
polymers as shown in table 1.

Il. Condensation Polymers: Polymers produced
by the combination of monomers with the
elimination of small molecules like water,
methanol etc. Active reactive sites present in
the monomer work as functional groups
here. Polyester, Nylon is the examples of
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2.1.4.

2.15.

condensation polymers as shown in table 2.
[17]

Based on Thermal Behavior: Polymers
behave differently when the heat is
applied. Based on the behavior of heating
polymers are classified as follow:

Thermoplastic:  Polymers  without cross-
linking soften on heating and can be given any
shape. These polymers on cooling become
hard again and retain its shape. Polymers those
soften on heating and stiffen on cooling are
known as thermoplastic polymers. This
process can be repeated several times without
any deterioration of the properties of the
polymers. PVC, Nylon, Polyester are common
examples of thermoplastic polymer.
Thermosetting: Polymers those generally
undergo chemical changes during heating
known as thermosetting polymers. These are
generally low molecular weight semi-liquid
substance, on heating; they start crosslinking
with each other and become hard, insoluble
and infusible masses. They form three-
dimensional linking on heating which is
irreversible. Urea, melamine—formaldehyde,
and Bakelite are the common examples. [18]

Based on Ultimate Form and Use:
Intramolecular forces are the forces that
hold the atom in a polymer chain whereas
intermolecular forces are the forces
between the molecules. The form of a
polymer ultimately depends on these two
forces. Based on the form and uses
polymers are classified as follows

Plastics: These polymers are long-chain
polymers where intermolecular forces hold
them together. They do not have any cross
bonds and can be shaped into hard and tough
when pressure and heat is applied. Polystyrene
and PVC are examples of polymers used as
plastic.

Elastomers: Polymers that are elastics in
nature and rubber-like solid material are
known as elastomers. Polymers are cross-
linked with each other so that they can recover
to original shape after releasing from stress.
Polymers that easily stretched and come back
to their original shape after releasing stress are
called elastomers. Vulcanized rubber and
synthetic rubber are examples of elastomers.
Fibers: Polymers have strong intermolecular
forces results in high strength and less
elasticity can be used as fiber. Fibers are a

2.1.6.

finer, flexible, and thread-like substance that
can be woven easily. Fiber has a high melting
temperature with a sharp value. Nylon66 and
Polyester are common examples of fiber. [19]

Based on Homopolymer and Copolymer

If only one type of monomer or repeating
unit constitutes the macromolecule (without
considering the chain ends) then the
polymeric  substance is termed a
homopolymer.

If, on the other hand, more than one type of
repeating unit is present in the
macromolecule, the polymeric substance is a
copolymer.

The macromolecule produced in the specific
case of a reacting mixture containing three
different monomers or monomer units is
termed terpolymer.

Depending on the randomness or order in
which two or more types of repeating units
are present in the macromolecule, there are
different types of copolymers: random,
block, alternate, and so on. [20]

Table 1: Examples of Common Addition Polymers

methacrylate

Addition _ _
Polymers Repeating Unit
Polyacrylonitril —CH~CH—
e M
—CHz CHi—
Polybutadiene J
CH=CH
Polyethylene _':H‘:-_ :H?—
CHg
Poly(methyl CHe—

LD;:H;

Hy
Polypropylene
— CH;—CH—
—CHy,—CH—
Polystyrene
C.
Poly(vinyl — CHy—CH—
hlorid
chloride) Cl
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Table 2 Examples of Common Condensation Polymers

Polymer Synthesis Reaction — Repeating Unit
Polyamide HN—R—MH, + HO,0—R,—COH ==+ H—NH—R—NHCO-R—CO-0H +H,0
Polyester HO-Ri~OH + HO,0—R;—COMH ——  H{-0—R—0CO—FR—CO-0H +H,0
OH
Phenol- #L ’L\.. "“H']'
formaldehyde ]t BHO —
[ u_,-'I "'
"
Urea- HaN—CO—HH + CH0 —  -HN—CO—NH—CH,}— +H0
formaldehyde "
Polyurethane HO-ROH + OCN-R,-NCO — |—0—R—0C0—NH—R—NH—CO—

2.1.7. Based on Biodegradability

I Biodegradable polymers are those that
degrade by the action of biological agents
(e.g., microorganisms, bacteria or fungi) in
ambient or mild conditions, and in relatively
short times. In order to be more specific, it is
necessary to set a time frame for degradability,
to define the environmental conditions under
which degradation is supposed to occur, and
also to what extent the polymer must degrade
in order to be considered biodegradable.

1. Most of the commodity polymers are not
biodegradable: polyethylenes, poly(ethylene
terephthalate) (PET), PVC, polystyrene, and
so on. The development and commercializa-
tion of biodegradable polymers in significant
amounts is relatively recent (since around the,
but an accelerated growth of this industry is
expected because of worldwide growing
environmental concerns. Some examples of
biodegradable polymers are poly(lactic acid)
(PLA), poly(hydroxy-alkanoates) (PHA) and
polycaprolactones. [21]

2.1.8. Based on Production Volume

I.  polymers can be classified by production
volume. Large production volume polymers
are commodities, and they are usually
produced by continuous processes with very
low profit margins per weight unit. Mostly,
mature technologies are used to produce them,
and the investment in R&D that is used to
improve the production processes or products
tends to be relatively low. Main examples of
commodities are polyethylene (LDPE and
HDPE), polypropylene, PVC, PET,
polystyrene, and derivatives. These five
families of polymers constitute those produced
in largest volume. Estimated worldwide
production of polymers in 2003 was around

200 million Tons, with an annual estimated
global growth rate of 3.4%. About 80% of the
total polymer production is composed of the
five families of commodities mentioned
above.

Il. On the other hand, specialty polymers are
produced in smaller quantities, in batch or
semibatch processes, and have high profit
margins per weight unit. They require high
investment in R&D in order to offer
significant advantages over existing products
for specific applications. [22]

2.2. Polymerization Mechanisms

Functionality refers to a repeating unit's capacity
to create covalent connections with nearby
molecules. The ability of the repeating units to
interact with the surrounding molecules through
certain reaction mechanisms might be influenced by
their numerous functions. Each repeating unit with
two or more functionalities has the potential to
interact with nearby molecules to produce a wide
range of chemical reactions. This generates a
sizably huge number of potentially confusing
reactions. Different polymerization processes are
grouped into several groups for clarity purposes
depending on their reaction mechanisms, such as
addition, condensation, ring opening, and other
mechanisms. [23]

2.2.1. Addition or Chain Polymerization

One of the most common mechanisms is
addition polymerization. In addition polymerization
the growth of the polymer chain proceeds
exclusively by reaction(s) between monomer(s) and
reactive site(s) on the polymer chain. The addition
of new monomer units occurs one at a time via
chain reaction. Each addition of a repeating unit to
the growing chain regenerates reactive site at the
end of each growth step and the polymerization
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proceeds through repeated addition process. In a
simplified manor the process could be visualized as
making a bicycle chain where each link is added one
at a time on one or both ends of the chains. The
more links are added to longer the chain grows

Monomers with double or triple bonds can react
without any elimination. This type of
polymerization involves joining of the monomers
very rapidly. As no byproduct is formed in this type
of polymerization the polymer and the monomer
have the same elemental composition. The
functionality of the monomers is provided by the
double or triple bonds present in the monomer.

Common examples of addition polymerization
are polyethylene, polyvinyl chloride (PVC),
acrylics, polystyrene, polytetrafluoroethylene, and
polyoxymethylene (acetal).

Schematic representation of addition
polymerization is presented in Figure (2). it could be
observed that the polymer on the right of the arrow
sign is formed by addition of the repeating units on
the left of the arrow. In this illustration, R1 and R2
represent functional groups or other group of atoms.

H R, H R, H R H R,y
\ / \ / [
m C=C +n C=C E C = C e C=="
/ \ / \ 1
H H H H H H H
n

Figure 2: Addition polymerization

Functional groups are specific groups of atoms
that determine the characteristics and chemical
reactivity of the polymer influencing the
processability and application of plastic products. In
the example of a bicycle chain, a necklace, or even a
charm bracelet, let us consider that each link in the
chain has a hanging pendant or a charm. These
pendants could be different in structure and could be
attached distinctly to the chain providing unique
characteristics and appearance. Similarly, functional
groups are attached to the polymer backbone
providing unique features to the polymer and
plastics application. In addition polymerization the
polymerization reaction occurs through three
distinctive steps as:

1. Chain initiation: In this step the polymerization
reaction is initiated usually by means of an
external initiator which creates a reactive site.
The initiator could be a radical (free radical
polymerization), cation (cationic
polymerization, applicable to monomers with
electron donating groups such as isobutylene),
anion (anionic polymerization, applicable to
monomers with electron withdrawing groups
such as styrene, acrylonitrile, butadiene,
acrylates, ethylene oxide, and lactones), and

organometallic complex (coordination
polymerization with Ziegler Natta catalysts).

2. Chain propagation: In this step monomers or
repeating units attach to the molecular chain,
propagating the chain length.

3. Chain termination: In this step the chain growth
is terminated through neutralization of the
reactive center. Three major steps involved in
chain polymerization: initiation, propagation,
and termination. The chain polymerization
process can be brought by free radical, ionic or
coordination  techniques. Depending on
techniques involved in the polymerization,
chain polymerization can be classified as Free-
radical, lonic, and Coordination polymerization.

The simplest type of addition polymerization is
free radical polymerization in which a polymer is
formed by successive addition of free radical
building block. [24]

2.2.2. Free-Radical Polymerization

A free radical is a molecule with a free electron
that can be paired with electron from another
molecule. Using the examples of polyethylene
polymerization the three steps of polymerization
could be explained as follows:

2.2.2.1. Chain Initiation

In this phase the chain is initiated by a free
radical Ra_ which creates a free radical building
block. The initiation phase usually involves
monomers with a double or triple bond (unsaturated
carbon-carbon). The chain initiation phase starts
when an external initiator disintegrates into a
reactive group (free radicals Ra-) and stimulates the
double bond of the ethylene monomer to open up
creating a molecule with an unpaired electron or
active center. The (-) represents the active center
with a free electron that got transferred from the
radical to the ethylene monomer, making the
ethylene monomer as the new radical. The initiation
stage can be demonstrated as follows:

Ra*+ CH; =CH,——> RaCH.CH,*

2.2.2.2.  Chain Propagation

In this step the free radical building block of
ethylene monomer reacts with other ethylene
monomers to create a larger free radical building
block. In order to stabilize the active centers the free
radical building block bonds with neighboring
monomers extending the length of the chain. The
polyethylene chain is thus constructed by a series of
addition reactions between the active center of the
growing chain and available monomers. The
reactive group can attach at either end of the

Egypt. J. Chem. 67, SI: M. R. Mahran (2024)



104 Fedaa Saad et.

al.

growing chain. Each new monomer unit addition
creates an active site for the next attachment. The
propagation step could be demonstrated as follows:

RaCH,;CH;*+ CH; =CH—> RaCH,CH,CH,CH*
RaCH.CH,CH,CH*+ CH;, =CH> —_
RaCH,;CH,;CH,CH; CH,CH,*

2.2.2.3. Chain Termination

In this phase the process of chain growth
terminates (stops). Fundamentally the addition
process will continue until all the monomers in the
system are consumed (controlling the supply of
ethylene monomers could control the total chain
length). However, the chain growth usually stops by
direct combination or disproportionation. Direct
combination occurs when the chain growth is
stopped as a result of combining of free electrons
from two growing chains and creates a single chain.
Disproportionation occurs when an impurity reacts
with active groups and terminates the chain growth.
To avoid termination due to impurities, extremely
clean environments are needed to perform these
reactions. Chain termination by direct combination
could be demonstrated as [25]

Ra (CH2) m* + (CH2) n Re—> Ra(CH:2)m(CH:):Ra

2.2.3. lonic Polymerization:

The ionic polymerization also involves attaching
like chain polymerization. But this time monomer is
attacked not by an unpaired electron but by either
positive or negative ion. If the initiation and
propagation are done by a positively charged ion is
called cationic polymerization and if by a negative
ion it is called anionic polymerization. Like free
radical polymerization, cationic polymerization also
has three steps: initiation, propagation, and
termination.

Anionic polymerization also has two steps:
initiation and propagation. But the termination of
the anionic polymerization is not a simultaneous
process unless strong cationic agents are present in
the reactor. lonic repeating structures are highly
reactive and have the ability to combine even at low
temperatures and pressures compared to free radical
polymerization.

As the polymerization occurs very fast, ionic
polymerization generally produces linear polymer
chains. Controlling the amount of impurities or
termination agents provides the means to control the
average molecular weight of ionic polymerization
reactions.  Polymers produced by anionic
polymerization are live polymers as they are active
and can react anytime if a favorable condition is
given. (Figure 3) shows an example of an ionic
polymerization. [26]

His HC=—=CH — = H—(H,—CH*

X X

H—CHZ—TH' + nHZC:C|H — = H CH)—|CH CH,—CH*
X X X X
n

Figure 3: lonic polymerization

2.2.4. Coordination Polymerization:

Chain polymerization started by a coordination
bond and goes on through this coordination bond is
known as coordination polymerization (Figure 4). In
coordination polymerization the monomers with
side groups are attached to the growing chain in a
highly defined spatial arrangement (stereo regular).
The significant feature of this mechanism is the
ability to orient each monomer and join it to the
growing polymer chain in a very specific
configuration.

Olefins monomers form a complex with
organometallic compounds in the first step. A
coordination bond is involved between the metal
and the carbon of the monomer in this complex.
Afterward, more monomers Kkeep successively
adding to the polymer chain through this
coordination bond. As the monomers are inserted
between the metal and the carbon of the monomer
this polymerization is also known as insertion
polymerization. [27]

i -
\ W

Figure 4: Coordination polymerization.

2.2.5. Condensation polymerizations or Step-
growth Polymerization

Condensation polymerization (as the byproduct
condenses out) is the second most common
mechanism for polymerization. In this mechanism
the reaction between the repeating units and the
growing chain results in the release of a small
molecule (condensate) such as water or hydrochloric
acid as a byproduct.

The reaction progresses in a step-wise manner
and thus the name step-growth polymerization.
Common examples include polyesters, polyamides,
polycarbonates, proteins, and polysaccharides. It
should be noted that plastics such as polyesters and
polyamides made via condensation polymerization,
in which water is released, are susceptible to
degradation when exposed to water at high
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temperatures. Thus minimized moisture levels and
dry conditions are necessary during melt processing
of these polymers.

Monomers having reactive groups can react with
themselves through a stepwise slow reaction to form
a polymer. As this type of reaction, goes stepwise
manner it is thereby slow, unlike chain
polymerization. This type of reaction mostly
accompanied by the elimination of small compound
through step polymerization may proceed without
any elimination.

Composition of the monomer and repeat unit
will be the same or not depending on the
elimination. If no elimination is involved in the
polymerization the composition of the monomer and
the repeat unit will be the same. If byproduct is
formed then the composition of the monomer and
the repeat unit will not be the same. Poly
condensation, Polyaddition are the most common
examples of step polymerization.

. Polycondensation:  Monomers containing
reactive groups can be condensed by reacting
with each other. Elimination of small
molecules is known as condensation. As
condensation is involved in every reaction
during polymerization this polymerization is
called Polycondensation (Figure.5).
Monomers must have two functional groups
for the Polycondensation to proceed. Only one
type of reaction is involved in polymer
formation. The polymer formed still have the
two reactive groups at their chain end hence
polymers are active.

HOOC —R; —CO0H + HO—~R, —OH —= HO{CO—R —CDO—RZ—D}H
n

Figure 5: Polycondensation polymerization.

1. Polyaddition: This type of polymerization is

brought about by the migration of atom from
one monomer to another. Monomers having
double bonds or reactive groups as functional
groups can undergo this type of reaction.
Styrene can be polymerized by this method
(Figure 6).
Hydrogen atom transfer from one monomer to
another and simultaneously monomers keep
adding with one another. Like chain
polymerization monomers are added without
producing any byproduct.

An interesting feature is that chain
polymerization requires either free radicals or ions
for polymerization to proceed, whereas styrene can
be polymerized without any of them. But like in
chain polymerization monomers here do not react

rapidly. As every reaction requires the transfer of an
atom this type of reaction requires time.

Monomers having reactive functional groups can
also undergo polyaddition polymerization without
any byproduct. For example, polyurethane polymer
is formed by the reaction between diisocyanates and
diols where a transfer of atom is involved.
Hydrogen from diol transfer to diisocyanates results
from the addition of the two monomers.

HC=—CH H,C=—=CH H,C =C—CH=CH

I I
S S e S
() - ) — |
T i = o
HiC=C— CH=CH HiC=C—f-cH,-cH—fcH=cH
sleRENegoliv]e
+ n
/J L \‘/) " F F
n

Figure 6: Polyaddition polymerization.

H,C ==CH

W,

The differences between the step-growth and the
chain polymerization mechanisms are summarized
in Table 4. [28]

2.2.6. Ring-opening:

Ring-opening polymerization (ROP), as a variant
of polymerization mechanism, vyields higher
molecular weight in relatively shorter time therefore
this mechanism is preferred for industrial mass
production. Monomers having a ring structure can
be polymerized after the opening of the ring.
Monomers after opening follow either polyaddition
or Polycondensation type of polymerization. ROP is
a superior method for making copolymers with
tailored properties to support specific application
such as coatings, fibers, elastomers, adhesives, and
composites.

Some of the
poly(propylene oxide),
poly(tetrametnylene  oxide),  polycaprolactone,
poly(dimethylesiloxane) , Ethylene oxide and
caprolactam. Where ethylene oxide follows
polyaddition reaction and caprolactam follows
Polycondensation polymerization after their ring is
opened. Figure 7 is an example of a ring-opening
polymerization.

(Hzc\)5 NH
\ /

common examples include

polyoxymethylene,

Hooc—(—cu:-}i—w; “n Hooc—fCH:ﬁs—NH; - - HO—E(O—CH;—VH%H

n+l

Figure 7: Ring-opening polymerization
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Table 4: Differences between the Step-Growth and the Chain Polymerization Mechanisms

Step-Growth

Feature Mechanism

Chain (Living) Chain (with Termination)

Number and class
of reactions

Only one between
dissimilar groups

Two reactions: initiation and

Three reactions: initiation,
propagation, and

propagation termination

Two species of any size

Reactive species having dissimilar groups

Active species of any size with

Active species of any size
with monomer or among
them (termination)

monomer

Monomer disappears

Monomer - :
early in the reaction

consumption

Monomer is present up to high

Monomer is present up to
conversion high
conversion

On the basis of reacted

On the basis of polymerized

On the basis of

Conversion X .
functional groups monomer polymerized monomer
Average molecular conversion
weight versus conversion conversion
conversion
ROP utilizes cyclic monomers. Cyclic The ring-opening reaction can be performed

monomers are monomers in which one or more
series of atoms are connected in the form of a ring.
Referencing to the example of bicycle chain, if the
links are in the form of a circle then these circular
rings are required to be opened to be polymerized.
Once the circular link arrangement is opened up it
could be attached to the chain at either ends
promoting chain growth .Similarly, ROP involves
an initial step of opening the cyclic monomer ring
as illustrated in Figure 8. Generally a catalyst or
initiator is used to expedite the ring-opening
process.

L

n e ,VI|-—-/ e =T § 1) e

Figure 8: Ring opening of a cyclic monomer (M)
and “m” is the repeating unit derived from M

The strained cyclic monomer ring is opened to
convert the monomer into an active center that can
be further polymerized with another monomer or
repeating unit to create a polymer as illustrated in
Figure 9. After the cyclic ring is opened the
polymerization proceeds according to one of the
three different major reaction mechanisms as
cationic, anionic, or coordination insertion
mechanism. An important feature of this mechanism
is that ROP systems are typically a living
polymerization.

—— k

- ~
cedm)gm* N S e Am)yym*

""d
Figure 9: Elementary reaction of ring opening—
chain-growth polymerization where m_ denoted the
active center, and kp and kd are rate constant of
propagation and depropagation

either as a bulk polymerization, or in solution,
emulsion, or dispersion. A common example is
production of polyamide PA6 polymer from cyclic
caprolactam. As illustrated in Figure 10, ring
opening of caprolactam is performed by water
which produces a carboxylic acid end group (-
COOH) and an amine end group (-NH2). The step
polymerization of these functional groups develops
the amide linkages (-NHCO-) that grow to form
polyamide. [29]

250°C 250°C
HN — (CHy)s— C=0 + H0 +———" HN— (CH,)s—COOH +———% HN'(CH,);— COO™

H o
| Il
HN— (CHy)s—COOH «—* H N — (CHy)s—C OH +n-1H,0

Figure 10: Hydrolytic ring-opening
polymerization of caprolactam to produce nylon 6

2.2.7. Other Mechanisms

Other mechanisms such as chain transfer and
plasma polymerization are also applied in the

production of various polymers. All these
mechanisms  produce polymers with unique
properties.

2.2.7.1.  Chain Transfer

In chain transfer mechanism the active center of
the growing chain is transferred to another
molecule. The transferred active center is not
terminated during migration and has the potential to
initiate either another polymer chain or a branch on
an existing polymer chain. Chain transfer is a chain
breaking step and decreases the average length of
the propagating chain, significantly applicable to
biomedical drug delivery application. The molecule
receiving the active center may or may not initiate
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growth of another polymer chain depending on its
reactivity. Chain transfer mechanism is very helpful
in the formation of graft copolymers. [30]

2.2.7.2.  Plasma Polymerization

In plasma polymerization the polymer is
produced by using the influence of plasma (partially
ionized gas). A plasma sources are used to generate
gas discharge. The energy from the gas discharge is
then wused to activate the monomer for
polymerization. The polymers created from plasma
polymerization are highly branched and cross-
linked with the capacity to adhere to solid surfaces.
Because of their efficient adhesive characteristics,
these polymers are significantly used in creating
smooth coatings on metal surfaces. Insoluble
polymers are used to create microscopic films of
about 100 pm to 1 pum thicknesses on the metal
surfaces. [8, 31-36]

2.2.7.3. Catalytic polymerization

Catalytic polymerization also called the Ziegler-
Natta polymerization technique, employs catalysts
that are transition metal-based coordination
complexes derived from transition metal halides and
organometallic reagents. This technique allows
better control over the configuration of polymers
synthesized from terminal alkenes and also
facilitates the production of unbranched and high
molecular weight compounds, hence, stronger
polyolefins at relatively lower temperature and
pressure than required by other addition
polymerization methods. The polymerization of
ethene using a titanium-based Ziegler-Natta catalyst
is shown in Figure 11. [37]

(o]

Al
H,C—C—,

Hy —~CHs

HC | nwe=on H,
c, I R > c’_ﬁ
i e
C!/ |\CI
[¢]
Zicgler-Natta catalyst

Figure 11: Catalytic polymerization of ethene
using a Ziegler-Natta catalyst.
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