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Abstract

Polymernanaomposites have attracted considerable scientific attention in recent decades
due to their tunable structural, thermal, and electrical properties, making them highly promising
for advanced technological applications. In this context, the prasedy focuses on the
synthesis and characterization of eight based polyurea polymers derived from Schiff base
monomers, employing selected aromatic monomers and four different diisocydates (
MDI, HDI and PD). These polymers were subsequently reinforced wittersand copper
nanoparticles to achieve high electrical conductivity combined with excellent thermal stability.

The first monomer, terephthaldehyde bis(thiosemicarbazone) (TBT), was synthesized via
the reaction of terephthaldehyde with thiosemicad®in ethanolas shown below

S H HS
HZN-C-N-N=% @ﬁ “N-N-C-NH,

Terephthaldehyde bis(thiosemicarbazone) (TBT)

whereas t he s e {4(bdpienanapis(d,dthiadiazdd2;amihg)] (TDA),
was prepared through the reaction tefrephthalic acid with thiosemicarbazide using
concentrated sulfuric acab catalystAs in the following structural formula:

O~
|

5 , -[6LMiphenenepis(1,3,4thiadiazot2-amine)] (TDA)

These monomerserved as key building blocks for the polycondensation reactions with
the selected diisocyanate in drymethyt2-pyrrolidone @iry-NMP), leading to the formation
of polyurea polymeras shown

HS H HYSHO9H ©HO
H N-C-N-N=ﬁ@c=N-N-C-N-C-N~R-N-C

R= 2a= - NCC(I:3 . 2b= OCN@CHzONCO 2c= OCN_(CHz)gNCO |

2d= OCN ONCO

Whereagolyurea polymers were prepared from TH2A:



R= 3a:OCN ZNE(I? ' 3b= 0CN~ _H—cH,-)-NCo e OCN—(CHz)gNCO'

3d= OCN@NCO

Hybrid polyurea nanocomposites were fabricated by incorporating silver and copper
nanoparticles into the polymer matrix using ultrasonic dispersionlRF$pectroscopy
confirmed the successful formation of polyurea linkages, while thermogravimetric analysi
(TGA) revealed a mukstep thermal degradation behavior with high thermal stability,
particularly for PDibased polymers. Xay diffraction (XRD) analysis verified the crystalline
nature of the embedded nanoparticles, whereas FESEM and TEM obserdationsstrated
a relatively uniform dispersion of silver nanoparticles and the formation of interconnected
metallic pathways by copper nanoparticles, contributing significantly to enhanced electrical
conductivity. EDX and zeta potential analyses further iooeid effective nanoparticle
incorporation and high colloidal stability, especially in coppantaining composites and RDI
based systems. Electrical measurements showedligh conductivity to polyurea
nanocomposit@olymers, with silvetbased nanocomposites exhibiting superior performance,
highlighting their potential for applications in flexible electronics, conductive inks, and thermal
management systems.
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Chapter One

Introduction and previous stude



1.1 General Introduction

The scientific origins gbolymerlaboratoryresearch tradeack to the early twentieth century,
specifically to Schrddinger's (20) pioneeringinvestigations intahe long molecular chains
constituting polymestructureswhich laid the foundatioof polymer sciencgl]. Since then,
polymer technology hasxperienced remarkable progress, driven by the urphysical and
mechanical propertiesf these materiajstheir high mouldabily, the ability to tailor such
properties, and theressing demand faiternatives wittsuperor technologicatharacteristics
compared taertain conventionahateriat [2].

Polymerization and polymersaterialshave attracted significardttention frombothscientific

and industrial ommunities Extensive researchhas been devoted to investigatitiggir
properties,developing fabricatioimethods,and enhancingerformancetherebyexpanding
their applicationrangacross diverseectors Today, mlymersare integral to thenanufacture

of most industrial productsianging from children's toys to autortive and &rospace
components Their importance in the energy secisr evidentthrough their use in the
productionof solar cells andelectrochemicakells. Furthermore, a swet of polymersis
classified as insulating materials, making thdealfor applications in thelectronics industry,
including printedcircuit boards, electrical insulation materials, and coatings for wires and
connectors, consistent with the intrindiesulating behavior of most polymers Certain
polymerstypes exhibit notable resistant®elevatedtemperatures and mechanical stresses,
enabling them to serve affective alternativeto varioustraditional metals in the construction
sector. Reinforced glymers in particular, have demonsteal considerable utility in
prefabricated construction, thermal awbustiansulation, andn providing durableesistance

to diverse environmentaonditions[3].

Ongoingresearctendeavorgim to further improve theesistancef polymersto challenging
environmentaffactors such as high temperaturasd ultraviolet radiationwhile enhancing
theircapacityto withstand shocks amdechanical loads. Additional reseaatfjectivesnclude
refiningtheir optical, electrical, thermal, mechanical, hardness, and@itieal propertiesA
central focus inpolymer scienceis the development of novelindustrially desirable
characteristics through the incorporation of specific additives or the blending of two or more
distinct polymers a process knownsysithesis. This technology hgainedincreasingnterest

in recentyearsdue toits wide-rangingapplicationsspanningrom multicolor photolithography

and advancedoatingsto adhesives and protective filrf¥.

1.2 Polymers

In the eighteenth century, polymers were classified as colloids, as the colloidal state was
regarded asn independent state of matter alongsiaesolid and liquidstates At that time,
the precise composition of these substances was unkm@evthe moleular structure of the
giant molecules, lateeferred to apolymers, was natlucidateduntil 1920[5]. The majority
of polymers are of organic origin, as many organic comgsuame classified as hydrocarbons,
meaning they are composed primarily of carbon and hydrogin,their chemical bonds



characterizedpredominantlyby covalentinteractions[6]. A polymer is thus defined as a
macromoleculecomposed of repeatingmaller chemical unitsknown as monomersyhich
serves as the fundamental building blo€kolymer Thesemonomersare linked by chemical
bonds to formextendedmolecular chainsmparting polymerswith a high molecular weight
compared to other compounfds, 8]. The term polymederivesfrom the Latin poly meaning
"many" and mer meaning "unit" or "pgrtthus signifying "many-units’ or "many-pars".
Representativexamplesinclude polyethylene and polyacrylic acid. Polymer molecules are
typically held togetheralong withinternal moleclar forcescommonly referred to asecondary
forces or van der Waals forcgy, whichact eithebetweerdistinctpolymer chains or within
asegment of the sanahain. Thesesecondary interactions play a critical role in determining
the physical properties of polymePBalymers caralsobe classifiedased on theonfiguration

of thar chains, adlustratedin Figure(1-1).

iy et

Linear

S 4

(b)

Amorphous

Figure(1-1): (a) polymers molecular structured) polymer chains showing amorphaoarsd
crystalline structurefl0].

Polymer molecules may berrangedin a linearconfiguration in which case the resulting
polymer isreferred to as linear polymerExamples includenylon, polyethylenepolyvinyl
chloride PVC). Alternatively, he chains may be branchgudpducinga branched polymer, as
in the case oédmylopectin and lowdensitypolyethyleneln some cases, polymers may adopt
a laddetlike structure, or the branches mayiterconnectedforminga crosdinked polymer
suchasvulcanized rubber (Bakelitggnd polyphenolformaldehyderesins[11, 12]. Network
Polymers are thredimensionalstructures characterized lay high degree ofrosslinking,
which impartshardness anohechanicaktrength A notable example ihermosetting plasti¢cs
which, upon heating, undergo degradation or combusadémer ttlan meling. These polymers
typically possess three active functiongdoups, a seen inepoxy resins and phenol
formaldehydepolymers[13, 14].

The degree of polymerization gpis defined as the number of repeating upitsent within a
polymer chainWhenthe degree bpolymerizationis relativelylow, typically in therangeof
(10 - 20), the resulting material is referred to agomer. In contrast,common industrial



polymersexhibit highdegrees of polymerizatipnvith values aroun@,a100) for glues and
adhesive pasteand(Dpa1000) orhigherfor synthetic rubber and solid plasti@onsequently

the degree of polymerizati®serves as an indicatof the polymes molealar weight which
canbecalculateby knowingbothDp and the molecular weight of tleerrespondingnonamer,
according tahe following relationshi8]. The average molecular weight of all the polymer's
chains is usually what people mean when they talk about its molecular weight. The number
average molecular weight of the polymer (Mn) dgectly related to the degree of
polymerisation (Dp). The equation below shows how they are rdHigd

Mh=Dpi M € € é é (1-1)
M: molecular weight of the monomer.

Polymerspossessumerousharacteristicsamongwhich the most significant ard.6]:

1- They are déw-costmaterials that areasyto mold andnanufacture, requimg minimal
or nosubsequent processing.

2- Theyexhibitflexibility andlow density, making therightweight.

3- Most polymers demonstratew electrical and thermadonductivity, as well aa low
modulus of elasticity.

4- Thdr molecularstructuresare more complex comparedrteetals and ceramics.

5- Certain polymers are noted for thealor stability and transparency.

6- Some polymers resista@to weak acids, weak basesdasalne solutions.

7- Due to heir low density, high specific strength, aexicellentcorrosion resistance
polymers are highly suitabfer applicationsvhereextremelyhigh mechanical strength
is not a prerequisite

8- Although they generally have siperior chemical resistanc&eompared tometals,
extendedexposure to ultraviolet radiation andrtainsolvents ca lead todegradation
of thar properties.

9- Polymers typically havéow moisture absorption anghaintain favorableslectrical
properties.

1.3 Texture of Polymers

The geometric structure of polymer chaiasprimarily determined bythe type of bonds
conneding the atoms within the chailue tothe pdential forrotation around single bonds,
particularly when the polymer is in a solution or hem state, polymer chainsan adopt
multiple geometric configurationseferred to asonformationg17]. The localized mibon of
specificsegment®f the polymer chain, and the resultc@nformationsplays a crucial role in
definingthe physical and mechanical pesties of the polymer, such as the elasticity of rubber
and the hardness of other typ¥silcanization is anotableexample ofa process that reduces
the mobilityof polymer chainghereby increasingpardness andecreasinglegree of elasticity.
The locdized nobility of polymer chains is highlgependent otemperatureln the molten
state polyme behawe likeviscous liquid due to thenrestrictednovement otheirchains. This



property isutilized in polymermanufacturingwhere thematerialis heated to a molten state
andpressed intanadds of specificgeometriesUpon cooling, the polymesolidifies intothe
mold's shapga process known as molding. #snperature decreases, the translational freedom
of the polymer chainsecomes limitegallowing only localized maons, such as the movement
of side groups and chain end$8]. Thesechangesare accompanied by fundamental
transformationsn the polymer'sphysical properties, trait®ning from a molten viscous
material toarigid solid. The temperature at which tliansitionoccurs is known as the glass
transition temperature ). Below Ty, themobility of chain segments and substituent groups
is significantly restricted,resulting in ahard and brittlepolymer. Above Ty, the eahanced
segmental mobility imparts alasticresponse to the polymEgt7].
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Figure (1-2): Representation of the structure of the polymer spheifdiée

The physical and mechanical properties of polymergavernedoy threeprincipal factors,

the mostsignificantof which arethe chemical bonds and binding forces. These baaaisbe
categorized intdwo types primary bondsThe first type comprises primary bondsmely
covalent bondswhich connect atoms withithe polymer chains andccount forthe vast
majority of bonds in a polymer. The second typgudessecondary forces, which arisgher
betweendifferent chains or within thesamechain exerting a considerable influence on the
physical and mechanical properties. A third type of bond alsses,originating from the
physical entanglement of long chains. Secondary forces are sometimes known as van der Waals
forces or intermolecular forceSeveral forms of these forces influence polymer properties,
including dipole forces, whiclccur dueto the presence of polarized molecules or groups
within the polymer chain. These groups possegermanent dipoleloment thagenerates
attraction betweeappositepoles,with their influence beingemperaturelependentinduction
forces arisewhen polainzed groups in the polymer chaact upon neighboring nonpolar
molecules or groupsnducing partial polarization. They are independent of temperature.
Dispersion forcegesult from instantaneous fluctuations in the dipste@mentcaused by
electron mobiliy.

They occur between most molecules but are weakened in the presence of strong polarizers.
These forcesrealsoindependent ademperatureHydrogen bondsepresent another important



category of interactiongprmed between hydrogen atoms and groupsatoing an electron

pair. Such bondsnay beeitherintramolecular or intermoleculanfluencingthe physical and
mechanical properties of polymengarticularly in the presence @ictive groups such as
carboxyl (COOH), amide {CONH,), amine {NH-), and hydroxyl {OH). Polarized groups
capable of formindpydrogen bondexert a pronounced effect on polyrpeoperties, wittbond
enerdgesranging from(12.6' 29.4 kJ/mo), andbond distances in thenge of(2.43 . 2 1 10
cm) [20]. Another major factosignificant influencinghe physical and mechanical properties

of polymers is their molecular weight.

High-molecularweight of polymers exhibit superiostrength, toughness, and resistatwe
solvents making them suitable faubber applicationdn contrast, dw-molecularweight of
polymers (less than 10,000) aypically used in adhesives due to their poor toughriresise

contrd of molecular weight during production tisereforecritical. The concept of molecular
weight in polymers differs from that in organic and inmigacompounds due to the variability

in chain lengths, and isubexpressed asaveragamolecular weight. Severapproacheare

used to calculat¢his value including the numbeaverage molecular weighthe weight
average molecular weighdnd theviscosityaverage molecular weig[®1]. Thirdly, polymers

that areorganizedn space have certain structures in their chains called cis and trans isomers.
In the cis configuration, all of the cam atoms are on the same side of the plane that contains
the double bondn the trans configuration, on the other hand, the carbon atoms are arranged
in a such that they are either above or below this gR2)23].

1.4 Solubility of Polymers

The solubility of polymers isolvens constitutes a pivotal parameter influencing both their
synthesisand industrial applicationdvlanufactuing processes such as the productadn
synthetic fibers, films, coatings, and adhesiradg fundamentally on this propertgnd these
materials are often used in the form of polymer solutions. As with small molecules, polymers
do notdissolve in all solvents; somdisplayspontaneous solubility ispecificsolvents while
being insoluble in other¥he swelling phase is the first step in the dissolving process. During
this phase, the polymer's volume and weight increase as it takes in solvent molecules. This
happens when éintermolecular interactions in the polymer chains are strong, like when there
are highly organizedcrystalline regions or hydrogen bonds. Strong polymer and solvent
connections can help these interactions go g2@y24], ultimatelyleading toa true solution
once complete mixing between the polymer and solvent is achi€heddssolutionprocess
is influencedby several key factors, includingirstly, the polymer and solvent's properties:

The chemical makeup of the polymer and the polarity of the solvent determine how well it
dissolves. Polar polymers, which have functional groups with partial charge, only dissolve in
polar solvents. Nonpolar polymers, on the other hand, only dissolwapolar solvent§21].

Secondly the flexibility of the polymer chain: Thidenoteghe ability of polymer chains to

move and displaceslative to onearnother.Greaterchainflexibility facilitatesthe dissociation

of long chains andheir penetrabn by solvent moleculeghereby enhancingolubility [25].

Thirdly, the polymer's molecular weight: Polymers with higher molecular weights are less
soluble because their chains have more energy to connect with each other. Longer chains have
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more links, which makes it harder to separate them in the s¢R&nMoreover thechemical
composition: Theuantityand type of functional groupgithin the polymeibackbonesuch as
hydroxyl (-OH), carboxyl (-COOH), and amine (-NH2) groups affect solubility, as these
groupspromotethe formation of bonds with solventsoleculeqg27].

In addition the aystal structure: Crystalline polymerdisplay lower solubility compared to
amorphous counterparsie tostrongchaininterconnection. Evewith a solvent ofmatching
polarity, crystalline polymepften resist dissolution at ambiet@mperature. Fomnstance
polyethylene (PE) swells in hexane at 20°C without complete dissolbut dissolves at
elevatedemperatures. Similarly, crystalline polystyrene (PS) dissamBsupon heating28].
Equally importantchemicalcrosslinking:Covalentcrosslinks betweepolymer chaindinder
chainsepar&on andmobility, renderinghepolymer insolubleeven when only a small number
of such bonds are preseff9]. Finally, the temperature:Thermal conditions influence
solubility, asincreasingthe temperaturean either enhance or reduce polyrsetubility
depending on itshemical naturand structuratharacteristic§30].

1.5 Polymers Classification

1.5.1Classification Depending on the Origins of Polymers

Polymerscan beclassified according to their sources into thpaacipalcategoriesThe first
category comprisesatural polymers, whictare compoundsobtainedfrom plant or animal
sources, such azllulose, starch, natural rubber, wool, silk, and leaffbese materials are
generally characterized by their high cost afichited availability, which restricts their
widespread utilizatiof31]. The second category includesdified natural polymers, derived
from natural polymers that hawmdergonechemical modiftations such aghe introduction
of functional groups or grafting with synthetic polymeRepresentativexamples include
synthetic wool and cotton grafted with acrylic fib¢82]. The third category encompasses
synthetic polymers, which are produced industrially freimple monomerwia chemical
reactionswith notable examples beimplyvinyl alcohol (PVA) and polyethylene (PB1].

Examples of Natural and Synthetic Polymers
Natural polymers are made by Synthetic polymers are made
living organisms. by chemical reactions in a lab.
Nylon Polyester
Cellulose Teflon Epoxy

Figure (1-3): Examples ohaturalpolymers andheir monomerg33].



1.5.2 Classification Depending on the Chemical Nature of the Polymers

The chemical classificatioof polymers ircludesorganic polymers, which are carbbased
compounds typically contaimg elements such as hydrogen, nitrogen, oxygen, and sutfir, a
representthe most common in industrial applicatiof32]. It also comprisesniorganic
polymers, whicharecomposedf noncarbonbased elements such as silicon, phosphorus, and
nitrogen, are characterized by higihermal resistance andh threedimensional network
structure, adn the case oifmagnesium oxide (MgOpolymers[33, 34]. Furthermore, it
encompasses@anicinorganic polymers, whicincorporateunits containing metal elements
along with organic groupsndare notable fortheir high heat resistance, esemplified by
polysulfide[35].

1.5.3Classification Depending on thel' hermal Behavior

1.5.3.1 Thermoplastics

This classification includes a group of polymers whose physical propemidsgo
significant changes undére influence of heat. As the temperatimereasesnd approaches
the glass transition temperatureg)Tthese polymergrogressivelylose their rigidity,
transformingfirst into soft, flexible materials, andubsequentlyinto viscous melts. This
behavioris attributed to reverse transformatia@yaencereturning to its solidmnechanically
strong state. Thiseversal occurgiue to the restriction of the translational chaiotion,
limiting it to localzed movemens [36]. In general, the physicalerformancef thermglastic
polymersis influencedby several factors, including the length of individual polymer chains,
thar shape and conformatipthe functionalgroupspresentand the structurair substituent
characteristicoof the main chainMoreover strong van der Waalmteractionsbetween
polymerchainscansignificantly elevatethe melting temperatur&epresentative examples of
suchpolymersinclude polymethyl methacrylate (PMMA), polyethylene (PE), polypropylene
(PP), and polystyrene (PB7].

1.5.3.2 Thermosets Polymers

These polymers are crebsked, as the presence sdfichcrosslinking impedes molecular
recrystallizationwhile increases the energy required ttkee movement of polymer chains
segmentsresulting ina high glass transition temperature;))(TAmong the mostnotable
characteristics of these materials are their insolubility and inability to asektell agheir poor
thermaland electrial conductivity[38]. Polymerizationin this class through the formation of
strong chemical bondénking the moleculesDue to therobustnessf the covalent borsl
between chainsghermosettingplastics do not softempon heaing, except attemperatures
sufficiently high to break these bonds, whichnsequentlyeads to materiatharring[32].
Accordingly, these materials anaherently brittle withlow ductility, examplesof which
include unsatwated polyester and epoxgsins This classof polymes doesnot melt upon



heating;instead heatexposurestabilizesthem intheir final shaps. Under thénfluence of heat
and pressureheir pastes arehapednto the desireflormsusing speciatedmolds[39].

1.5.3.3 Elastomers

This material is classified as a rubber polynagstinguishedy its capabilityto elongate up
to twice its original length ansubsequently recovds initial dimensions Typical examples
of this type include natural rubber and polyureth@® These polymers are characterized by
a low glasgransition temperature ¢f and demonstrate a higher mechanical response when
subjected to stress. They are also capable of recovering their original dimensions upon the
release of stress. The flexibility of this class of polymers is attributed to tlotusérof their
long, flexible molecular chains, which are randomly coiled around each other, such that the
average distance between the two ends of a polymer chain is considerably shorter than the
distance observed when the chain is in a fully extendeigoation[9].

(a (b) (c)

Thermoplastic Thermosetting Elastomer

Figure(1-4): Types of polymer chain structures according to technical (technological)
propertied41].

1.5.4 Polymers Can be Classified According to the Type of Monomer as
Follows

A polymer moleculeonsists of repeatingnitsthat may be oimilar or differentchemical
compositios. A polymercomposed of identical repeatingits isreferred am homopolymer,
whereas one composeddifferentrepeatingunits istermed a cpolymer[42- 44].

1.5.4.1 Homopolymers

If a polymeris composeaf a singletype of monomer, it is classified as a homopolymer, as
exemplified bypoly (ethylene terephthalatepolyvinylchloride, polystyrene, polypropylene
etc. To overcome such limitations, composite polymers derived from homopolymers are
developed The primary targeted properties of the composite polynderived from the
homopolymerinclude enhancedtiffness andensilestrength, improgd stability, increased
impact resistanceand elevated heatistortion temperatureAddition objectives comprise
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improved mechanical dampingcapacity redued permeability to gases and liquids,
modification of specificelectrical propertiesandaredudion in the overalprodudion cost of
the polymei44].

1.5.4.2 Copolymers

Copolymers are defined gmlymers composedf more than one type of building block
(monomer) The way the different structural units in a copolymer chainpartetogether
determines what kind of copolymer it is and has a big effect on its physical and mechanical
properties. First, there are random polymers, which are made up of different monomer units
that are not in any particular order along the polymer chHme structure of alternating
copolymers is the same all the way through because they are made up of two different types of
monomer units that alternate periodically along the polymer chain. Some polymers, like nylon
66, are made up of two different moners that need to be exchanged in a certain order. These
polymers are called homopolymers because their structure is quite homogeneous. Block
copolymers are also linear polymers made up of long sequences (blocks) of repeating units of
the same kind. Eachditk has a different type of repeating uiit.addition,graft copolymer
is formed when aecond type of monomer, different fréhose in the maiohain, ischemically
bonded as side chains to the polymackbond45].

Figure (£5): Classification of copolymeig6].



1.6 Polymerization

Polymerization is a fundamental chemical process in the polymer indudteyeinsmall
molecules known asmonomersare transformethto largemacranoleculescalledpolymers,
while retainingthe basic structurdramework of the monomers without any fundamental
alteration[18]. This procesproceeds through the covaldimking of monomer units to form
extendedpolymer chainsThe methods of @ymerization varyaccordingto the nature of the
reaction and themechanismof linkage Flory (1953) and Carothers (194@)assified
polymerization processes into tywancipal categoriefl3, 14]: The first categories isddition
polymerization aso calledchairi growth polymerization(CGPs) This mechanisnmvolves
the successivaddition of monomer moleculethroughthree distinct stageshe initiation
stagegenerats an active centewhich may exisias an ion or &free radicalcontainingan
unpaired electron. This is followed by propagat&iage during whichthe active center
extends viaa series of symmetriceactions[32, 42]. The process concludes with the
terminationstage whereinchain growthceasesvhen two free radicals reaetachterminating
the othe31]. In this polymeization, the reaction rate risk®m zero to a maximurwithin a
short period,before reachingequilibrium, asobservedin the synthesis ofow-density
polyethylene[31, 42]. CGPsare produced byhe repeated sequential addition of monomer
units, wheremonomers react exclusively with the active end of the chain and do not interact
directly with each other. Examples include Teflon, Orion, polyethylene, PVC, and
polypropylene General, alkenes antidir derivativesserve as théypical monomer units for
these polymersThesecond categorg condensation polymerizatipalso termedtep-growth
polymerizationg(SGPs) which contrass with addition polymerizationn that he polymer is
formed predomirantly during thefinal stages of the process, asexemplified bypolyester
stearate[32]. This mechanism involvesoadensation reactions between two molecules
containing multiple functional groupsgsulting in the formation ad new moleculetypically
with the release od smallby productmolecule at each st¢p2]. The reaction proceeds until
one of the reactants is completely consumed. Intypis of polymeization, the reaction rate
is highest at thanitial stagesowingto the maximuntoncentratiorof reactantsandgradually
decreasesvertime, asseenn polyureasynthesig47].

1.7 Polyurea

Polyurea(PUs) was first mentioned in 1948, whereveralresearchersnvestigatedthe
thermal properties and melting points of varipotymer systemsncluding polyester, linear
polyethylene, polyurethane, polyamide, and poly(4&h The resultsevealedhat polyurea
exhibited superior thermasktability and significantlyhigher melting point compaad tothe
other systems. lis noteworthythat these polymers wergynthesized undelaboratory
conditionsand were not yeapplicablefor practicaluses in coating dinings. Figure(1-6)
presents a comparatiggaphof the melting points of different pomers. Subsequently hie
two-component flexible coating/lining technology based on polyurea was developed from
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reaction injection molding (RIM) technologyhich had emerged the early 1980s. The
polyurea RIM process was employed in the productioh several automotive exterior
componentsincluding body panels and bumper coverse crosslinking of polyurearesults
from the chemical reaction between amiaaninated resins and an isocyanate component.
This reactioreads to théormation of a polymeconsistingof repeating urea linkagelsence,

the term "polyurea” issedto describe theesulting material49].

Room temperature S0°C 100°C 150°C 200°C 250°C

e

Figure (1-6): Color change in polyurea with increasing temperature; aromatic polyurea
(isonate 143L/Versalink P65(}9].

In the process of making polyureas (PUs), a-&mmivalemtweight polyamine is usually used
as a chain extender. Adding more of this exteridethe polyurea formulation makes the
material stiffer and stronger by encouraging longer polymer chains to[s@nHowever,
although highechain extender content contributegteaterstiffness excessivamounts may
result inbrittle andmechanicallyweakelastomersin practice, bain extenders ammonly
incorporated ito systemghatrequite a high flexural modulus, such as structural applications
and protective coatings for concrete surfaffel. Their addition not only elongates the
polymer chaindut alsoincreases the hard segment (l8htentof the material, whiclplays

a critical role inimproving the overall tensile strength of the polyur&ae theoretical hard
segment (HS), which primarilgovernsthe hardness, strength, and toughness of thedcur
materia] can beestimated usingquation (-2). This segmentis mainly composeaf urea
bonds formed through the reaction between isocyanates and amines. Theoretically, low
molecularweight aminegchain extendersdreconsideredo contribute moraignificantly to

the hard segmembompared tdigh-molecularweight amines, such aolyether armes[49].

As shown in Figure (I).
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Figure (1-7): (a) Reaction between diisocyanate and diamine producing polyurea consisting
of hard segment (HS), soft segment (SS) and urea donajdrophase separation in
polyurea forming hard and soft doma[b4].

Diethyl toluene diamine (DETDA) isommonly employe@s a chain extender, eteasthe

triamine T-5000servesas a crosslinker, linking two or more polyurea chaingeneratea
threedimensional polymeric network [52]. According to experimental results, DETDA
replaces highmolecularweight amino polymers like D2000 and reduces the intermolecular
distance betweeneighboringurea groups. Furthermore, the growth of higthard domains
depends on the production of bidentate hydrogen bonds, which are made easier by the addition
of chainextender linkersas shown in Figure {&).
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Figure(1-8): Schematic of formation of crosslinked polyurea with the help of low molecular
weight amine$52].

Table (1-1) summarizes the differentypes of chain extenderstilized in polyurea
manufacturing. Ishould be emphasizedat both aromatic and aliphatic chain extendeay

be employed in diversepolyurea systems, depending on theecific performance and
application requirements.
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Table (1.1) Comparison of aromatic polyurea with aliphatic polyurea[49].

Examples of
Type ofpolyurea Isocyanate UV stability Properties Applications
Aromatic Methylene Discoloration and Tensile These materials
diphenyl microscopic cracks strength are widely used ir
0 ?I\';l%‘)sya”ate known as "crazing" ar« (TS): 3560 | the manufacture o
C

JOC
H

Aliphatic

N-bn
H

Toluene diisocyanate
(TDI)

Hexamethylene
diisocyanate (HDI)

observed on the oute MPa
surface of the materia Elongation

often resulting from at b ree
mechanical stress ¢ ): Over
excessive exposure 1400%
ultraviolet radiation.
Microscopic voids anc TS: 2.2
irregularites in  the 31.1 MPa

surface structure hav Elongation
also been observerat b rge
negatively affecting ): 293% -
surface homogeneity ar 1000%
resistance. The
discoloration process i The melting
extremely slow, point is
indicating a gradua above
deterioration in optica 210°C.
properties over a lon

period of time.

automotive parts
and in ballistic
protective
coatings
applications due tc
their high
mechanical
resistance.

They are alsc
used as topcoats i
environments

exposed to higt

levels of
ultraviolet  (UV)
radiation,

particularly  on

exterior roofs and
floors, where UV
resistance is ¢
critical factor in
long-term
performance
stability.

Isocyanges areextensively in the synthesef polyurea's and thechoiceof the appropriate
typerepresents a crucifdctor intailoring the properties of the resulting polymAamong the
most @ommony usedisocyanatess methylene diphenyl diisocyanate (MDI), whipbssesses
an isocyanate group content of 32.9% and a bifunctionality of 2. §nda dynamic viscosity
of (13i 21 Pa-$ MDl is typically utilizedin low-reactivity, singleand twecomponent systems
with supeior dynamic performance[53]. Another widely used isocyanate isluene
diisocyanate (TDIl)characterized bgn NCO content of up to 48.2% bifunctionality,and a
very low viscosity of(0.305 Pa-s TDI is mainly appliedn highly flexible moldingprocesses
and specialty foamsWhile low-viscosity formulations (0.7 Pa-s) are also available for
waterproofingpurposes Hexamethylene diisocyanate (HDWith an NCO content of 22i5
23.5% and a viscosity ¢iL..5 Pa-¥ is predominantly employeth industrial coatingssawell
as inautomotive and transportation refinishir@ollectively, thes@ropertiesunderscore the
significanceof carefully isocyanateelectionin controling the reactivity, mechanical and
electricalcharacteristicsand application areas of polyurd®].
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1.8 Polyurea Preparation Methods

There are threwidely employedechniquegor processg and mold polyurea: spray coating,
reaction injection molding (RIM), and casting. Eactethod exhibits distincoperational
characteristics thatirectly influence botlpreparation efficiency anthe quality of the final
product. Spray coating garticulaly suitable forproducingthin, homogeneous layers an
variousof substrateslt is characterized by rapid curing and the abilityctwerlargesurface
areashowever it requires higkpressuresystemsgostlyequipmentand advancedperational
expertise Moreover, the quality of the application is highly dependent on proper surface
preparation and environmental conditioR$M is typically appliedin the industrialscale
productionof large or precision partdue to itscapabilityof produéng high qualitysurfaces
free fromair cavities.

Nonethelessthis technique demandprecise control wver mold temperature and mixing
pressurejn addition to significaniequipmentinvestment RIM derived polyurea has been
extensively used in thiabrication ofautomotive exterior componentacludingbody panels
and bumper cover§asting is contrastis acomparativelysimple and lowcost technique that
does not require complex equipment or high pressuiis. dtlvantageous fancorporating
additives,such as nanoparticlgsto the polymer matriandcanbe performed under standard
laboratory conditions without the need for industgeale facilities Despite these benefits,
casting suffers from limitationmcluding a relatiely slow processg timeand the potential
formationair bubbles or voids within the sampl@areful control of mixing and processing
parameters is therefore requirddhis techniquerovides greateflexibility for nanoparticles
incorporation while maintaing low operational requirements, makingpdrticularly suitable
for laboratory applicationsand for evaluating functional properties such as electrical
conductivity and thermal behavior.

Polyurea isgenerally preparedby castingthrough the stoichiontigc mixing of two main
components,namely omponent A andcomponent B. In many casespmponent A is
introducedgradually and dropwise tmitigate itstoxicity and sensitivity to environmental
factors thereby reducingmissions and ensog safe processingMixing is typically carried
out using an externalevice such as a mechanicatirrer or magnetic stirrer, to ensure
formulationhomogeneitypefore pouringhe mixtureeither into an open mold or directly onto
a substrate surface.Becausecasting representsan open system, is highly sensitiveto
environmental conditionsparticularly temperature and humidityCritical factors that
determinecasting quality anéinal materialpropertiesnclude the nature of thpolymerization
processwhether solvertor nonsolventbased; the type of substrate or meitdployedduring
casting; and the curing time requiredatthieve complete polymerizatiddroper consideration
of these factors helps minimize void formation, i@ molecular bonding, and ultimately
enhance thenechanical prformance of the materidf solventsareused duringabrication
complete evaporation pri@uringis necessarywith the evaporation temperature tdemined
by the solveris nature Caremust be taken to avoid temperatures that ceaften or melthe
polyurea films as this would compromise issructuralintegrity. Residualsolvents within the
matrix significanty deteriorag¢ tensile properties.
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In previous studies, polyurea microspggrwere integrated into polyurea sheets using
Versalink P1000 and isocyanate 143L, which resulted in the formation of polyurea composites.
This procedure, illustrated in Figuf&-9), involved combining isocyanates and diamines with
a solution of acetonend polyurea microspheres before pouring the mixture into a
polypropylenemold. The composite liquid was then poured through a funnel in a thin stream
to eliminate air bubbles that had formed during mixing. The final samples were first cured for
24 hours a80°C under vacuum. After that, they were cured at room temperature for five days
[47], [53].

Polyurca-Microsphere
Polyurea mivture
Isocyanate Diami ' \) ' \|
socyanalc min \ \ \
<D T = 4% hours at ambicnt
i :
i Mix o lemperatures \/:—-‘
\ v
= “wre for 24 e
o0 Cast lnto ‘::"m‘:;.’u nd:“
Y wold vacuum
PUI
microspheres

Figure (1-9): Schematic of production of polyurea films by casting me{bd].

1.9Literature Review

Polyurea systempossess a wide rangd industrial application®wing to their unique
combinatiorof rapid curing as well ashermal and chemical stability. They halemonstrated
high efficiencyin reactioninjection molding (RIM) processewjth curing times as short a&

3 seconds and drying timef less than 10 seconds. &3e features significantieduce the
occurrenceof defective parts andnable compatibility witkelectrophoretic coating (ELPO)
proceses which requires heating to approximately 205°C, a temperdbat conventional or
hybrid polyurethane systerase unablevithstand.Since 1989, plyurea has also beapplied

in roofing and insulation systemgarticularlyfor encapsulating rigid polyurethane foam, due
to its duraldity , solventfree nature(100%solids), and fast curingapability[55- 57].

In a (2021 study, (Ahmad Zarour Suheir Om3gr and colleagueproposeda method for
synthesizing polyureacoated microcapsules using a ragueous emulsion. These
microcapsules were loaded with palladium nanoparticsch renderedthem effective
catalysts for the hydrogenation of alkenes and alkynesprparednicrocapsulegxhibited
high catalytic activity and reusability for up to nine cycles with consistent performaviuée
also allowing facileseparation andemonstrating excellestructural stability. Thesindings
highlight the potential of polyurea in the ldopmentof innovative andustainable catalytic
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systems,particularly in nonaqueous environmentshereby opening broad prospects for
industrial application§s8].

In a (2023 study, (Mingyang Li, Gaoyang E and colleaguesdeveloped a lignimodified
polyurea adhesive for coating potassium chloride grarolggodue a controlledrelease
potassium fertilizer. Thdéormulation was basedn combining lignin with polyureat an
optimal raio of 2:1, resulting inan effective coating layer witlenhancedmechanical
performanceExperimentalesultsrevealshat themodifiedadhesive provided the agricultural
granules with a 1399hcrease irmechanical strength compared to huag@-treatedgranules
while also improwng the flowability of the final materialWith respect toagricultural
performance, the system achieved a cumulative potassium release rate of approximately 28%
over 28 daystepresenting @2% reduction compared toonventionakelease systemghis
demonstrasits high efficiency in controlling nutrient release oeatended period©Overall,
the study underscores the significanad modified polyurea in agricultural applications,
particularly in the development of smart ferer systemsthat enhanceagricultural
productivity whilereducing environmental wasig9].

In a (2023 study, (Amirhossein MahtabaniDamiano La Zarg and colleaguegmployed
molecular layer deposition (MLD) to deposit fine layers of polyurea onto silica nanopatrticles
using the monomers PDIC and ED. Following this, the modified particles were esabedd
within a polymer matrix cmposed of polypropylene and ethylermctane copolymer
(PP/EOC). Using a combination of advanced techniguekidingDFT calculations, TSDC,

and BDS analyses, the researchers observed that the grafted polyurea lay&iemsingace
generated bmodal trap depths, effectively reducing the accumulation of electrical charges at
the fille-matrix interface and significantly enhancing the dielectric properties of the
nanocomposite. This study confirms the vital role of polyurea in improving the electrical
performance of nanocomposite materials, making them a strong candidate for advanced
electronic applications and higtefficient electrical insulation systenf0].

In a 2023 study, (Jiupeng Du Pablo Canamasand colleaguesnvestigatedthe use of
polyurea for encapsulating the chemicélV filter Octyl Salicylate commonly used in
sunscreens. Microcapsules wkabricatedusing microfluidics technology, pducingpolyurea

shell of varying thicknesses thield the filter from direct skin contactherebyreducing
irritation and enhancing safety. The resulticatedthat the polyure&oated capsulegtained

their UV absaoption efficiency regardless of shell thickness, demonstratiagpolyureacan
provide effective protection without compromising functional performance. The study
highlightedthe compatibility of polyurea with sunscreen componesuggesting its poterati

asa promisingnaterialfor developing safe and effective products that protect against harmful
UV rays[61].

In a(20249 study,(Le Li, Huajie Sheh and colleaguesxplored the performance of polyurea
coatings in enhancing the blast resistance of reinforced concrete structyBgsmpthick
polyurea coating was applied to concrete surfacegvi@uateits effect on blast and
fragmentation resistance. The resuttemonstratedthat polyurea significantly reduced
structural damage by absorbingubstantialportion of the blast energy through its superior
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elastic and high expansion before reaching the fracture limit.cbhgng also limited the
dispersal of concretedgments and maintained structural integrity. The researchers explained
that thepolyurea possesses high capacity to store and gradually relemspact energy
therebyreducing the direct force on the structure. Numerical models were also used toesimulat
the material's behavipshowing that the polyurea layer reduced concentrated stresses at the
blast center and improved load distribution across the concrete sukiddigionally, the
researchers noted that polyurea's performandeflisenced by factos such as operating
temperature and loading rate, with its stiffness and rdlitebehavior increasing at lower
temperatures,thereby enhancing proteain. Based on thesdindings polyurea was
recommended as a protective coating for structures exposexplosive threatancluding
military buildings, critical infrastructure, and transportation systems, as it provides effective
protection without significantly affecting the weight or dimensions of the concrete structure
[62].

1.10 Physical and Chemical Properties

The effective tilization of polymers inacross diversdields of science and technology
requires a thorough and comprehensive of their physical and chemical properties to ensure
compatilility with thespecificrequirements of targeted applicatioAsclear inderstandingf
the physical structure of polymers particularly crucial, as it directly influences key
characteristicssuch as transparency, flexibility, dye absorptiond aesistance to harsh
environmental condition#cludingcrackinginduced by mechanical stress or interaction with
certain organic solvents Achieving the desired mechanical prformance for various
applications alsmecessitates examining the interrelationsgiepween the physical properties
and the chemical structure of the polynt&tructural limitations can be addresset] averall
performane enhanced through and chemical modification techniques or technological
development.Prominent functionaladditives incorporated intonodern polymersinclude
impermeability to liquids and gases, chemical resistance to solvents,esistamce to
ultraviolet radiation As a result of these featurgsolymers haveyainedwidespreaduse in
numerousindustries, such athe productionof impermeable clothing, packaging materials,
preservative containers, laboratory flagkectricalcable andmanyother application§s3].

1.10.1 Optical Properties

The study of the optical properties of polymers aimsltcidate theioptical behavioand
the changeassociatevith it through spectral analysis of absorbance and transmité@nocss
a wide range of wavelengths. These propertiegavernedoy the ratureanddistributionof
charges within the polymefhe absorbance spectruim particular, originates frotmeenergy
losscaused byhe interaction between the incident light andtivernalcharge®f the material.
When a light bearstrikesthe surfae of apolymer, several interactionmayoccuras aresult
of the couplingbetween the electromagnetic wave and the material. The total intensity of the
incidentelectromagneticadiation on theurfacedenoteds (b), can then be distributed among
three main processes, which may oceitiner independentlgr simultaneously: absorption of
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the beam (Absorption ®), reflectionfrom the surfacgReflection- @), and transmission
through the material (Transmissieir) [63- 65].

| =latlr+tly €6€éée (1-3)

Beam intensity is defined as the number of photons incigeriunit area per unit time. By
normalizing guation (:3) with respect tdhe incident beam intensity Xla relative formof
the relationshigan be obtainedvhich expresses the intensity componéntelativetermsas
follows:

A+tR+T=1 é é é é (1-4)

Where:
A: Absorbance @/l ), R: Reflectance g1 ), T: Transmittance {I1).

It is not possible for the same material to have high valtiebsorbanceransmittance, and
reflectance at the same time, due to the principle of energy conservation that governs the
distribution of the intensity of the incident beam between these compdéhts

1.10.2 Structural Properties

X-ray diffraction (XRD) is one of the most widelysed techniques for studying the
crystalline structure of solids. It is also regarded as one of the most exact and accurate
techniques for figuring out where atoms are located in different kinds of materials. Since this
method is nordestructive, it is péect for gathering comprehensive structural data without
compromising the integrity of the sample under study. When employed in diffraction analysis,
X-rays are electromagnetic energy that resembles visible light but has a significantly shorter
wavelengthusually between 0.5 and 2.5 A. Because this range is similar to the interatomic
spacing in solids, XRD can offer crucial details about crystalline materials, such as preferred
orientation, crystal structure, and other structural factors, including ditgstke and the
existence of crystal defects. XRD is also used to compute particle size, lattice constants, and
the intensity of reflected radiation to precisely define the crystal strufidteWhen the
particles constituting the sample powder are sufficiently small, the peaks in the XRD spectrum
exhibit noticeable broadening. This broadenisgnversely proportional to crystallite size.
Therefore,it can be used as raliable tool to estimatecrystallite sizethroughthe Scherer
equationgxpresseas follows[68]:

D=Ka todlbé e ée (5]

Where :

b represents the FWHM, which is the maximum width at-mtdnsity D: the size of the
particles according to tH@ebyeScherrer equatior- the wavelength of the-Xays used (1.504

A). d the Braque angleK: the Scherrer constant (a unitless number with a value of about

(0.9).
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The actual value of the constant depends primarily on farelamentafactors Thefirst is

the definition of widththat is,how the width of the signal or spectral band is determined or
calculated Thesecond is thearticle morphology, which refers to the geometric structure or
external shape of the particlesder investigationThe thrd factor is @rticle size distribution,
namelythe extento which the particlsizesvary within the studiedample.

1.10.3 Transmittance

Transmittance (T) is defined as the ratio of the transmitted radiation intemsityr@ugh the
membrane to the incident radiation intensity @n its surfacelt provides a measure of the
fractionof light or radiation that passes through the samgbiiveto the amounincident upon
it. Transmittance is a dimensionlgsarameteras it represds the quotient of two quantities
with identical unit§69]. The mathematicaéxpression fotransmittance is giveasfollowing
[70]:

T=1t/ | o éé4dae.

Film thickness is one of the main factamluencingtransmittanceAn increas the thickness
results ina significant decrease in transmittance due t@tiancedptical absorption within
the materialAs the film becomeghicker, the incident radiatiomndergoegreater absorption,
causinga large portion of the radiaticdlw beattenuated andconsequety, not transmitted
through the film as requirgd1].

1.10.4 Absorbance

Absorbanc@) is defined as the ratio of the intensity of radiation absorbgdhy a
membrane to the original intensity of the incident radiatignThis parameter represerttse
material's ability to absorb electromagnetic radiation. It is a dimelesi® quantity, as it is
obtained bydividing two quantities withdentical units. The mathematical expression for
absorbance is giveasfollows[72]:

A=lnl 6666 (17)

1.10.5 Thermal Properties

The use of polymebased composite materials has becameceeasinglycommon inboth
traditional and modern engineering designs due to their superior thermal properties compared
to other materials. Thsignificanceof these properties lies in their ability to withstand the
elevatedemperaturesncountered undeervice conditiongherebymaking them suitable for
use as thermal barriers capable of resisting thermal stresses. Among the thermophysical
properties that havattracted considerabégtention from researchers ahermal conductivity
(k), glass transition temperaturegfT melting temperature (), crystallization temperature
(T¢), Thermogravimetric analysis (TGA). The primgmyrposeof investigatingthese thermal
properties is tagain a comprehensivenderstanohg of the thermal behavior of polymer
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compositeswhich is essential for assessitngir suitability and adaptatian a wide range of
scientific and industrial applicatiofig3].

1.10.5.1 Thermal Conductivity

Thermal conductivity is one of the fundamental phenomena of heat transfer in solids and
representsa critical thermal property that directly influences performance innumerous
industrial application§74]. The thermal conductivity coefficient { reflectsthe ability of a
material to transfer thermal energy through it. Thiansfer occurs via two primary
mechanisms: the firghvolvesthe migration of free electrons in addition to vibrational waves
within the crystal lattice (lattice vibrations or phonprEhe second mechanissiassociated
with the acquisition of energy by valence electrombjch migrate from regions diigher
temperature to regioref lower temperaturetransfering their energy to neighboring atoms.
The amount of energy transferregpdads on the number of free electrons, whichflsenced
by the material type, the presence of defeatsthin the crystal lattice, and the ambient
temperatureFurthermoreatomic thermal vibrations playsignificantrole in energy transfer
within the material. Figurg1-10) illustrates these detailed processes of heat transfer in solids
[75].

q=-kKQ"Mag é é é (1-8)
Where:
g: Heat flux or heat flow through a unit cressctional area dhe material per unit time (J/sec)
k : Ther mal conduct i,dT /tdy. Heatotrarfsferiratei panit distahcd// M
(™M) .
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Figure (-10): Heat transfer by the movement of phonpft.
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1.10.5.2 Thermal Degradation

Thermal degradation of polymers is a emilar decomposition process that occurs as a
result of thermal stress. Aflevatedtemperaturesstructuralchangegake place withinthe
components of the polymer chain. Underch conditions, molecular bonds mayndergo
cleavage, leading t@actiors between the resulting products aradisingsignificantalterations
in the propertie®f polymer Molecular degradability isonsideregart of a broader group of
polymer degradation mechanisms that camit@tedby several factorfg5, 76]. These include
heat,involving pyrolysis and pyrabxidative decomposition in the presence of oxydt,
whichinducegphotodegradatigrand xygen, which causes oxidative degradatlaraddition
amospheric factorsuch as exposure to ultraviolet radiatioontribute to the degradation
processIn general, the ability of plastics withstandthese degradation factors is known as
thermal stabilitywhich denotesheir resistance to permanent changes in properties resulting
from exposure to heat alof|g8]. The effect of temperature on the rate of chemical reactions
leading tathermal dissociation can be expressed by the Arrhenius eq{i&&iof8].

k=Aexp(Ea/ RT) éé®é (1
Where:
K: Time rate constanA: Frequency factqQiEa: Activation energyR: Gas constant (8.3M/
K), T: Thermodynamic temperature

1.10.5.3 Thermal Analysis Measurement

The term thermal stability is often used to describe changes in one or more physical
properties resulting from exposure to different temperatwesspecific periods of time. More
broadly, thermal stability is defined as the ability of a polymer totrésessmal degradation
[79,80]. Thermogravimetric analysis (TGA) is one of the most prominent analytical methods
for elevatingthermal stability, andgt is generally classified intbwo main typesThe first is
Isothermal TGAin whichthe sample is held at a constant temperatinite the weight loss is
recorded over timeThe second iNon-Isothermal TGA wherethe sample temperature is
increased aheating and the mass change is recorded simultaneously with the temperature
increase.This method isconsideredmore informative as it provides more accuratiata
regardingthe upper limit of thermal stability (the thermal stability limi81]. Derivative
thermogravimetry (DTG) can also leenployedto determine the peak decomposition point.
This technique is basedn the continuous measuremefitthe sample massuring uniform
temperatureariation with the results plotted oniX curves known as TGA curv’®2]. TGA
analysis measusghe weight changes occing as a function otemperature angrovides
essentialinformation, including changes in sample composition, thermal stability, kinetic
parameters of chemical reactions, deteation ofthe onset of thermal decomposition (the
thermal decomposition temperature), and estonadf the amount of mass lost at specific
temperaturesOverall natureof the experimental results thermogravimetric measurements
are affected by multiple variables, whichn be classifiethto two main groups

22



Instrumental factors (thermometric baland¢a):Oven heating ratg€b) Geometric dimensions
of the oven anthesample carrier athesamplétself. (¢) Sensitivity of the recording devices.
(d) Nature and composition of the sample carrier.

Sample propertiega) Sample quantity(b) Solubility of the gases released from the sample.
(c) Sample particle sizé€d) Heat of reaction(e) Model layout.(f) Nature of the modelg)
Thermal conductivity of the mode

1.10.5.4 Glass Transition Temperature (Tg)

The glass transition temperaturg)(fepresents the temperature at which a polymeergoes

a transitionfrom a solidandbrittle state to a more flexible state. This transition is defined as
the point at whiclthemechanical and physical propertapolymerchange, becoming elastic

at emperatures above; T83]. Polymeric materialexperienceseveratransformations when
exposed teelevatedemperatures. At temperatures beloyythe materiatemainssolid, hard,

and brittle. Upon reachinggl it transforms into a flexible plastic material, which may
subsequentlgnter a rubbery state in ndimermopéstic polymers, or a highly viscous liquid
statein thermoplastics. Th&g is determined byhe mobility of atoms and molecules within
the polymer chain and is influenced by several factors, including the complexity of the
molecular structure, the strengthinterchainbondng, and the molecular weigi2, 83].

1.11 Electrical Properties of Polymers

Electrical properties are among the most prominent characteristics that distinguish polymers.
Previously,polymerswereregardedsolely asinsulating materialshowever, the discovery of
high conductivity in some types of polymers hed toa qualitativebreakthroughn this field
[84,85]. This property is oparticularimportance due tids wide-rangingpotentialfor various
technical applications. Polymers are classifiedordingheir electrical conductivity into three
main categories insulators, conductors, and semiconductors. Electrical conductivity in the
semiconductorangeis approximately betwee(l-107 S.cm™), whereasconductorsexhibit a
conductivity greater thafl S.cnit), and insulators have a conductivity less tfEh S cm?)
[86].

Insulator'spolymersplay a vital role in the electrical, thermal, and eaeousticinsulation,
sinceelectrical and electronic applicatiotypically require a combination dfoth conductive
and insulating materials t@chieve optimal performance. The development of highly
conductive polymerwith conductivities approaching thoseroétalsrepresentsremarkable
scientific achievement and has attracted widespread interest from reseacheed as
commercial institutions. This interestem from the uniqueombination of excellent electrical
conductivity with otheadvantageougsroperties such as lighteight low cost, flexibility, high
corrosion resistancendthe possibility oftailoring their chemical structure tenablethem
with biological moleculeghereby enhancintipeir compatibility with living tissues in medical
applications[86, 87]. Polymers are also considered systems dieatate fromconventional
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Ohm's law andhstead follow the principlesf inorganic semiconductors. Electrical conduction
in polymers is defined as the trast of charge carriers within the medium under theuiarfice

of an external electric fieldThe dectrical conductivity depends primarily on the number,
mobility, and type of charge carriers, etherelectrons, holes, or ionghich can be generated
eitherspontaneously ahroughdoping. The electrical condtinity of polymers is expressed
by the following relationship88, 89]:

0 =né é g (10)
Where :

g : El ectrical conductivity is measured in
measured in units of (1/f), u: Carrier mobility, measured in units of{fM. Sec), q: Electrical
charge(measured in coulombs).

Achieving good electrical conductivity in polymers requires both a large number of charge
carriers and a high degree of carrier mobility. It is noteworthy that similar levels of conductivity
can be observed under different physmahditions. For instance, identical conductivity may
occur in two cases: one in which there is a large number of charge carriers with low mobility,
and another in which there is a small number of carriers with high mobility. This balance
between the numbeonf carriers and their mobility illustrates that electrical conductivity
depends not only on the total amount of charge transferred, but also on the efficiency and speed
of charge transport within the materjao0].

1.11.1 Electrically Conducting Polymers

Conjugated polymers have attracted increasing attention from researchers over the past five
decades[91]. These polymers are characterized by molecular structures consisting of
alternating single and double bonds along the polymer chain, which results in a state of electron
delocalizaton I n this state, the °~ (pi) electrons
but are distributed along the chain, enabling their movement under the influence of an applied
electric field. Due to this unique electronic structure, conjugated polymengitex
semiconductatike behavior even in the absence of doping, and are therefore classified as
electrically conducting polymers. This class of polymers represents distinctive organic systems
with unconventional electrical properties, as their condugtisftan a wide range, from
semiconductor levels to values comparable to md@22$ Figure (:11) illustrates the
relationship between the composition of these polymers and the change in their electrical
conductivty [93].
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Figure (211): The relationship between the composition of these polymers and the change in
their electrical conductivit{93].

In the context ofelectrically conductive polymers, iihay be mistakely assumed thahese
materialsaresimply conventional polymers filled with conductive molecules such as carbon
or metal particles. However, scienti@eidencedemonstrates the existence afass of organic
polymers that possess intrinsic electrical conductivity without itle®rporation ofany

conductive fillers. This uniquproperty arises frorh h e

along the polymer chain, whidlesults inelectron deloalization and overlap of

presiéencengfigati on s
el ectrons

therebyenabling tleir movementalong the chain. These chains are typicatlynposed of

simple but heterogeneous atoms, such as sulfur (S) and nitrogen (N), which contribute to charge
stability and distributioj94]. Although certaincondictive polymers have been known for a

long time, their electrical properties were not initiakxamined in depth A major
breakthrough in this fieldccurred serendipitouslpuring the preparation gdolyacetylenea

student of the Japanese scientistdiidShirakawa added a catalgdta concentratiot,000

times greater than required, resulting in timexpectedormation of a shiny, metdike film.
Thisincident marked the beginning of a groundbreaking discovery in collaboratiodlarth

Heeger and lan MacDiarmid.

In 1977, they stcessfully synthesied conductive polyacetylenewhich exhibited high
electrical conductivity after exposure to iodine vapor, increasing its conductivity by more than
ten millionfold. Theirpioneering work was later recogeid withthe Nobel Prize in Chemistry
in 2000, awarded for thediscovery and development of polymers with high electrical
conductivity. Conductive polymers are characterizedhgyunique combination of valuable
electrical properties witadvantageoumechanical and thermé&aturesincluding stiffness,
strength, ad remarkableresistanceto corrosion[95]. It is notevorthy that most 6 the
subsequently studiegolymers, as shown in Figure-{2), exhibit a regular Hernation of
single and double bonds. These polymers are distinguished from conventional polmoérs

consistsolelg i g ma

(, By sevdrabimpdbrsant characterigt[©6]. The small energy band

gap, typically ranging from 1 to 4 electron volts (eV), leads to-déowrgy electronic
excitations. This characteristic causes the material to function as a semiconductor. The polymer
chains are readilgxidizedor reduced, primarilghrough charge transfer processes involving
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dopant molecules. When charge carriers are introduced through doping, their mobility
increases, resulting in enhanced conductivity for the material. These charge carriers are quasi
free particles, or quagiartides, that can move around in the material pretty freely, or at least
along continuous polymer chains. They don't act like regular free electrons ofdles

Trans-polyacetylene (t-PA) Polythiophene (PT) Polypyrrole (PPY)

+O+; +HO—L

Poly(p-phenylene) (PPP) Poly(p-phenylenevinylene) (PPV)

n
Polyaniline (PAN) I-y

Figure (1-12): Structural formulas of some important successive poly[@éis

1.11.2 Polymers as Insulators

A widely recognized fact is that most polymers function as electrical insulators, a principle
that has become a scientific axi¢@8]. This isproperty underlies thegxtensive application
in various types of electrical wire insulation. The insulating behafipolymersattributed to
the nature of their chemical bonds, whmedominantlyconsisto f si gma (0) coval
therebyprevening the free transfer of etérons and impedg the flow of electrical currentn
addition to electricaihsulation many polymers are utilized in thermal insulatapplications,
evenunder conditions ofiigh temperatures. Sonpelymertypes are also employed in sound
insulation particularly in the form of foamsjue to theicapacityto absortacoustiovaves. A
limited subsetof polymers exhibits exceptionalchemical propertieghat allow them to
transform into stably charged particleésereby functioningas semiconductors 0in some
cases, aselectrically conductive materialsin contemporaryindustrial and electronic
applicatiors, the reliance omnsulaing polymers continues to grow. The selection of an
appropriate polymer insulate determined by several factongtablythe insulatiorintensity;
intrinsic physical propertiesemperaturesensitivity, and resistance to electric fields. Among
the fundamentalproperties consided when evaluating the performance of polymers as
electrical insulators are the followig9].
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1.11.2.1 Electrical conductivity

Electrical conductivity is defined as the opposite of electrreaisivity and depends on the
number, type, and mobility of charge carrietgetherelectrons or ions. In insulating materials,
the density of these free charges is very low, with almost no mohatych resuls in
extremelypoor conductivity. As the temperature increases, the mobility of these claésges
increasesleading to a corgponding rise irtonductivity. To improve insulation efficiency, it
is preferable to purify the polymer from ionic impurittegt may arise as a resaktidation or
reduction processg3s9].

As the electric field strength applieddainsulator increasets conductivity begins toise
until the potential difference reachesraical threshold Beyondthis limit, a sharp increase in
the flowing currentoccurs resulting ininsulation breakdownyherebythe material loseits
insulating properties anoehaves aa conductor. The voltage at which this breakddakes
place representa measure of the material's dielectric strength. Expetsrstudieshave
demonstratethat polymers free of polar impurities exhibit high electrical insulation capacity.
At room temperature, the electrical breakdown voltagecally ranges between 1a0°
(V/cm).However, his value decreases significantlytire presence of moisture or air bubbles,
due to the possibility of ionization within the electric fi¢®®].

The relativepermittivity, dso known as the dielectric constant, represents the ratio of the
electrical capacitance of a capacitor filled with a polymer material @b dh the same
capacitance when filled with a vacuum. This propé&tgepenénton the frequency ofhe
electric fieldappliedduring the measuremej@9].

Dielectric loss is defined as tr@mount of electrical energy convertedo heatwhen a
electriccurrent passes through the dielectnaterial This losss influenced bythe chemical
composition of the polymer, particularly the strengtlit®fnolecular bonds and the mobility
of boththe repeating units artdeside groupsStrongerintermolecular interactiongduce the
mobility of polymer chainsthereby increasinthe temperature at which dielectric loss begins.
The incorporation of polar groups enhances these intermolecular forcegreahthe
introduction of hydrocarbon groups &ide branches reducesakens them, which may
consequently lead to amcreasen dielectric l1os499].

1.11.3 Classification of Conducting Polymers

Electrically conducting polymersvere generally classified into two main categories,
depending on the conduction mechanism and the nature of the molecular structure. One of these
categories is intrinsicallgonducting polymers, which exhibit electrical conductivity as a direct
consequence of their fundamental molecular structure, without the need for additional
conductioninducing materials. Their conductivity arises from the presence of regular and
continuos -conjugated double bonds along the polymer chain, which enable electron
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del ocalization. I n such systems, the °~ el ect

instead delocalized across the entire molecular chain in the form of an "electboella",
allowing them to move relatively freely and thereby impart significant conductivity. Most
polymers in this category display conductivity within the semiconductor range, although higher
conductivity values can be achieved through doping. In cemtthe second category is
extrinsically conducting polymers, which include polymers that are inherently insulating or
very low conductivity, but whose electrical properties can be substantially enhanced through
the incorporation of external materials (dogs) that modify their electronic structure. These
polymers can be improved by filling them with conductive particles such as carbon or metals,
which form conductive network within the polymer matrix, or by doping them with salts and
acids, as in the cas# polyaniline doped with strong acids, which results in a remarkable
increase in conductivity. Furthermore, the addition of ionic additives or inorganic compounds
also contributes to enhancing charge transport within the polymer nefi@fk Figure (%

13) illustrates this classification, highlighting the distinct conduction mechanisms associated
with each categorjl01].

Conjugated
conductive polymer
! Intrinsically
conductive
Doped conductive
polymer
polymer
Conductive
polymer -
Polymer with
Extrinsically conducting elements
L Conductive

Polymer Polymer with
conducting blends

Figure (213) presents representative structures of such polyjif@ts

1.11.4 Doping Techniques

Doping represents one of the primary approaches for enhancing the electrical conductivity of
polymers, particularly sequential ones. Its purpose is to introduce charge carriers into the
polymer system through controlled modifications in oxidation or réslucttates. Several
doping techniques have been developed, among which the most significant are the following.
First, chemical doping: in this method, the polymer undergoes oxidation or reduction using
appropriate oxidizing or reducing agents. This caradlg@eved through various procedures,
such as exposing the polymer to the vapor of the doping agent under low pressure or immersing
the polymer disc in a doping solutiph02]. Second, photochemical doping: this technique
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involves exposing the polymer to ultraviolet (UV) irradiation, resultmgléctronic excitation

and, consequently, enhanced electrical conductj&g]. Third, electrochemical doping: in

this approach, the polymer functions as an electrode immersed in an electrolyte solution (eithe
organic or aqueous). Doping is achieved by applying a specific voltage to the electrode, which
facilitates the incorporation of dopant ions into the polymer matrix. This method is often
preferred because the oxidation or reduction level can be prectsaiwlled by tuning the
applied voltage, thereby enabling effective regulation of charge trdh6#gr

1.11.5 Doping of Conjugated Polymers

Polymers have traditionally been employed as insulating materials due to their very high
electrical resistance. Until thmid-20th century, the concept that polymers could serve as
conductive materials was not scientifically recogniz#@5]. However, subsequent years
witnessed significant developments, highlighted by the discovery of organic conjugated
polymers capable of exhibiting electrical conawitg when doped with strong electron
acceptors or donors. The field was inaugurated in thel®if@s, when Hideki Shirakawa
successfully prepared electrically conductive polyacety[@0é]. Later, Alan Heeger ah
Alan MacDiarmid observed that the conductivity of polyacetylene increased dramatically upon
doping with strong oxidizing or reducing agents. When polyacetylene was doped with
compounds such as iodine)(lbromine (Bp, arsenicpentafluoride (AsF, or sodium
naphthalide (Nanaphthalide), its conductivity increased from an initial value not exceeding
(10° ohnt.cntl) to approximately (5x10ohnit.cni?), representing a qualitative leap in the
field of conductive organic polymef$06, 107]. Doping is defined as a process that modifies
the oxidation or reduction state of sequentidypers, resulting in fundamental changes in the
electronic properties of the materidl09]. The origin of electrical conductivity in these
materials lies in the presence of dopinduced charge carriers that move along the polymer
chain. Sequential polymers are effective conductors for the following redddjsa) Doping
introduces effective charge carriers into the polymer's electronic system. (b) The attraction of
electrons in the repeating units leads to the diffusion of charge carriers along the chain, while
their threedimensional transport is achieveddbugh interchain interactions. Doping can be
accomplished either by: Oxidation: electrons transfer from the polymer to the dopant, resulting
in partial depletion of previously filled bands. Reduction: electrons transfer from the dopant to
the polymer, redting in partial filling of empty bands. These two cases give rise to two types
of semiconductors: B/pe semiconductors: resulting from the loss of electrons (oxidation).
N-type semiconductors: resulting from the gain of electrons (redug¢fi@t). The oxidation
reaction with halogens {§pe) can be represented as follows:

(p-polymenn +3/2ny b——»  [(p-polymen)® (Is)y]ln € é é (11)
While the reduction reaction with the alkali metaktype)
(p-polymer)n + [Na*(CioHs) ls—  [(Na*)y (o -polymer)¥Y]n +(C1oHs)° € .. (1-12)
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1.11.6 Mechanism of ElectricalConductance in Polymers

Successive polymers undergo a fundamental transformation in their electrical properties
following doping. This transformation has been elucidated through various physical theories
and perspectives. Upon doping, charged speceegenerated within the polymer structure,
which are directly responsible for carrying electrical current when an external voltage is
applied. One of the most prominent theoretical frameworks used to explain electrical
conduction in polymers is the bancdetny. According to this theory, the removal or addition
of electrons to a polymer leads to the formation of charged defects within the polymer chain.
In the case of trangolyacetylene, these defects manifest as unpaired electrons, resulting from
the altenation of bond types (double and single) in opposite directions along the same chain.
This electronic imbalance gives rise to solitons, which act as effective charge carriers along the
polymer chairf112]. Figure (214) illustrates the resulting structure of this type of dgfek3].

The presence of these charged entities, such as solitons, polarons, and bipolarons, facilitates
the movement charge along the polymer chain amdugfnout the material. This mechanism

leads to a significant increase in electrical conductivity after doping, compared to the original
insulating state of the polymgr14].

Figure (1-14): Shows the structure of the trapslyacetylene chaifiL13].

This type of electronic defect in the polymer chain is referred to as a soliton [113]. The
formation of a soliton generates a new energy level within the ebargigap of the polymer

chain, representing a transitional state that enables charge movement along the chain. The
electrical character of a soliton depends on the number of electrons it contains: it can carry one
electron, in which case it is electricatigutral; it can carry two electrons, making it negatively
charged; or it can be devoid of electrons, making it positively charged. When two neutral
solitons meet on the same polymer chain, they tend to combine to form a double bond,
stabilizing the chainWhen a neutral soliton interacts with a charged soliton, the result is a
polaron [114], a charged particle with a local deformation in the chain. When two charged
solitons meet, they form a bipolaron [11hjs characterizea more stable doubleharge state

inside the polymer structure. The movement of electricity across various polymers is explained
by the transport of electrons from the highest occupied molecular orbital (HOMO) to the lowest
unoccupied molecular orbital MO).

The energy differential between the valence and conduction bands is where this transfer takes
place. Consequently, as the energy gap between the HOMO and LUMO narrows, electrical
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conductivity increasejd 16]. Studies have demonstrated that incregpsonjugation along the
polymer chain directly contributes to reducing the energy gap, thereby enhances electrical
conductivity. The doping process further contributes by creating an additional energy level
between the HOMO and LUMO, which facilitates @&fen transfer to the conduction band,

thus improving conductivity. Recent research has also indicated that the conduction mechanism
involves electron transfer from the LUMO level back to the HOMO. Consequently, the higher
the LUMO energy and the lower th#OMO energy, the greater the probability of electron
transfer, resulting in higher conductivity [117]. Additionally, another explanation for the
mechanism of electrical current transfer within polymers involves the formation of charge
transfer complexes (Cs) [118], which arise from partial charge transfer between the polymer
and the dopant [119]. These charged complexes act as the active agents in electric current
transfer, capable of moving along the polymer chain, as in polyacetylene, or between chains,
as in polyisoprene [120].

1.12 Nano Materials

Theworld is eyperiencing an increasirggmand fola new angromisingclassof materials
known as nanomaterialewing to their versatility in practical applicationg.he nanometer
scalecan be illustrated by aligninfive silicon atoms or ten hydrogen atgreach measuring
aboutone nanometer in lengthVhen the size of a aterial or one of itsdimensiors, falls
within the rangef 1 to 100 rananetersijt is classified as aanomaterigl115]. These materials
are significantly smaller thamheir bulk counterpartand are characterized by high
surfacévolume rati® [116]. As particle size decreases, the proportion of atombesurface
increases|eading to highlyreactive particles withunique chemical, opticaphysical, and
electronic properties. Nanotechnoldgya rapidly evolving fieldvith broadapplicationsn the
chemical, pharmaceutical, engineering, and food indu$ird€g, [117]. The term "nanometer”
was firstintroducedn 1914 by Richard Adolf Zsigmondin 1959 ,during the annuaheeting
of the American Physical Society, American physicist and Nobel laureate Richard Feynman
presented a specific concegt nanotechnologythis lecture is regardeds thefirst official
academic presentation ofdlsoncep{119].

1.13 Synthesis of nanomaterials

Physical methodsvere employedto produce nanoparticles througtvariety of processes
that modify materials at the nanoscale. These technenedseprecise control over particle
properties, including size, shape, and composjfi@f]. The most prominent physical methods
includethe melting mixing methodaser pyrolysis metho@ulsed wire discharge methaahd
high-energyball milling method Chemical methodsepresent some dhe most common,
effective, and efficierapproaches fqroducing metallic nanoparticles. Thare simple, rapid,
and costeffective, and do not require complex equipment, making them suitabéedesktale
production. Nanoparticle@NPs)obtained viathese methods alstemonstratdigh stability
during longterm storagg121]. The most important chemical methods are the chemical
reduction of metal salts, the sg¢l method, the microemulsion method, andsive chemical
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method. The tomlown approach and the botterp approach are the two main ways that
nanomaterials are made,sd®wn in Figure (415).

1.13.1 Topdown approach

Top-down approachesmploytechniques to reduce the size of bulk matertedamsforming
them into fine nanostructures. These methods include processes such as mechanical milling,
laserablation, micredrilling, sputtering, electr@xplosion, and microptical processingn
these approachethie original bulk materials are broken down into nanopatrticles to achieve the
desired nanoscale dimensions.

Bulk Material ~ ‘Top Down Approach
< Mechanical Milling

< Exching
< Lascr Ablaton
< Sputtering

< Electro-explosion

Nanoparticles

“Seperentical Fluid Synthess
< Spunning
“Sol-gel Process

Nucler and its growth

< Lascr Pyrolyss p—
< Chemical Vapour Deposition H Molecular/Atomic Level
< Molecular Condensation
2 Chemical Reduction

< Green Synthesis

Figure(1-15): The synthesis afanomaterials via tedown and bottorup approacheld 22].

Nanomaterials employed in reinforcement processes demonstrate numerous beneficial
characteristics, such as elevated strength, reduwesdht, efficient chemical reactivity,
diminutive size, extensive surface area, and superior stglii8]. These materials enhaa

the properties of the base polymertma Reinforcement materialsiay be composedof

metals, ceramics, or polymers, and are characterized by high resistance and duithlity, w
variationsdepending on the materigpe and intended applicationThey cantake various
forms,includingpatrticles, flakes, fillers, or fibers. Their soureéso varyrangingfrom natural
mineralsto synthetic organic and inorganic compoufitiz4].
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1.13.1.1Electrospinning method

To understand the basic idea behind electrospinning, think of a droplet with a spherical
charge made of a conductive, lamolecularweight liquid in a vacuum. There are two forces
acting on the droplet: surface tension, which keeps it in a spherical sindpan electrostatic
repulsive force that breaks it apart. During the electrospinning process, a polymer melt or
solution is introduced into the spinneret tip under the influence of avioiggige electric field.

As the voltage increases, the droplet$farms into a conical shape, referred to as the "Taylor
cone." This shape arises when the electrostatic repulsive force exceeds the surface tension.
After the Taylor cone forms, the charged liquid jet is pushed towards a grounded metal
collector. The liquil could be a polymer solution, an emulsion, or a polymer melt. As the jet
travels from the Taylor cone to the collector, it either evaporates the solvent or solidifies the
melt, resulting in solid nanofibers. Finally, a mat composed ofwmrenfibersis placed over

the collectof124-126].

Precursor SOIullons /—\ -Sheath

Svringe Pumps
. P (orc

Collector
Nanofibers Layer

e

A FTO Glass
“Coaxial Nozzle . .
Syringes’ Spin Coating Layer
+ B

High Voltage =
Power Supply ~

Figure(1-16): A schematic diagram of the coaxial electrospinning techrjitRig.

1.13.2Bottom-up approach

This methodologynvolvesarranging atoms and molecules in a regular and precise manner
to constructstructuresat the nanoscaleproducing materials withwell-defined nanoscale
dimensionsand inherentlysmall size.
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1.13.2.1 Softand hard templating methods

The manufacturing of porous nanoparticles heavily depends on both hard and soft template
techniques. Among these, the soft template method is a conventional and simple way to create
nanomaterials. Its benefits come from pradganaterials with various morphologies, being
simple to use, and having comparatively gentle processing condit@#is This method uses
various soft templates to create porous nanostructures, including flexible organic molecules,
block copolymers, and anionicationic, and nonionic surfactanis29]. The fundamental
interactions between soft templates and starting materials include electrostatic forces, van der
Waals interactions, and hydrogen bondibhg0].

In general, the dbtemplate strategyperatesvia two principalmechanismdor creaing
ordered mesoporous materials: cooperativeasdembly andtrue” liquid crystal templates
[129]. Several factorsfluence the resulting mesoporous structures, including surfactant and
feedstockgoncentrationstheir ratio, surfactantstructuresandthe environmental conditions
during synthesi$128]. Using wellstructured solid ntarials as templates, the rigid template
methodalso referred to asano castingcreates nanostructures for specific uses. Precursor
particles fill the rigid template's pores, as seen in FigwE/§1[130]. The template process
generallycompriseghree main steps: first, selecting or fabricating a suitable original template;
second, filling the mesoporous template pores with a specific precursor material, which is
subsequently converted into an inorgasidid; and third, removing the template to produce
the mesoporous versigh31]. Numerous nanomaterials with distinctive structures, including
nanowires, nanorods, thre@mensional nanostructures, nanoscale metal oxides, and other
nanoparticles, can synthesizedising this techniqufl32]. This discussiominderscoreghe
versatility and effectiveness dfoth soft and hard template methods in produaitingerse
nanomaterials.

Final structure

\ < Final structure

O

Final structure

X i "
PR

il

Soft template

i

Colloidal template

Figure (l-17): A schematic representation of the synthesis of materials using different types
of templateg130].
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1.14 Classification of Nanomaterials based on the Structural
Configuration/Composition

Nanomaterialsan be classifiedccording taheir structural composition into four main
categories: organic, inorganic, carboaised, and composite nanomatefiag3].

1.14.1 Organic Nananaterials

These materials are derived from organic molecules that havenoeifiredat the nanoscale.
Common examples include micelles, ferritins, dendrimers, and liposomes, all of which are
forms of organic or polymeric nanoparticl@83].

1.14.2 Inorganic Nanomaterials

Since these substances don't include cahyoinogen bondgshey are considered inorganic
nanoparticles. Usually, metals or metal oxides make thejh3a3j.

1.14.3 Carbon Nanomaterids

Carbon nanotubes, carbon nanofibgr®phene, fullerenes, and carbon black are the five
primary varieties that fall under this categdfullerenes arer@otableexample in which carbon
atoms are arranged in spherical or elliptstalicturescommonly referreés "Buckey spheres
"[133].

1.14.4 Composite Nanomaterials

These materials are formed by integrating nanoparticles with other materials. They include
three main types afompositions: nanoparticles integrated with bulk materials, nanoparticles
integrated with larger materials, and nanoparticles integrated with other nanopgr@8les

Nanosciencdocuses onstudy of the fundamental principles gbverningmolecules and
compounds wh sizes are less than 100 nanometersphasizing theleterminingof their
physical and chemical propertiess well asunderstanding the phenomena associated with
nanoscaledimensions This discipline also aims toachieveprecise controlover material
fabricationat the atomic level, aalteringthe number of atomsomprsing aparticle leads to
significant changs in the properties of the resulting materjaB3, 134]. Nanocomposites
(NCs)are multiphase solids in which one of the phases has dimensions of less than 100 nm, or
all three have dimensions of less than 100[h8% 137]. There are also cerampolymer
nanocompsites, polymer matrix nanocomposites, polyiagered silicate nanocomposites,
inorganicorganic polymer nanocomposites, and inorgamganic hybrid polymer
nanocompositef 38].

Materials known as polymer matrix nanocomposites require the dispersion of inorganic
nanoparticles with one dimension within the-I@ A° range. When compared to ordinary
polymer composites or pure polymers, these composites significantly impravechanical

and physical propertigld38]. In this context, researcheasm to develop safe andifficient
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methods forsynthesizingsilver nanoparticlesUtilizing plant extracts, including leaves and
seeds, has emerged as one of the most promising methodologies regarding safety and
efficiency. Kantha and Arunachalam demonstrated ttegt prepaation silver and gold
nang@articles using aqueous plant extracts is mnrenmentally friendly optionwhich also
accelerags the nanoparticleproduction procesgl38, 139]. Thar resultsindicatedthat the

particle size can be controlled by adjusting the amount of extract [is# 141] The
subsequernthapters will @tailthe methodemployedo obtain these nanoparticles using plant
extracts.Converselycopper nanoparticles arecognizedor their excellent catalytic activity,
electrical and thermal conductivity, and biologipabperties.In addition totheir low cost
comparedwith silver and gold nanopatrticles, thpyesentichallengesuch agapid oxidation

and agglomeration, necessitg the use of encapsulating agelite polymers and organic
ligands [143]. Chemicalsyrthesis methodsencompass varioutechniques, includingvet
reductionwithr educt ant s such aacoNgaBad bgnt@xiddntsisucldas az i n e
ascorbic acid as an encapsulating agérrmal decomposition of copper compounds using
organic materials microwaveassistedsynthesisand microemulsion technology, etein
agueous nanodroplesstas microreactors tgield homogeneous particl¢s44].

Copper nanoparticles awilized in numerous applications, including the catalysis of organic
reactions, such as click chemistry, and the breakdown of industrial dyes like methylene blue
when exposed to light. They possess antimicrobial properties, as they generate reactive oxygen
specis that can damage bacterial DNA. Additionally, these nanoparticles promote wound
healing by encouraging angiogenesis. Additionally, they improve the thermal conductivity of
various liquids. The substantial surface area of copper nanoparticles, combmBdomihian

motion, has the potential to enhance the thermal conductivity efficiency of ethylene glycol by
as much as 35%. Consequently, they may prove highly beneficial in applications such as
electronics, sensors, and coolgi#4].

1.15 Aimsof This Study

1) Synthesizetwo monomersand incorpoiate them intoeight polyurea polymers with
aliphatic and aromatisegments

2) Synthesisand characterizsilver and copper nanoparticlasd their using

3) Investigate the structural, morphological and compositional features ofritreesized
materials using FTIR, NMR, XRD, FESEM, EDX, TEM, and zeta potential analysis.

4) Investigatethe electricatonductivityof theprepared polyureaanocomposite.

5) Evaluate the thermal properties of the pristine polyurea polymers
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Chapter Two

EXPERIMENTAL



2.1Instruments and Chemicals

The instruments used in the present study and their models, companies and origin are listed

in Table (21), the chemicals listed in Table-22.

Table (2-1): Instruments used in study, models, companies and origin

Ser. Device Company Origin Laboratory
FT-IR Spectrophotometer, BPC Analysis Center Adhamiy
1 FT-IR-1800 Shimadzu Japan / Baghdad
Nuclear Magneti&kesonance Bruker College of Education /
2 SpectrometefNMR), 400MHz 400MHz Germany University of Basra
Thermogravimetri¢TGA) TA InternationalJniversity of
3 SDT Q600 V20.9 Build 20 Instruments USA Kashary Iran
Malvern College of Science / University
4 X-Ray Diffraction (XRD), PV8064 Panalytical | Netherlands of Basra
FourPoint ProbeSystem College of Science /
5 (T2001A3 Ossila UK University of Misan
Chemistry Dept.
Tehran University/ Advanced
Field Emission Scanning Electronic Zeiss Germany Materials Characterization
6 Microscope (FESEM), 5 KV Institute
TransmissiorkElectronMicroscopy InternationalJniversity of
7 (TEM), (Tec nail™ G2F20) FEI UK Kashan Aran
Energy Dispersive Xay Spectroscopyf InternationalJniversity of
8 (EDX), Instruments UK Kashan Aran
Oxford
InternationalJniversity of
9 ZetaPotential GFR Germany Kashan Aran
University of Misan /
10 Ultrasonic Bath Sonicator, Daihan China College of Science/
WHC-A10H Scientific Chemistry Dept.
Stuart University of Misan /
Melting Point Apparatus (Cole UK College of Science/
11 Parmey Chemistry Dept.
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Table (2-2): Chemicals used, chemical formula, company and origin

Ser. Chemicals Chemical Company Origin | Purity
Formula
25%
1 Ammonium Hydroxide NH4OH Avonchem UK W/W
2 Ethanol Absolute C2HsOH Fluka Germany| 99.9%
3 | Hexamethylene Diisocyante (HD CgH1oN20O» SigmaAldrich Germany| 97%
4 1,4-phenylene Disocyanate(PDI CsHaN202 SigmaAldrich USA 99%
HunanSincere
5 Silver nitrate AgNOs chemicals China | 99%
6 Sodium Citrate NasCGsHsO7 Fluka Germany| 98%
7 Sulphuric acid H.SQOy Chem Lab UK 97%
Terephthalaldehyde CsHeO2 Bidepharm China | 99.5%
8 (TPAL)
Terephthalic Acid
9 (TPA) CsHsO4 SigmaAldrich USA 99%
Thiosemicarbazide Loba Chemie PVT
10 (TSC) CHsN3S LTD India 98%
Tolylene Diisocyanate
11 (TDI) CoHsN20O» SigmaAldrich Germany| 80%
Methylenediphenyl Diisocyanate Industry
12 (MDI) C1sH10N202 Engineering UAE 99.5%

2.2 Synthesisof Monomers

2.2.1Synthesis of Terephthaldehyde Bis(thiosemicarbazon€)BT)

Terephthalaldehydél mmol, 1.341gm) wasmixed with ethanol (50 ) undercontinuous
stirring for 10 min.A solution of hiosemicarbazid¢2 mmol, 1.823 gn) in 50 mL water
ethanol mixturavas addedo asolution (1:1 V/V)andreflux for 3 hours After compektion of
the reaction the mixture was allowed to cool for ur and therfiltered. The obtained
precipitate was washed with distilled water. The precipitate wasdhied and purified using
a cooledethanolwatermixture Finally, the product wadried in a vacuum oven for Dlrs
(TLC eluent;MeOH/DCM at a ratio of 1:2 TheTable @-3) shows the physical properties of
monomer(2) [145].
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2.2.2 Synthesis of 5,5'[(1henelene) bis(1,34hiadiazol-2-amine)] (TDA)

Terephthalic acid (1mmol, 1.661 gm) was mixed with thiosemicarbazide (2mmol, 3.646 gm)
in roundbottom flask equipped with a condenser. Then, 15 mL of concentrated sulfuric acid
was added dropwise under col d coewhsrefluxechs (O
for threedays, after which it was poured over crushed ice. Ammonia solution was then added
until the mixture was neutralized (pH = 7). The resulting yellow precipitate was collected by
filtration, washed with a saturated sodium bicarbosatstion, and subsequently rinsed with
distilled water. After drying, it was recrystallized in ethanol. Finally, the product was dried in
a vacuum oven for 5 hourgl{C eluent;MeOH:DCM at a ratio of 1:3). The table-8) shows
the physical properties die prepared monome3)([146].

Ethanol, 80 °C

H2N~g -N- NH,

0 0
1ot oy o~ N
- O

H,S0,, 90 °C H,N™ 7S

3

Figure (21): Synthesis pathways of Schifase diamine monomers: (2) terephthaldehyde
bi s(thiosemicar ba z oiprepylenediddl]3ythiadiazdi2-gnidng)] (BDA)S Nj[ ( 1, 4
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Table (2-3) shows the physical properties ofnonomers

Monomers Structural Formula Mol ecular Melting Color | Yield
Weight Point C %
(gm/mol)
S H H S Yellow
2 HZN-C-N-N=g@g=N-N-C—NH2 280.37 275277 crystals | 96.70

Terephthaldehyde bis(thiosemicarbazong

N-N N-N Yellow
3 M3 . 276.34 | 240242 | acicular| 31.72
H,N~ S S 2 crystals
5,5%(1,4-phenylene) bis(1,3;thiadiazot2-

amine)

2.3 Synthesis of polyurea polymers

2.3.1 Synthesis Polyurea Polymeitsased on TBT Group (1))

Into a 1060mL, two-neckedroundbottom flask equipped withna\2 inlet tube, a condenser,
a magnetic stirrer, an oil bath, and a thermometne placedhe synthesized diaminé2
mmol, 0.5®7 gm in 10 mLdry NMP). Prior to use, NMP was purified using 3A molecular
sieves. The sieves were first activatedhmating them under reduced pressure (about 200
mbar) for 4 hours. The reaction mixture was stirred at room temperature for a few niihates.
reaction mixture was stirred at room temperature for a few mindtdsequently, a solution
containing the seleetl diisocyanate (TDI, MDI, PDI and HDI; 2mmol in 10 mL of dry NMP)
was added in one portion. The mixture was stirred for 3 hours at 60 °C, and then it was
precipitated in 50 mL of water. The polymer was filtered and washed with hot water, purified
using acold ethanol/acetone mixture, and finally vacudred at 50 °C for 6 hoursTILC
eluent; EtOAc /Pet.ether at a ratio of 1:2). Table4Rshows the physical properties of the
polymers[147].

Figure @-2): Aromatic polyurea containing hydrazone linkages
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Table (2-4) shows the physical properties of the polymers.

Monomer Type of IsocyanatéR) Melting Color Yield
TBT Point C %
2a OCN-(CHs) CsHz-NCO 142-144 | Yellow 46.83
2b OCN-CgHs-(CH2)-CeHs-NCO 241-243 Yellow 93.80
2c OCN-(CHp)e-NCO 229231 Yellow 55.94
Dark
2d OCN-CgH4-NCO 252-254 brown 62.24

ocN— H-CH,

=(co q PN CH,
HAN-CNNC N NCNL N A NCO
H =/ H 6
2a
— — "HS ; S0
OCN~_j—cm< »NCO H —U(Q\(—("_\/—(\QCUCQ X
L i=/H LA —-Neo
8 46
2b
SH HS
IIZNLNNI%I@]L{NNLNHZ s Y
NPT H7 H 7\ HiHY H
2 OCNACHENCO A N-ENNC~ SCNN-CN-C-N /1 ]
\ ) ‘('l\rciL/EC["L‘ MLl veo
\ H: /'6 J
6
2c
()(",\'—f'/'ﬁ“)rN(‘o HSH A HSHOH =
\— HN-CN N VenN -('-.\'-('-.\'J.\ )—NCO
H =/ H W
n
2d

Figure(2-3): Polycondensation route for polyurea polymers derived franomer 2
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2.3.2 Synthesis Polyurea Polymef8ased on TDA(Group (2))

Into a 100mL, two-necked roundottom flask equipped with anxilet tube, a condenser,
a magnetic stirrer, an oil bath and a thermometer were plaesyghthesized diaminé€2 mmol,
0.5527gm in 10 mL of dry N-Methyl-2-pyrrolidone (NMP). Prior to useNMP waspurified
using 3A molecular sieves. The sieves werst factivated by heating them undeduced
pressure (about 200 mbar) for 4 hodrse reaction mixture was stirred at room temperature
for a few minutes. Subsequently solution containinghe selectedliisocyanatgTDI, MDI,
PDIlandHDI; 2mmolin 10mL of dry NMP) was added in one portiomhemixturewas stirred
for 3 hoursat 60 °C and then it wagrecipitated in 50 mL of water. The polymer weiered
andwashed with hot watepurified using a cold ethanol/acetone mixfuaed finallyvacuum
dried at50 °C for 6 hours.(TLC eluent;EtOAc/Pet.etheat a ratio of 1:2)Table (25) shows
the physical properties of the polyra¢t47].

Figure (24): Aromaticpolyurea containinghiadiazollinkages.

Table (2-5) shows the physical properties of the polymers.

Monomer Type of IsocyanatéR) Melting Color Yield
TDA Point C %
3a OCN-(CHs) CeHs-NCO 121-123 Off- 83.92
white
3b OCN-CgHs-(CH2)-CeHa-NCO 286-288 Black 70.23
3c OCN-(CHp)6-NCO 118120 Black 49.97
3d OCN-CgHs-NCO 298300 | Dark Red| 46.53
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Figure(2-5): Polycondensation route for polyurea polymers derived framomer 3

2.4 Synthesis of Nanoparticles

2.4.1 Synthesis of Silver Nanoparticles

In a 506mL beaker, silver nitrate (0.98 g dissolved in 50 ml of distilled water), and the
mixture was maintained at 60°C for 30 minutes. Then, a sodium citrate solution (2 g dissolved
in 50 ml of distilled water) was added, and the reaction was allowed to procéeubiar. This
was followed by the addition of a previously prepared green tea extract (obtained by dissolving
1 gm of green tea leaves in 100 mL of distilled water). The reaction mixture was then left for
2 hours until silver crystals precipitated on beakerface. The product was separated by
centrifugation (6000 rpm) for 15 minutes, washing twice with distilled water and once with
ethanol. The precipitate was dried at 45°C and stored away from light. Finally, the product
exhibited a gray color, weigh @%[148].

2.4.2 Synthesis of @pper Nanoparticles

In a 500mL beaker, coppditl) sulfate (2mmol, 0.5 glissolved in 30 mL of distilled watgr
and the mixture was maintained at 60 °C for 15 min. Subsequently, a solution containing
polyvinyl alcohol (PVA) (0.065 g dissolved in 10 mL of distilled water) was then added, and
the reaction was allowed to proceed for 30 min. Thereafter, approxind@®eht of sodium
hydroxide solution (0.99 g, 50% w/v distilled water) was gradually added dropwise over 1
hours. This was followed by the addition of 2.4 ml of hydrazine hydrate, and the reaction
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mixture was kept for an additional 2 hours. The product wparated by centrifugation at
(6000 rpm for 15 mirutes washing twice with distilled water and once with ethanol. The
precipitate was then dried at 45°C, yielding a dark red powder, weight of 0.0262]g

2.5 Preparation of Conductive Polyurea Polymeis Nanocomposite

To prepare the conducting sample85 g ofthe previouslysynthesizegolyurea polymers
mixture was then dissolved with a few drops of dimethylformamide (DMF) and subjected to
ultrasonicbath sonicator for 2 minutes to obtain a homogeneous solution, hereafter referred to
as conductive ink. Several drops of the preparedurexiverecastonto a glass slide andft
to allow the solvent tevaporatethereby yieldinga sample ready for electrical measurements,
asillustratedin (Figure 26) [150].

Figure (26): Laboratory photograph of conductive ink preparedidyying of polyurea polymers.
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Chapter Three

Results and Discussion



Transmittance %

3.1 Spectral characterization of Prepared Monomers

3.1.1Fourier Transform Infrared Spectrophotometry (FT -IR)

The FTIR spectra of the free thiosemicarbazone, recorded using the KBr pellet
method, exhibited the characteristic peaks summarized in Taldlg l{8sed on the
reference[145]. These spectral features are further illustrated in the FTIR spectrum
presented in Figure {B).

Table (3-1): The major peak bands of monomeg2

Functional Group| Vibration/ Mode Literature | Observed BandShape &
Range (cri) (cmh) Intensity
-NH2 (Primary N-H stretching 33953265 | 34713267 Broad, Strong
amine) (asym, sym)
-NH- (Secondary N-H stretcling 3192 3197 Broad,Medium
thioamide)
C-H (aromatig C-H stretching 2993 Medium
C-H (iiphatic) C-H stretching 2924
C=N C=N stretching 1593 1593 Mediumstrong, sharg
(imine/azomethine)
c=C Stretching T 15191463 | Mediumstrong, sharf
(aromatic ring)
C-N Stretching 1465 1411 Medium, sharp
C=S (thioamide) Stretching 1358 1357 Medium, sharp
C-H (aromaiic) Out-of-plane T 1008804 Variable, sharp
bending

| Monomer l?

L
4000 3500 3000 2500 2000 1500 1000 500

VWavenumber (cm™)

Figure(3-1): FT-IR Spectrumof Monomer 2
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Transmittance %

The FTIR spectra ofDA, obtained through the KBr pellet method, revealed the characteristic
absorption bands in Table-g23 according to referen¢@46]. These results are further depicted
in the FTIR spectrum shown in FigureZB

Table (3-2): The major peak bands of monomes

Literature BandShape
Functional Group | Vibration/ Mode Ran%]e (cm | Observed (cm) | & Intensity
)
-NHo2 (primary amine) N-H stretching 32823097 32963113 Broad,
(asym, sym) strong
C-H (aromatig C-H stretching 3000 2995 Broad, weak
C=N (imine/ Het-cyclic) C=N stretching 1620 1678 Strong, shary
c=C C=C stretching 1541-1410 15711421 Medium,
(aromatic ring) (asym,sym) sharp
N-N Stretching 1041 1037 Medium
C-N aromatic Stretching 1332 1388 Medium
C-S Hetcyclic Stretching 688 682 Medium

| Monomer 3

100 —

85

80

v I v I v I N I v 1 v 1 ¥ I
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm™)

Figure(3-2): FT-IR Spectrunof Monomer 3
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3.1.2Hydrogen Nuclear Magnetic Resonance!H-NMR Spectraof TBT
and TDA)

All hydrogen nuclear magnetic resonance(*H-NMR) spectra of the prepared monomers
exhibited two signals corresponding to the solvent DMs@t room temperaturelhe first
signal a p p eOgppneahd veas$ attributed to 2he Solvent protons, while the second
si gnal 6agmwas assigried t8sidual water present in the solvent.

The proton nuclear magnetic resonance spectruaN#R, 400 MHz, DMSGd ) of t he
synthesizedmonomer TBT exhibited four characteristic regions of resonances in full
agreement with the proposed structure. A broad siret at O 11.50 ppm wa
thioamide NH protonsi NHi C(=S)], strongly deshielded due to the electwothdrawing
thione group and the possible involvement in Hitnéermolecular hydrogen bondintn the
experimental spectrum, the paabstt ut ed ar omati ¢ prodgpmassa r es or
broad singlet rather than the expected multiplet. This behavior is attributed to the very close
chemical shifts of the aromatic protons, leading to coalescence of signals under the employed
conditonsAs har p s i 26gpmecorrespdanded to e vinylic protons of the imine (

CH=Ni) , whil e another resonance atiNB 7pBadat ppm,
typically broadened due to exchange effects. The relative integrations of all signals were
consistent with thexpected number of protons in the molecular structure (4H aromatic, 2H

i mi ne, 2H thioamide NH, and 4H amino NH ). T
structure and support the high purity of the compowawdillustrated in Figure (3) and

summarzed in Table ().

Table (3-3): Chemical shifts of protons in monomer2

U (ppm) Multiplicity Integration Assignment
11.50 br, s 2H Thioamide NH
8.26 S 2H Vinylic CH=N
8.04 br,s 4H Aromatic protons
7.82 br, sm 4H Terminal-NH>
3.36 S - HDO
2.50 sep. - Residual DMSQds

*br= broad, s= singlet, m= multiplet

The proton nuclear magnetic resonance spectrurN#R, 400 MHz, DMSQGd ) of t he
synthesizegaradisubstitutedis(thiadiazot2-aming derivativemonomer3 was recordeat

room temperaturélhe aromatic protons of the patesubstituted benzene ring were expected

to appear as doubl et s 19dHz)eHowewer, m rthe kxperincental p | | n ¢
spectrum the resonance was observed as an apparent singlet, which xplaibedeby the

hi gh mol ecul ar symmetry and parAbroad sigmav er | ap
integrating for approximately four protons a
terminaliN H groups. The Dbr oadfadthissigaahcdn be dttiibgtddt d o w
to hydrogen bonding and proton exchange in the strongly polar BMSO me di u m. Not ¢
this broad resonance partially overlaps with the second expected aromatic doublet, which
explains the reduced resolution of the ortooipling pattern (F 8.2 Hz) [147]. Overall, the
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spectral features are fully consistent with the proposed molecular struedutieistratedn
figure (34) and summarized itable (34).

Table (3-4): Chemical shifts of protons in monomei3

U (ppm) Multiplicity Integration Assignment
7.78 S 4H Aromatic protons
7.21 br, s 4H Terminal-NH»

HoN-C-NNC - CaN-N-C<NH,

- N

T T T
12.0 11.5 11.0 10.5 10.0 9.5 9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 a.s

4.0 3.5 3.0 2.5 2.0
1 (ppm)

Figure (33): tH-NMR of Monomer2
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Figure (34): *H-NMR of Monomer3
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3.13 Carbon Nuclear MagneticResonancg**C-NMR Spectraof TBT and
TDA)

The carbonnuclear magnetic resonance spectrum-8MR) was recorded at 100.62 MHz
for 13C. Measurements were carriedoutat om t emper ature (4 2@3.5
solvent and tetramethylsilane (TMS) as inter
acquired with 2048 scans and a relaxation delay of 2.0 s.

The BCNMR spectrum of Monome2e x hi bi t ed a charact3ppm,stic r
assigned to the thioamide carbon (C=S). This represents the most deshielded signal in the
spectrum, as the carbon is strongly electieficient due to the high electronegativity of the
adjacent sulfuand nitrogen atoms. The ipso carbon directly bonded to the imine functionality
(IC=Ni) appear 8xppma The deshieldiry.of this carbon arises from the electron
withdrawing nature of the imine nitrogen, which exerts both an inductive effectpyhere
shifting the resonance downfi el B6ppiikvith par a
relatively low intensity, consistent with a quaternary aromatic carbon. The aromatic CH
carbons (C2, C3, Cb54ppnCwhere theesgymals averlepieaatd thel 1 2 8 .
high symmetry of the pardisubstituted benzene ring. Overall, these spectral features are fully
consistent with the proposed molecular structure and confirm the successful synthesis of the
target monomeias illustrated irfigure (35) and sumnarized intable (35).

Table (3-5): Chemical shifts ofcarbons in monomer2

U (ppm) Carbon type Structural assignment
178.43 C1l Thioamide carbon (C=S)
142.09 Cc2 C (directly bonded to C=N)
135.86 C3 C-para (aromatiquaternary
128.24 C4 Aromatic carbons

*Cqg= quaternary carbon

The3C-NMR spectrum of the synthesizatbnomer TDAexhibited four welresolved signals

that are fully consistent with the p8awmdposed
163.43 ppm are attributed to the imitype carbons (C=N) of the thiadiazole ring$eir

strong deshielding effects from the nearby electronegative nitrogen and sulphur atoms cause
pronounced downfield chemical shifts. These effects lower the etedénasity around these
carbons and make them more sensitive to the
ppm comes from the ipso carbons of the central benzene ring that are directly connected to the
electronwithdrawing thiadiazole substituentBhis connection causes more deshielding than

unsubstituted aromatic carbons. The aromat.i c
129.92 ppm. This effect is because the mhsabstituted benzene ring has a very high degree
of symmetry, whichmakeshe peaks | ook | i ke they are al/l

39 and 41 ppm are the leftover signal from the DMBO s ¢14 A, asnlustrated irfigure
(3-6) and summarized itable (36).
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Table (3-6): Chemical shifts ofcarbons in monomer3

d (ppm) Carbon type Structural assignment
173.46 Cl Imine carbon of tladiazole ring
163.43 C2 Second imine carbon diiiadiazole ringC=N)
143.69 C3 C (aromatic quaternary)
129.92 C4 Aromatic carbons

S — S
I s 2 I
H,N-C-N'N-C3{ )sC:N-N-C:NH,

- H 1

4

1 2 3
Figure (35): 13C-NMR for Monomer2
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Figure (36): 3 C-NMR for Monomer3
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3.2 Spectral characterization ofPolyurea Polymers

3.2.1Fourier Transform Infrared Spectrophotometry (FT -IR) for Polyurea
Polymers ofMonomer TBT (Group 1)

The FTIR spectra of the synthesized polyutsssed polymer&roup 1exhibited welt
defined absorption bands attributable to the principal functional groups within their molecular
framework. The stretching vibrations of primary amine groiipsf ) wer e obser ve
range of 35003 300 c¢cm T, typi cal 8 gbsogtopsedaertdo exgnsives t we
hydrogenbonding interactions. In contrast, the stretching vibrations of secondary amine
groups (NHT1) were detected intherangeof38802 20 c¢cm T with moder at e
Aromatic Q H stretching modes wererecorde¢ t ween 3100 and 3000 cm
Ci H stretching vibrations appeared at 2078 50 c¢cm T , accompanied by
bending absorptions at 14663 7 0 Most significantly, the complete consumption of both
precursors during the polymzgation process is indicated by the disappearance of the stretching
absorption bands of isocyanate groups (2272 80 c¢cm T ) and 3p2326mar y d
cm 1), verifying the effective edl48. Othei s hmen
carbonyl (C=0) stretching vibrations of urea linkages were clearly distinguished: non
hydrogehbonded (fAfreed) cailb68Bytm Bppeheedasatstlp
bonded carbonyls werdentified intherange of 16526 25 c¢cm T . The i mi ne (
vi brations were also recorded between 1660 :
urea carbonyl bands. Moreover, characteristicGAN stretching absorptions were detected in
theregionof1360L 250 c¢cm T, whi9l6ed tchre Tr awagsNi MBRESIOQg ned t
N stretching modes. Additionally, medidimensity absorptions at 11800 5 0 cm 1T
corresponded to C=S stretching vibrations, confirming the incorporation of thioamide
functionalities. These spectral assignments are in agreement with previously reported literature
[149].

Table (3-7): The major peak bands of polyurea polymers of group 1

Code | -NH2 | -NH- | N=C=0O| Ar- | Alpha-| C=0O| C=N | C=C | Ar-C-N | C-N-N C=S
CH| CH

2968 1531} | 136k

2a 3377 | 3174 T 2989 | 2929 | 1666 | 1595| 1400 | 1276 1224 | 1093
3392 1535 | 1359

2b 3261 | 3155 T 3024 | 2924 | 1662| 1597 | 1409 | 1280 1230 1089
3388 2989 1523 | 1359

2C 3269 | 3157 T T 2854 | 1683 | 1587 | 1409 | 1280 1257 1083
3392 299F 1514 | 1359

2d 3273 | 3201 T 3039 | 2926 | 1660| 1595| 1404 | 1300 1220 1083
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Figure (37): FT-IR Spectraor Polyurea PolymerBrepared fronMonomer2 (Group 1)

3.2.1Fourier Transform Infrared Spectrophotometry (FT -IR) for Polyurea
Polymers of MonomerTDA (Group 2)

The successful creation of urea linkages within the polymer backbone was confirmed by the
distinctive absorption bands seen in thelRTspectra of thenpduced polyurea polymer3gi
3d). The stretching vibrations ofiH gr oups cause a big absorpt
increasing in size due to strong hydrogen bonding interactions between and within molecules.
The stretching vibration of the C=N bond ispensible forastrongband at2Zlc m T . Thi s
indication means that Schiffase couplings are present in the polymer chain. The absorption
band at 1608 c¢cm I shows that urea groups an
polymer structure. This condion is because the C=C bonds in the aromatic ring have
expanded. The stretching vibrations 6NN at t he absorption band c
the thiadiazole unit is present in the polymer structure. Tl Eretching vibrations at 682
cm T sthhereare dorads in the polymer framework that contain su[fpl@i, andthe
unigue absorption bands of the main amines (380000 c¢cm T ) and i $§ocyana
2280 c¢cm T) show that both r e pdymerigation, whichr e c o
means that the polyurea polymer network was successfully fh48p
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Table (3-8): The major peak bands oflR spectra polyurea polymers of group2

Code -NH> -NH- | N=C=0O| Ar- |Alpha | C=0O| C=N | C=C | Ar-C-N | C-N-N C S
C-H C-H
3439 3010 | 2924- 1408
3a 3269 3155 T 3050 | 2872 | 1712 | 1618 | 1548 | 1300 1298 661
1604 1408
3b 3493 3307 1 3041 | 2908 | 1716| 1558 | 1433 1301 1236 655
3331- 1431- 1381
3c 3400 3165 1 2929 | 2854 | 1707 | 1566 | 1402 | 1566 1226 634
1508-
3d 3296 3188 1 341 | 2997 | 1701 | 1627 | 1602 | 1301 1217 648
' NN NN o ] \3_a|
1 N g
100 - H—Q\{:s@’i neH QCCH__ -
| i HO |
= 90
@
O ]
P
=
é 80 —
= |
©
|— v%a .01
70 - *
7 C-H Ar- -
60 - by
-NH, -\NH-
4000 35IOO 3OIOO 25l00 20l00 1 5'00 1 OIOO 5(l)O

Wavenumber (cm™)
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Figure (38): FT-IR Spectrdor Polyurea PolymerBrepared fronMonomer3 (Group 2).
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3.3 Characterization of Nanoparticles (AgNPs and CuNPs)

The synthesis of nanoparticles was characterized-bgy diffraction (XRD)and Fourier
transform infraredFT-IR) spectroscopy.
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Figure(3-9): Characterization of biosynthesized nanoparticles: (A) XRD pattern of AgNPs; (B)
FT-IR spectrum of AgNPs; (C) XRD pattern of CuNPs; (D)}IRTspectrum of CuNPs.

Figure (39) shows the Xay diffraction (XRD) patterns afilver and coppenanopatrticles.

The X-ray diffraction (XRD) pattern of silver nanoparticles (AgNPs) displayed four distinct

di ffraction peaks with 2d v aldby3CPDcar®NoA , 4 4 4
04-0783. These peaks correspond to the (111), (200), (220), and (311) crystal planes of face
centercubic (FCC) silver. The lack of additional impurity peaks indicates thaytmhesized

AgNPs possess a high degree of crystallinitg phase purityFurthermore, the pronounced

intensity of the (111) diffraction peak also demonstrates a preferred crystallographic
orientation, which is a typical feature of silver nanoparticles synthesized using plant extracts
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[150]. The XRD pattern of copper nanoparticles (CuNPs) showed three different diffraction

peaks
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and (220) crystal planes of metallic copper, according to JCPDS card Ni&364 The

nanoparticles
oxidation by the surrounding organic cappingertg [151]. Using the Deby&cherrer

consi

St

sol ely

equation, the average crystallite sizesibfer and coppemnanoparticles were calculatfgB].
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Where (D) represents the crystalliteaysi ze,
wavelength (0.15406 nm for Cu KU radiation),
of the diffraction peak iraction andle. 3he<alculeaed d ( d

crystallite size is summarized in TableqB

Table (3-9): Particle size by Debye Scherrer equation

Elementf 2 Thet § FWHM(E Thet a b (r ad D(nm) | Daverag{nm)
(radians)
38.1431 0.2362 0.3330 0.004122 37.2
44.6225 0.1574 0.3893 0.002746 57.1 34.43
Ag 64.4912 0.3936 0.5627 0.00687 24.9
77.4349 0.5760 0.6760 0.01005 18.5
43.2721 0.1440 0.378 0.00251 61.99
Cu 50.4687 0.1181 0.4404 0.00206 77.67 61.3
74.1266 0.2362 0.6471 0.004122 44.1

Figure (39) displays the Fourier transform infrared () spectra of the produced copper
and silver nanoparticles. Using sodium citrate and green tea extract to reduce silver nitrate, the
FT-IR spectrum of AgNPs revealed multiple unique absorption b#ratsrepresented the
functional groups involved in the synthesis processd Gtretching vibrations produced a
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green tea extract work in concert to reduce and stabilize silver nanoparticles.

Similar to this, the FAIR spectra of CuNPs, which were made from coppé#ateuusing

gr ourg
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hydrazine hydrate and sodium hydroxide in the presence of polyvinyl alcohol (PVA) as a
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Weight loss (%)

stabilizer, displayed multiple unique absorption bands that represented the functional groups
used in the synthesis. Thei B stretching vibrations of hydrokygroups from PVA and

adsorbed water molecules on the nanoparticle surface are responsible for the broad bands at

34614 3 4 1 H stretahingl of aliphatiegro@s inside the PVA backbone was

and

identified as

residues may have

t he c aiHdbad sirdtchihglvibratibna fnoch hyarazin@ 9 8 7
contributed

or C=C vibrations linked to thp e a k s
hydrogen bonding environment inside PVA or partial interactions between hydrazine and the
polymer matrix. Oubf-plane bending vibrations of the polymersHCwere discovered to be

responsible ford ai nt

Cu

oXxi des

0) .

This fi

band at

nding

to be between
the effectiveness of the copper reduction process are confirmed by 4tk §pEctra. The
development of stable nanostructures shielded by organic capping layers is confirmed by the
observed vibrational bands, which show efficient interadietiveen the nanoparticles and the
organic functional groups created by the reducing and stabilizing 44B68}s

somewhat to
which were mainly attributed to the bending vibrations of adsorbed waté&i ). The N H
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3.4Thermal stability (TGA) of pure polyurea polymers for Group
1 and Group 2

Thermogravimetric analysis (TGA) ingtrogen environment was used to assess the thermal
stability of the produced polyurea polymers (Figw®)3
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Figure(3-10): TGA thermogravimetric of pure polyurea polyméasoup J).
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Weight loss (%)

Weight loss (%)

Table (310) provides a summary of thkermogravimetric analysis (TGA) and derivative
thermogravimetric analysis (DTG) used to assess the thermal behavior of the pure polyurea
sample shown in Figure {B0). The findings showed that the onset varied from 187 to 224°C,
and the maximum decompaseit temperatures @y, which corresponded to the primary
stages of polymer chain breakdown, occurred between 259 and 38 OTG curves were
utilized to determine themkxvalues and to further elucidate the principal thermal degradation
stages. Thesresultsndicate that the studied polyurea polymers have moderate to good thermal
stability within this temperature rang€he total weight loss ranged from 80.6% to 99.75%,
signifying nearly complete decomposition of the polymer structure at eleteatgrbratures.

The remaining residues (012B%) are attributed to relatively stable carbonaceous species
persisting after the breakdown of the polymer matrix. Overall, these finding demonstrate a
typical thermal degradation pattern for pristine polyurdgrpers, confirming the purity of the
polymeric matrix and the absence of inorganic phases affecting the degradation process.
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Figure (311): TGA thermogravimetric of pure polyurea polyméasoup 2.

Thermogravimetric analysis (TGA) arterivative thermogravimetric analysis (DTG) were
used to analyze the thermal behavior of the pure polyurea samples in group 2, as shown in
Figure (311) and Table (30). The results showed that the initial decomposition temperatures
(Tonse) ranged betwee 177 and 276 °C, whereas the maximum decomposition temperatures
(Tmax) Occurred within the range of 21375 °C, corresponding to the principal degradation
stages of the polymer chainehe DTG curves were employed to determine the Values

more accurately and to clarify the main stages of thermal degradetiese findings indicate

that the synthesized polyurea polymers exhibit moderate to high thermal stability across this
temperature rang@&he total weight loss was found to rarmgween’3% and 95%, reflecting
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the nearly complete decomposition of the polymeric structure at elevated tempefidiares
remaining residues (0.27%) are attributed to thermally stable carbonaceous materials or
minor inorganic traces that persist attee breakdown of the polymer matrix

In general, the synthesized polyurea polymers incorporate aromatic rings, conjugated systems,
and Schiff base moieties. As a result, upon thermal treatment, these polymers tend to form a
charresidue rather than undeigg complete volatilization. Accordingly, samples 2c and 3d
demonstrate a pronounced ability to genecats; reflecting enhanced thermal stability and a
highly aromatic, complex structure. In contrast, samples 2a and 3a undergo nearly complete
decompogion, indicating comparatively lower structural stability. Among all samples, 3d
exhibits the highest thermal stability, which can be attributed to its molecular architecture
characterized by a higher degree of aromaticity and conjugation, improved neEsista
thermal degradation, and the formation of a protecthaglayer.

Table (3-10): Thermal decomposition parameters obtained from TGA and DTG curves of
polyurea polymer.

Polymer code|  Tonset(°C) Tmax (°C) Tend (°C) Total weight | Residue (%)
change (%)

Group 1
2a 224 288 802 99.75 0.25
2b 200 259 801 84.16 16.00
2c 244 260 801 80.60 19.00
2d 187 364 806 98.30 1.00

Group 2
3a 177 310 804 99.70 0.30
3b 195 337 804 99.51 0.49
3c 194 217 806 95.03 5.00
3d 276 375 806 73.02 27.00

3.5 Morphological and Compositional Analysis

The morphology and elemental composition of the polyurea/silver and copper nanocomposites
were examined using FESEM, EDX, TEM, Zeta analysis.

3.5.1 Morphological analysis based on FESEM and EDX micrographs

As seen in Figure ¢€22), the metatontaining polyurea nanocomposites' surface shape and
elemental composition were examined using FESEM and HRX FESEM images revealed
distinct morphologial variations depending on the type of metal added (Ag or Cu) as well as
on the nature of the polymer backbone (samples 2b and F) the silvetbased
nanocomposites (Agb and Ag2d), the FESEM micrographs showed a uniform distribution
of AgNPs throughot the polyurea matrix, confirming their-gitu formation during synthesis.
Sample Ag2b exhibited nearly spherical particles with diameters ranging 6&id6 nm,
whereas Ag2d exhibited smaller, more compact nanoparticles within the rang@ 25 nm.
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This variation illustrates how the polymer chain structure affects the nanoparticles' nucleation
and growth characteristics. Strong interfacial contact between the metal and the polymer is
facilitated by the uniform and evenly distributed AgNPs, which fafiective electron
transport in excellentln contrast, the coppdrased nanocomposites (@b and Ct2d)
displayed markedly different surface morphologige Cu2b sample was observed to contain
clustered spherical particles with diameters ranging #6in28 nm, while the Ce2d exhibited

a bimodal particle morphology composed of both spherical antik@dtructures, with sizes
ranging fromB4i 22 nm. This indicates a neaniform crystallization process of the CuNPs due

to the influence of the polyurea envimoent during the reduction process. It is worth noting
that the rodike copper structure in GRd sample contributes to the creation of interconnected
metal pathways that improve charge transport efficiency within the matrix

The EDX spectra confirmed dhpresence of the target metal elements (Ag or Cu) along with
C, N, and S signals associated with the organic structure of the polyurea and the
thiosemicarbazide moieties. Quantitative EDX analysis T@bldl) confirmed the high metal
loading in all nanoomposites, with silvebased systems showing greater incorporation
efficiency than their coppdyased counterpart$his confirms that metallic nanoparticles are
effectively embedded without any observable contaminants. The polyurea backbone's
structural gability and coordination with the embedded metallic domains are further supported
by the presence of carbon, nitrogen, and sulfur.

Overall, the FESEM and EDX analyses confirm the successful preparation of palyetaa
nanocomposites with a homogeneoasdiple distribution and strong interactions between the
organic and metal component¥he tightly packed and firgrained structure of the
nanoparticlesespecially in Ag2d and Ce2d contributes to the formation of an electron
conductive nanocomposite metrk, thereby contributing directly to the observed enhancement
in electrical conductivity.
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Figure(3-12): FESEM micrograph and corresponding EDX analysis of polyurea/silver and
copper nanocomposi{&roup J).
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