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Abstract:

The synthesis of polythiophemdunctionalized with an alkyl group such as
coumarin and naphthol were performed successfullgre¥iously- described technique
of WS, synthesis from thiourea and tungstic acid was utilized to synthegipéated
WS,, which was emplged to synthesizeamocompositenaterials. Also, novel daliated
polythiophene and pofg-alkylthiophene) with naphthol nanocomposites using various
percentages of tungsten disulfide were prepared usisitu polymerization of the
monomer with rion (lll) chloride in the pesence of exfoliated WS Additionally, the
exfoliated nanocomposites of polyaniline were synthesized bg-situ polymerization

reactionof aniline with ammonium peroxiysulfate in the presence of exfoliated ¥S

The poly3-alkylthiophene) decorated with naphtheas characterized by using
techniques such as NMR, FTIRnd TGA. These techniques were utilized to determine
the difference between the monomers and their polymers. Both polymers displayed a
noticeable improvemenn thermal stability. The exfoliated nanocomposites of P-ThN
WS, were also characterized using techniques such alRFInd XRDThe results
obtained suggest that there isiateraction between the polymer and the MiS8e to the

vibrational change in thiR spectrum.

Ozawa's method was applied to detere the decomposition kinetiad these
exfoliated nanocomposites using the ThegragimetricAnalysis(TGA). The activation
energies for PTh and their stifferent compositions o¥WS, were measuredinderair.

Each sample wastudiedusing four selected heating ratés:10, 20 and 40C/min. The



similar procedures were followed to compute Ea for P'VH& nanocompositesThe
results demonstrated that the incorporation of nanofillers has intptbeeEavalue for

PThWS, and PThNWS, nanocomposites.

It was found that theresence of alkyl group (naplallp on the thiophee ring has
enhanced the Ea gpproximately 65 kJ/mol compared to pure PTh with around 79.9
kJ/mol. Furthermore, the values of the Ea fxfoliated PTWS, and PThNWS,
compositions were increased by incorporating higher percents ginNé®mparison to

that of pure PT or PThN.

Ozawa's method wadsoapplied to determine the activation energies for the pure
polyaniline and their nanocorapites with W$. All experiments were carried out in a
TGA at four different heating rates under a nitrogen atmosphere. It was demonstrated that
the incorporation of exfoliated WSn polyaniline showed an enhancemeémtthe Ea
values. Also12.5% of W%-PANI composition recorded the highest Ea with 165 kJ/mol

compared to that of Ea of pristine PANI with 129.8 kJ/mol.
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1. Introduction :
1.1. Overview.
When we think or hear about polymers, we may immediately come up with an
image of some products such as rubber, plastic and clothes. These materials are
often insulators, kut as a matter of fact, conducting polymers were known before
their discovery in the late 1970s! For example,Runge reported the polymerization
of aniline via a chemical oxidation reaction in 18342 although a that time, the
electrical property of the conducting polymer wasnot known. Over a centurylater,
however, in 1977, Shiakawa, Heeger, and Mazarmid, reported the high electrical
conductivity of polyacetylene.They were awarded the Nobel Prizein Chemistry in
2000 for the discoverythat doping polyacetylene withAs/,ET AOAAOAA OEA DIl U
conductivity by 220 Slcm at room temperature. ! Since that discovery, many
conducting polymers including poly(para-phenylene ethylene) (PPE), polyaniline
(PANI), poly(paraphenylene vinylene) (PPV), polythiophene (PT), polypyrrole
(PPY), Poly(paraphenylene) (PPP)many others have been produced, as can be seen
iNFECOOA p8p8 4EAOA AT 1 AOAOET ¢ PT AOARAADOOAOROE
OO0UT OEAOGEA | AOAI 0806

PPE PANI

Figure 1.1: structures of several common conjugated polymers.



Conducting polymes (CPs) are considered to beodern material Recently,
these types of matergahave been studied substantialg a result of theiunique
properties A great deal of interest is focused on enhancing these materials so that they
may replace the currently used sewmnductors. Organic conductimmplymersprovide
different beneficial features over inorganic semiconductors such as ligimnessght,
resistance to corrosiomearly infinite numbers of chemical structured polymers
electronic and optical properties ar@ise ofprocessability® The key point of focus in
CPsusefor the development of devices in comparison to other polymers is attributed to
thar relatively low cost and the ase that they can be cast or molded into a ptaéera

shape from solution or melt.

The electrical properties of conducting polymers are attributed to the mobile
charge carriers, which move through the
overlap of the delocalized-prbitals of the polymer backbone. In contrast, in the undoped

state, the conducting polymers display a low electricatlootivity at room temperature.

\ Conjugated polymers /
S
insulators semi- metals
conductors
1 L] L] L) L) L L]
S/m I,,xo‘ '.,10"‘ I*IO' |410 ], 10 |4 10° I,
1077 107 10 10 10 10 10
Conductivity | I | | | |
< o S? O & &
= %) NG 8 (\\\) QQ, &
0\-) b\b@ ) DN \@b © \\$5c>
o K

Figure 1.2: Electrical property of conducting polymers in comparison with

conventional materials *



Based on the Band Theory*” all materials are classified into three groups:
insulators, semiconductors and conductors. As a result, this is important for
understanding why conducting polymers act as either insulators, semiconductors or
metals as shown in Figure 1.2A band model can illustrate wly some materials are
conductive while others are not.In a band model, electronic bands can be generated

due to the overlapping of molecular orbitals

The band gap ({ refers to the energy differenbetweenthe topof the valence
band and bottonof the conduction bandThe exceptionalconductivity of metals is
attributed toabsence of band gap, whiclean be due to band overlap or a partially filled
band In the case oinsulators, thdack of conductivity of these materials is ascribed to
the large band gafi-he band gap is smallen semiconductorthan insulators, anché
thermal orphotonexcitation can promotsomeelectrors from thevalence band to vacan

spacsin the conduction banas ilustrated in Figure 1.3.

The” béawdl ence band) and Ooverlapiacomducfngonduct i
polymersafter doping by either fdoping or pdoping The dopedpolymer undergoes a
decrease irthe distance between the sate band and conductionry allowing the
polymer to behave as a metal in term of conductifi§verall, thepresence of amall

band gap ishefundamental ainin the preparatiomonducting polymers.



Energy

Large band gap

Conducting
Small band gap band

No band gap Conducting
band
Conducting
band

_— e 3

Metal

Figure 1.3: The difference in band gaps for MetalsSemiconductors, and Insulators.
1.2. Synthesis of conducting polymer:

Conducting polymers can bgroducedby either electrochemical or chemical
oxidation reaction othe correspondingnonomes. °!° The processes of synthesizing
conducting polymers initiatewith the oxidation of the monomer to produce a molecule
with low molecular weight (an oligomer). Sindbe oligomer has a low oxidation
potential compared to the monomer, it then undergoes further oxidation to produce the
polymer. Ultimately, a polymer is obtained by either precipitation in an appropriate

solvent or electrodepositiasf the polymer onto aselectrode.

Ammonium persulfate (NE,S,0s and Ferric chloride (FeG) are common
chemical oxidizing agents. A polymer produced using these two agents is regarded as a
(p-type) domd polymer An anion A must also be added to balance the changthe

polymer backbone, resulting in the protan of a stable doped polymer.



Chemical polymerization producedaage amount of the polymeiThe synthesis
of polypyrrole, for instance, can be easily obtained from aqueous solution, whereas, the
successfupreparation of polyanilineeeds to be in acidic conditiostnce the level of
protonation of the polyaniline is extremely sensitive in terms of the electrical
conduetivity of the polymer. Unlikgoolypyrrole and polyaniline, which require aqueous
solutiors for their polymer synthesigpolymerization 6 thiophene is often carried ourt

organic solvents such as acetonitrile becausts pbor solubility in aqueous electrolytes.

It is worth mentioning that the oxidation polymerization reaction is nobtie
approach for synthesizing conducting polymers, but there are also other techniques such
as the condensation polymerization reaction and organometalliarghytoupling ***2
Howeve, the doped or oxidized patyer canonly be directly prepared by the approach

of oxidative polymerization. In other techniquése neutral polymer is synthesized first

andthen doped or oxidized in the following step.

1.2.1.Polythiophene (PT) vs Bly(3-alkylthiophene) (P3AT)

1-2-1-1. Overview

Among the many conducting polymers, polythiophenes have attracted
considerable interest during the last two decades due to their environmental and thermal

stability in both doped and undoped stat@d2% weight loss at 96Q) and their very



high electrical conductivity ranging from 3.4x4@ 1.0x10" S/cm after doping with

iodine

The first synthesis of polythiophene was reported in 1980gamdan insoluble
and unprocessableompound***°The reason forthe poor solubility of polythiophene is
attributed to the strong °~ stacking between
of modifying the properties of (P3AT) can be achievable by substitution of an alkyl group
in the b positiiomgofThihe gdbbopihtewmtei on on t h
improvement in solubilityof P3AT in the organic solvents. Therefore, it enhances the
ease of processing for many applications fauilitates the characterization of P3AT%S
which have several practical applications such as in electrical conductor, smart windows,

rechargeable battes, LED polymers, solar celland sensorsptical devicesetc °

Generally, tle abilityto manipulatehe properties of P3AT by varying substituted
al kyl groups at the b position has become a

a novel series of P3AT, hence, promoting new advanced materials and their properties.
1-2-1-2 Chemical Synthesis of Polyalkylthiophene ( P3ATS).

The chemical synthesis of P3AT has undergone several improvements.
Polymethylthiophene (PMT) was the first synthesized substituted P3AT and was
insoluble *"*° In 1985, Elsenbamer and his-smrkers synthesized the first soluble and
stable P3AT?%?2 Shortly after, chemical and eleochemical syntheses of P3AT were

reported®®*?° It was deduced that the solution and melt processed into film was possible



with alkyl group longer than butyl witthe electrical conductivityof 1x10° S/cm #®%

The following are several techniques that have been used to pR§#are

éO—ZZ

Kumada followed the same procedures of synthasighiophen to prepare

26.27 35 shown in

P3AT andthis reactionis known ascrossi coupling polymerization
Scheme (1)1 In addition, it was found that common organic solvents such as
chloroform, THF,acetonitrile methylene chloridebenzonitrile, nitrobenzene, toluene,

and xylene can dissavany P3AT with alkyl group equal to or longer than butyl group.

Kumada crossoupling method

R
R

|
.ﬂ v A N
A \J*

R

Scheme 1.1: the synthes@pproach for Poly (3-alkylthiophene).

The synthesi®f P3AT was further developed in 1995 by Curtis ef%®.5bis
(chloromercurie3-alkylthiophene was polymerized in the presence of copper powder and
PdCL in pyridine as shown irscheme 1.2. In this method, the homopolymer and
copolymer were produced, withakyl and 3 esteric sbstituents formed with respect to
the copolymer. The molecular weight wasservedo be 26 K, with a PDI of 2.5 for poly

(3-butylthiophene).

T
| / \ Cu/ PdCl, M %\
CIHH —_—
9 S HgCl Pyridine S n

R= alkyl or esters
Scheme 1. 2: Curtisé method for the synthesis



In 1986, Sugimoto and his eworkers successfully prepared P3AT using
oxidizing agents such as fer(idl) chloride (FeC}), ?® ruthenium(lil) chloride (RuG) or
molybdenum(lll) chloride (MoG) ?°in dry chloroform. In general, Fe€hs an oxidizing
agent hasfrequently been used to synthesize P3A%* The molecular weight of
polymers prepared by this method ranges from 30 to 300 K with PDI ranging from 1.3 to
5 %%®Moreover, -i he2,e4) scresuipftlie Feglimettod. @he main
drawback of this method is the#mainingiron can settle in the polymer and alter the
properties of the P3AT, which can influence devices performance for some applications

such as transistor8 andlight-emitting diodes (LB). *’

The preparation of P¥3¢34> and P3AT* using Fed is a highly effective and
simple approach. This reaction is classified as an electrophilic substitution. The general
mechanism of the polymerization reaction e&lBythiophene is illustrated ischeme
1.3. The major function of Fegiks to initiate the reaction by producingdical cations on
the thiophenering. Thereby, the polymerization chain reaction will continue until

addition of methanol to terminate the reanti



-2H

/ s

Scheme 1.3: The general mechanism of P3AT synthesis using FeCl

1.2.1.3.Regioregular andRegioirregular.

Due to the 3 substituent of the thiophene monomer, P3AT is converted to an
asymmetrical molecule. This means thae thnkages of thedimer provide three
possibilities of coupling: 2,5 or head to tail (HT) coupling, 2,2 or head to head (HH)
coupling, and 5,5 or tail to tail (TT) coupling”*® These couplings are arbitrary
structures, which are produced in the polymers of P3AT. However, three assorted
couplings can generate fouegioisomes in the case of P3AT. Scheme 1.4 displayed the

three coupling orientations and the foegioisomes of P3AT.



/ \  _s /7 \ s /7 \ s

H-H R H-T R T-T R

HT - HH

Scheme 1.4:The possible regiochemical couplings in P3AT.

The wegdoifrregularo is a term given to a
these couplings such as HH or TT, which can affect the properties of the polymers. In HH
and TT orientation agplings thiophenes are twisted due to the torsion point between
thiophenes ringsThe regioirregular coupling can affect the properties of P3AT such as
loss of the conjugation system, a large band gap, destruction of the conjugated system
and other attraste properties of P3AT. In addition, tHermation " - ~ stacking of
regioirregular P3AThas less probability to form iRlH and TT couplings, which can

affect the electronic properties of P3AT.
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Figure 1.4: Regioirregular (H-H) coupling top and regioregular (H-T) coupling bottom.

Regioregular P3AT, on the other hand, is a polymer which is formedl bgad
to tail linkages. This type of coupling has been explored enormously because it leads to
remarkable properties such as high conditgt high stability, and high eleainic
mobility. In addition, 3dimensional structures can be formed in HT coupling, which
leads to a planar configuration. The steric hindrance of the regioregular formation is
diminished. In comparison, HH or TT coupys are not desirable coupling due to the

increase of band gap and negative effect on the conjugated system of thé*P3AT
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Stacked Polythiophenes

<K =
S =

VL=

a4
SSSS
Rz

16 A €
Figure 1.5: Threedimensional self- assembly of r-P3AT. *
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1.2.1.4. Controlling The synthesis oRegioregular Poly(3-alkythiophene).

Various methods to control the synthesis ofPBATs have been reported.
McCullough and his cavorker mentioned the first synthesistbe regioregular head to
tail P3AT with a yield of nearly 1009%8° The key element of this method is to react 2
bromo3-alkyl thiophene with LDA at76 °C followed by the addition of MgBOE® to
form 2-bromao5-bromomagnesiurd3-alkylthiophene, which is then polymerized with a
catdytic amount of N{dppp)C} via the Kumada crossoupling method. This method
affords a yield of approximately 44 69 % of reP3AT as shown irScheme 1.5. In
addition, 98100 % HFHT coupling was synttsized by the Mcullough method with a

typical average molecular weight between 201K K and PDI of 1 to 4.

12
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Scheme 1.5: The synthesis of #P3AT via the McCullough approach.

Rieke et al described another synthetic approach for preparing regioriégalar
as illustrated in Scheme 1.6. In this method, the reaction betweetibByBno3-
alkylthiophene with highly reactive zinc results in the formation of an organozinc
compound. Subsequently, nickel was utilized as a catalyst for polymeriZ&fitiThe
regioregularity of the resulting polymer relies on the choice of the appropriate catalyst.
For example, a regiorandom polymer is formed whenguBd(PPk), while Ni(dppp)C}
produces a regioregular polymer. The molecular weight and PDI of these polymers are

from of 24 K-34 K and 1.4, respectively.

R R R
Zn/ THF \
ﬂ ﬂ e
Br s Br Br s ZnBr Br s ZnBr
Pd(PPh3), ‘ Ni (dppp)Cl >

l |

7\ . 72\ 3
/" = X /-

Scheme 1.6: The synthesis of #P3AT via the Rieke approach.
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The use of highly reactive ziremd multistep procedure are a major drawback of
the two aforementioned methods. As a result, in 1999, McCullough developed a novel
route for the synthesisf r-P3AT. This method is widely known &rignardmetathesis

(GRIM) method>**°

R R R

Br/d RMgCI / THFE Br/@ " cw‘gm

S S S

Ni (dppp)Cl>

Scheme 1.7: The synthesis of #P3AT via GRIM

According to the GRIM methodyne equivalent of RMgCI is reacted with 2,5
dibromo3-alkylthiophene to produce an intermediate mixturdllastratedin Scheme
1.7. The molecular weight of-R3AT produced by this method ranges from 20 k to 40 K

with a PDI of 1.2 to 1.4.

1-2-27 Polyaniline
1.2.2.10verview.
Polyaniline (PANI) is one of the most attractive conducting polymeric materials.
PANI was first discovered in 1934 by Rungéhis newly discovered polyaniline was
known as fAanil i ne bdnaexiddian reaction.iRange observedthat e s ul t

heating aniline nitrate and copd#) resuted in a color change from dark green to black.

14



The incredibly unique properties of PANI, including high electrical conductivity, high
stability, optical, electrochemical, low cost, and lightngs¥ make it a promising

polymer for future use in technological, and scientific applications such as rechargeable
batteries, radar absorption, solar cells, catalysts, sensors, atideavroptical and light

emitting devices®®*® Polyaniline commonly refers to a large class of conducting

pd ymer s. Polyanilineos struct urenoidcanthposes

oxidized Quinoid) repeating units as illustratedrigure 1.6.

|
N /N
(AT T
)
(Reduced Unit) (Oxidized Unit)

Figure 1.6: General structure of polyaniline.

The major feature of PANI is its ability to interconvert between conducting and
insulating propertiesunder specific condition§® This process is known gsotonic®’
doping which is the main distinguishing property of PANI amongst other conducting
polymers, and as a result, many properties that are relevant to PANI, including
vibrational, electrochemical, chemical, and opti@ld others properties can be highly
altered depending on the incorporation of various dopant anions. Moreover, the oxidation
state of PANI plays a crucial function in forming four different types of PANI as shown

in Figure 1.7%
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Leucoemeraldine (insulator)

Emeraldine base (insulator)
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Emeraldine salts (conductive)

VOACUS RSN

Penigraniline (Insulator)

Figure 1.7: Four different oxidation forms of polyaniline.

Leucoemeraldine is a form of PANtomprisedsolely of reducedunits, and
completely oxidizedPANI is refered to as pernigniline, which consists of solely
oxidized units. Emeraldine base formf PANI is made upof an equal amourst of
reduced and oxidized units. Itessentiato mention that all thaforementioned forms of
PANI are insulators. In contsg the emeraldine salt of PAN$ highly electrically
conducting and stable. This form of PANI can be prepared by a chemical reaction of

emeraldine base with protonic acidBhe doped PANI (emeraldinsalt) displag a

16



spectaculaimprovement inelectrical conductivity of approximately 9 to 10 orders of

magnitude compared to naloped PAN] a conductivity ofvith 1 to 5 S/cm®"°

1.2.2.2.Synthesis of Polyaniline

PANI can be synthesized by either electrochemical or chemical polymerization
methods by using an oxidizing agent in the presence of aqueous acid solution, yielding
the emeraldine salt. Other polymerization methods have also been utilized such as
enzymecatlyzed polymerization anghotochemicallyinitiated polymerization "2
Regarding chemical polymerization, various oxidizing agents have been used to
polymerize the aniline monomer, includinammonium peroxydisulfate (APS} "
hydrogen peroxideceric nitraté”, and ferric chloride’® Among these oxidizing agents,

the synthesis of PANI via APS produces a polymer with the highest electrical

conductivity compared to othexidizing agents.

The electrochemical polymerization approach is another technique to synthesize
PANI in aqueousnedium or appropriate electrolytes using constant potential or current
780 Features such as controlling the degree ofiipmand eas of prepaation are some
advantages dhe electrochemical synthesis of PANI. However, some propertiesasich
low conductivity and, lower crystallinity are drawbagkof the electrochemical
polymerization of PANI. The mechanism of the polymerization reaction is the same

regardles of which of the two synthetinethods is used, as can be seescimeme 1.8.
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Scheme 1.8: The resonance structures of anilimadical cation.

The first step in synthesizing polyaniline is to generate a radical catian by
electron transfer from the 2s energy level of amdine nitrogen The radical cations
resonance stabikezl andresonance structuke) is the most reactive due to its significant
substituent inductive influence ansllower sterically lesshindered The next step is to
produce a dimer from the aniérmonomer by a head to tail coupling between the radical
cation (c) in an acidic medium. Subsequently, a new radical cation dimer is generated
after oxidizing the dimer. Next, the radical cation dimer reacts with a radical cation

monomer to synthesize tt@mer. This process continues in a chain reaction.

1.3 Doping of Polymers.

ThetermAidopingd is borrowed fr omdgstrifesi c s .

the insertion of either anisn(pdoing) or c#éions (nrdoping) into a material via
electrochemical or chemical reactonThe notion of doping is mainly relevant to
conducting polymers, which differentiates the intrinsically conducting polymers from
other varieties of polymersn the intrinsically conjugated polymer, the valencadas
completely full by electrons and the conduction band is completely eifiptye are two

classes of conducting polymers; noonductive form (nowoped) polymers and

18
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conductive form (doped) polymers. In neutral polymers {toped state), all conduot

organic polymers are either insulators or semiconduéfors

The procedure of converting the neutral form of the polycheininto a charged

conjugatedpolymeri s cal l ed &édopingbé6, and takes

pol ymer I's treated by a smal/l amount ( O

electrical, electronic structural, magnetic, and optical properties of the polymer to alter
noticeably. In ddition, the electrical conductivity of the doped polymer compared to the
nontdoped polymer is typically higher byi510 orders of magnitud®olyacetelyene, for
example, is thenost common conducting polymethich whendoped by an oxidizing

agent such asdine, experiences increasetine electrical conductivity up to f6/cm*

Electrochemical and chemical processesthe general approaebto making
doped and noxoped polymers. The degree of condutt can be adjusted by
controlling the level of doping. The incorporation of a doped polymer with a
conventional polymer can produce conducting blends with the best properties of both
types of polymers. Thus, it is possible to employ conducting blendsvdnous

applicatiors.

Redox doping such as chemical or electrochemical partial oxidgidoping)
or partial reduction (loping) are classical approaches for doping conjugated palffmer
Generally speakg, the doping process is required for the insulating polymer to be

transformed into its conducting form. The doping process involves exposing the polymer

19
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to either a solution or vapor of the doping agent such asj;Fa&Cl,

, arsenic

pentchlride, NOPE, or sodium naphthalide. The most imjamt factor of the dopant
agentis its capability of oxidizing or reducing the polym&uring the doping process,
there is a rearrangement of the polymer chain into moreptaméormation between the

monomeric units®

In comparison to other conducting polymers, polyaniline is an exceptional
polymer since it has four different oxidation sgtieucomemeraldine (fully reded),
emeraldine (habxidized), pernigraniline (fully oxidized}*®and emeraldine salt, which
is the only electrically conductive form tfe polymer The emeraldine salt is procec
by protonation of emeraldine base wéthacid.As a result, polyaniline igery vulnerable
to PH change$olyaniline has redox activity atpid of 4 or lower. hwever,polyaniline

will deprotonate and loss itedox activityat highempH.

H H

Scheme 1.9: The protonic doping of Emeraldine base by HCI.

+Z
+Z
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The level of oxidation and protonation is the key element of the electrical
conductivity of polyaniline #%®® The process of preparing emeraldine salts from
emeraldine base is kno®ms shosn ifFfigureolt9% Thec aci d
electrical conductivityof the emeraldine saltsesults ina spectacular increasef

electrical conductivity to 4xf8/cm "

Similarly, strong acids can be used to dope other polymers such as poly (3
alkylthiophene)bput result in a lack of solubility and processabildoreover, the doping
of polythiophenes by strong acid can convert tHehsridization of the aromatic ring
into sp’ hybridization as showniSc heme 1. 10. This can affect
polymer chain, which causes a reduction in conductivityadfetts the optical properties

of the conducting film?’

(e
an
e

Scheme 1.10: Protonic doping of P3AT.
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Polythiophenes can be reduceddshemical agent such as sodium metal or by an
electrochemical approacko produce a polymer with electrical conductivity. The
effectiveness of this technique is extremely influenced by two major elements: the cation
nature and its efficiency of the solvated sf2eFor example, the reductive doping of
polythiophenes bearing crowethes becomes more stable under -@iy condition.
Scheme 1.11 demonstrates the reduction reaction (doping)egbolythiophene with

crown ether. However, this polymer still lacks stapilindera humid atmospheré®

Scheme 1.11The reduction doping of PT with a crowni ether.

In contrast, the oxidativdoping of the conjugated polymer can be accomplished
upon various common polymers structwsng differentoxidizing reagents. However,
because of the widespreade of this method, the doping reaction usually represents
oxidationof the polymer backboneith theincorporationof anions. The ricial point d
for effedive oxidative dopingis thereductionpotential of the oxidant, which shoultek
higher than that the oxidation potersi of the polymer. In case ofoly(3-
alkylthiopheng, some oxidizing agents include ferric chloride, @gblyl chloride, iodine,

and a salt such as nitrosonium tosylate.

22



The difference between the oxidation and the reduction potentials of doping
agentss goverred either bythe reversibility of the chargéransfercomplexformations
991 such aghe doping of polythiophenes by oxygem achieved electron transfer when
poly(3-alkylthiophene) can be doped frric chloride, whichs reduced adescribed in

the equation 1:

e + 2FeClg > FeCl, + FeCl, (1)

Concerning the doping of P3AT with FeCthe chemistry of the doped polymer
may be influenced by any remaining reduced dopant [Fe@hd the byproduct FeCl.
Poly (3-alkylthiophene) doped with Feflexhibits a low environmental stabiljty
attributed to the Ipotoreduction and photolysis of FeClresulted irelectrons movingo
a charge carrier in the conductive polyni&?’ This leadso a decrease in the amount of
charge carrier in the doped polymer. Therefore, over time, the electrical conductivity is
decreased. In general, the chemistry of ampimguct during the doping reactia@an

have an effect on the stability of the conducting polymer.

It is possible to overcome the problem of residual byproduct during the doping
process by wusi ng aullelectontt i ams fkenrd snreaetasn itohne. oA f
decreases the amount any byproduct by employing oxidizing agent&hich form
volatile reacton products. For instance, p(yalkylthiophene) can be doped by

nitrosonium triflate (ONOTTf) with NO gas as a byproduct, as seen in equation (2).
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& + ONOTf » NO+OTf ©)

In the case of doping P3AT with ONOTT, the characterization of the doped
polymer indicatesbsence ofhe nitrogen as determined ®yemental analysis. Also, the
IR spectrum displays the lack thfe C-N stretchesThere isconcrete evidence of the low
presnce of nitration along the polymer chain. Clearly, the TN&tion is driven out of

the doped polymer as nitrous oxide.

1.4.Mechanism of Electrical Conductivity.

To describethe conductivity of electrically conjaged polymers, some concepts
are borrowed from physics such aslaron, bipolaron, and solitoams shown in Figure
1.8 The oxidation of conducting polymefp-doping) results in removal oan electron
from the top of the valence barfdrming a radical cationwhich is known agpolaron)
The radical cation, which has higher energy than energy in the conduction band,
delocalizesonly on severalmonomericsegments with a paramagnetic spiihen a
further oxidation is applietb the polaronicstate,the unpaired electrowill be removed,
formation of a specialdication (bipolaron) which is not independentformed with a
spinlessproperty. Furthermorea highlevel of dopant produces many bipolaron lesel
and ultimately causesformation of bipolarorband. The solitoms speciaformationand
only exists when a polymer hastwo equivalent resonance forngidegenerate ground

state.
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The definite mechanism of electrical traogpalong the polymer backbone is not
entirely understoadalthough the welknown soliton and bipolaron are the major source
of charge carries. Most of the polymesare disordered, comprising a blend of crystalline
and amorphous areal.is very necessaryo take into accounthe fact that thecharge
carrigs move along and between the polymeric units and tangtedndariesand can
affect the mechanism of charge tramdp Thus, parameters such as temperature,
magnetism, dopindpave been investigated to understand the effect of tfi@s®rs on
charge transpt. Several mechanisms have been proppsedl the most commonly
excepted explanation is the transformation of the charge carriers between the localized sites,
or between polaron, bipolarpand solitons. Another explanation is that a metallic island is
dispersed in an insulating matrix which is created by inhomogenous doping species. The
conduction is then dependent on the movement of the charge carriers between different
conduction domainswhich can also be affected by thermal activatidrhis means that

conduction igemperature dependefif
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Figure 1.8: The polaron, bipolaron, and their band gaps’

In conducting polymers, not only good charge transport, buteaswonmental
stability is a fundamental factor There are two classificationsf the stability of
conducting polymersextrinsic and intrinsic stabilitie€xtrinsic stability refersto the
interactionof the surface of the condting polymers with external environmentactors
such as water, oxygen, and peroxide. The charged sites of the polymer are susceptible to
attack by free radicsl nucleophili¢ or electrophilic substanceAs a result, the polymer

has to berotectedoy a stable coating iit is extrinsically unstable.

26



The degradation mechanism evernthadry air and the lifetime of the conducting
polymer play acrucial role in the stability of the polymer. This type reféosintrinsic
stability, which is thermodynamic in origin. The intrinsic instability of the polymer can
occur between the charged sites @& polymer and the dopant ion leetween singland
double bond system of the neutral chiaynan irreversible chengal reaction Thus, the
conjugation system breaks and rendershsppridized carbon. The thermodynamically
can also lead to the intrinsic instability by nmakthe polymer lose its doparand this
arises once having unstable charge $isxsause of thetructuralchangesn the polymer

chain 7929

Table 1.1shows the comparison between some conducting polynmetsrms of
their conductivities, stabilities, and processing possibililfesnperature, concentration,
presenceof electrode impurities, pressure, and curfénall affect the properties of
conducting polymers. Aditionally, the monomer structure is a determining component in
terms of conductivty. Also, the solubility and flexibility of conducting polymer can be

improved by attaching alkyl group§®®
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Table 1.1: Stabilities and processing possibilities of conducting polymers

Polymer Conductivity Stability Processing
S/cm Doped state possibilities
Polyacetetylene 10°- 10° poor limited
Polyphenylene 1000 poor limited
Polyphenylenesulfide 100 poor excellent
Polyphenylenevinyleng 1000 poor limited
Polypyrroles 100 good good
Polythiophenes 100 good excellent
Polyanilines 10 good good

1.5. Application of Conducting Polymers
Since the negative environmental effects of metals have been reported,
conductingpolymers havdeenwidely investigated for potential applications. Due to the
electronic and conductive properties of conducting polymére applications are
classified into two groupas shown infable 1.2 The electrical conductivity gbolymers
is significant for various applications. Due to the lightweight, low dastpgical activity
and ease of manufacturingpnductive polymershave an interesting fieldin many
potential applicatonsdDue t o t he

presence of =~ electron

the reversible (oxidation and reduction) reaction can happen chemically or
electrochemically. This feature renders a valuable oppoytua utilize conducting

polymess for variousmodernapplications®
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Table 1.2: Two groups of applications for conducting polymerg " 10+110

Group 1 Conductivity Group 2- Electroactivity
Electrostatic materials Active electronics (diodegransistors)
Electromagnetic shielding Molecular electronics
Conducting adhesives Rechargeablediteries and solid electrolyte
Ink jet printed material Chemical, iochemical and thermal sensors
Antistatic clothing lon exchange membrane
Piezoceramic Electromechanical actuators
i S maindows

In corrosion protection, condting polymes can beutilized for coating metals
because otheir lightweight and environmental safet@ince metals decompose in the
presencef water or moisture anchnnot enduréong period of timeandhave a negative
impact on the environmenit has been proposed that coatingtafs with conducting
polymess can effectivelyprotectthe metals from corrosion. Therefore, the direct contact

between the reactive specggh as water and moistuaed the metals iavoided

Moreover, oxidation stat plays a majorole in transformabn the electrical
energy to mechanicaork. '®® Baughman and his emorker have reported that

conducting polymercan be used as actuatdrs

Batteries a@ one of thanostsignificantapplications of conducing polymers. The

charge capacity of metal is slightly lower than conducting polymers per unit of mass due
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to the polymercharge being located in three or four adjacembonomeric units.
Conducng polymersand metals such a#hium can be used to generate high power
densitiesbecause of the higpotential difference betweenmaterials Cellular phone,

computers, ardless drillsand lapops are potential applications of rechargellieries

100

Electrochromic devices (smart windows) are another application of camgluct
polymers. There is only a slighdissimilarity between rechargeable batteries and
electrochromialevice applications. In electrochrondevices, for exampletheremustbe
at least one transparent electrode to observe the color changes. In the performance of
electrochromic windows, the dopehd undopd states of conducting polymers will
result fromelectric potential (sunlightgnd as a rest, a positive potential is employed
leading to pdoping (oxidative doping), which causiribe coloraltersto be visible.
Several conducting polymers have been investigated, including polythiophene,

polyaniline, and polypyrrole, etéor potential use irlectrochromic devicet™

1.6. Transition Metal Dichalcogenides (TMDs):

During the recent past, twaimensional nanomaterials such as graphene and
TMDs have received a tremendous amount of attentio® to their outstanding as

12113 gptical ***and mechanical?**?® properties. Graphene is one of the

electrical
well-known 2D nanosheet raials, which exists in atomiayer thickness with a
hexagonal structure. The incredible properties of graphene and its technological

applications such as electronic devices and batteries are attributed taltstructural
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dimensionality. The propees of graphene do not remain in the case of bulk counterpart
graphite Despite the impressive characteristics of graphene and its applications, its inert
reactivity is a major drawback. This means that graphene cannot be utilized in various
applications uless it is functionalized with a desirable molecule. This can cause

graphene to lose some of é@sotic propertieslue to the functionalizatiof?

As a resultof the discovery of graphene, a wide rangfetwo-dimensional
nanomaterials have rapidly gainadremendousamount ofinterest. The 2D nanosheets
of layered transition metalichalcogenide are considered to be a breakthrough in the

next technological generation. These materials have a hightipbtiem use in various

131 129,1321390

applications such as energy stora electranic devices ptoelectronic

devicesl‘m“z

and gas sensintf 143147

The composition of TMDs is represented by a general formula of, MKere M
refers to the transition metal of group 4 to 10 and X refers to a chalcogen such as sulfur,
selernum, and tellurium. In generatransition metalsn groups 4 to 7 display layered
structuresOn the other handstansition meta in groups 8 to 1@redominantlyshow

nonlayered structures.

Structurally, the transition metal is typically sandwiched between two chalcogen
layers with the association of weak van téaals forcebetween the TMD layersvhile
the bond between M is covalent in nature. The bonding state is filled by four electrons
from the metal. The high environmental stability of TMDs matersisnsfrom the

absence of the dangling bond and terminal longair electrons of chalcogemahe
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surface of TMDs. The moteyer of TMDs is comprised of a hexagooarhombohedral
formaton with the arrangement of octahedral or trigonal coordination and a thickness

ranging from 6 to &. **®

Various electronic properties can be exhibibydTMD nanomateria including
metallic, semiconductor superconductor, and insulatoFor example,HfS, is an
insulator, WS and Mo$S are semiconductordVTe, and TiSe are semimetalswhile
NbSe and Ta$ are true metal The versatile electronic properties of TMDs ssdnom
the occupation of the ndmonding d band from group 4 toayp 10 of the transition
metalsand poses metallic properties once the orbitals are partially occupied. In contrast,
they show semiconductor properties once they are completely occupiepreBrace of
the chalcogen atoms has only a small effect on the electronic structure compared to that
of the metal atoms. In contrast, the band gap of TMDs decreases with the increase of the
atomic number of the chalcogen. The electronic properties ofayjereld TMDs are

shown inTable 3.
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Table 1.3: The Comparison of vari*fus |l ayered

Group Metal M Chalcogen X Properties
4 Ti, Hf, Zr S, Se,Te Semiconducting (= 0.2 ~ 2 eV)
5 V, Nb, Ta S, Se, Te Narrow band metals or semimetal

Sulfides and selenides are

6 Mo, W S, Se, Te semiconducting. Telluride are
semietallic
7 Tc, Re S, Se, Te Small gap semiconductors.

Sulfides and selenides are
10 Pd, Pt S, Se, Te semiconductingTelluride are
metallic. PdTeis superconducting

Many approaches have been reported for the synthesis of mono and few layers 2D
nanocomposites via two main techniques:-dogyn and bottorup methods. The most
common examples of the tajpwn method arehemical Li intercalation and exfoliation

150

with butyllithium (BuLi), ** liquid phase exfoliation irthe solvent **° and mechanical

exfoliation method****** In the bottomup method, chemicalapor deposition CVD

154159

synthesis and wet chemical synthest§®'®> are common ways to prepare

nanocomposites.

Among these techniquethe exfoliation technique is one of the most convenient
and effective approaches fibre synthesis of theanocomposites. The exfoliation of bulk
TMDs has two major advantages. First, the exfoliation of bulk TMDs doessueatly
affect the original propées of TMDs in a single layer. This leads to the second
advantage, which is the possibility of design and creation of monolayer TMDiatsater

with desirable properties.
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This method was utilized to prepare polymer/Mo&mposite The initial step is
to soak Mo$S powder into a solution mixture of-loutyl lithium in hexane at room
temperature@o form LixMoS, (x i 3. The following step is to soake LixMoS, into
the water to accomplish the exfoliated layers of M@8d the guest. The value of xds
1

In term of the chemical structure, Mp% the same as WSthe exfoliation
adsorption technique method was utilized to prepare Mi@rs but it was difficult due
to the low Li concentration x=0.4 gained in Lix\y/$esulting in challenging tachievea
high degree ofexfoliated WS. Matte et al. described a technique for the synthesis of
exfoliated WS few layers which required the use of thiourea and tungstic acid. The
tungstic acid was mixed physically with an excess of thiourea. The ratio of tungstic acid
to thiourea is 1:48 mole.After that, he mi xture was thena heated

nitrogen atnesphere.

1.7. Polymeri Inorganic nanocomposite.

Polymei inorganic nanocanposites (PINCs) have receivedsignificant
technological and scientific interest. In the late 1980s, polymer nanocomposites were
improved in commercial research and academic |atioes. Toyota was the §it
company to usenaylon-6/clay nanocomposite material. This composite showed
outstanding mechanical integrity. Nanaogaosite materials are considered multiphase
materials, where one of these phases is a nanoscale particledintierssion of 100 nm

or lower. 1% The existence of these phases in one system and their synergistic influence
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are anticipated to afford nanocomposites with unique properties. In addit®pp#sible

to design and creatsanocompositewith highly desirable characteristics.

Nanocomposites can be divided into three categories according to their matrix:
ceramic matrix nanocomposites, metal matrix nanocomppsiies polymer matrix
nanocomposites. The pdstity of nanocomposites design and synthesis stimulates
researchers to discover and create advaneedcomposites/ith unusual physical and
chemical properties, which opeasvindow into use nanocomposites in a diverse range

of technological applicatian

Polymer inorganic nanocomposites can be either anform of exfoliated or
intercalated statas shown inFigure 1.9. In the case of an intercalated nanocomposite,
the organic polymer is inserted between the layers of inorganic materials leading to an
expansion of intelayer spacing. In an exfoliated case, the layers of the inorganic
material are fully separated ardispersedthrouglout the organic pkymer. Many

approaches have been used to synthesize poliyimyanic nanocompositdn situ-

164-166 167,168 169,170

polymerizdion, melt intercalation template synthesis sokgel
processes "3 and the direct mixture of polymer and particulat€§"’® are the most

common methods for preparing polyrr&tnocomposi®e
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Bulk layered

inorganic material Amorphous polymer

Layered intercalated Exfoliated
nanocomposite nanocomposite

Figure 1.9: Intercalated and exfoliated nanocomposites.

The main reason for using organic polymers are their characteristics such as
durability and lowcost, processability lightweight and ease of fabrication. The main
challenge for the polymess is to extend their applicatisnby preserving the
aforementioned properties while improving some particular properties such as heat
resistance, mechadl properties; strength and moduld§*’® In cortrast, polymer
propertiessuch as mechanical, electrical and thermal are relatively poor edmepared
to metals and ceramielthough, the several forms of polymemschhomopolymer, ce

polymer and blended polymer are not adequate to compensate these profierties

The incorporation of inorganimanofillers into organic polymer has gained
increased interest due to the appearance of spectacular resultant properties. The
nanospecies are typically incorporated to improve particular properties of the pdlymer
The polymernanocompositebased on natlays have attracted a tremendous interest
because of their ability to enhance some properties such as tH&fri¥afire retardant

182186 mechanical**™*° and barrier*®>**! properties of the polymern addition, the
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polymer nanocomposites have been displayed that at lower or equal loading showed

equal or better propées than the polymer @onventional filler >’

Generally speaking, the produced nanocomposities exhibit advanced optical,
electrical, electronic and mechanigabperties. Thus, polymaranocomposities can be
utilized asmateriat in different domains in nanotechnology and nanoscience applications
such as automotive, aerospace industries, military equipment, safety, and optical and
electronic devices. However, ébe applicationoften requirefurther properties and
functions such as high environmental stability, chemical resistance, electrical
conductivity, mechanical properties, flame retardancy and reduced permealghigsts

and water, etc. The propertiestbe polymer and the nanofillers play a very important

role in the effectiveness of polymer nanoco

potential applications of nanocomposite materid#s o9
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Table 1.4: Potential applications of various nanocomposites.

Nanocomposites Potential applications
Polycarprolactone/Si® Bonebioerodible for skeletal tissue repaif
PMMA/SIO» Dental application, optical devices.

Catalysis support, stationary phase for

Polyethylacrylate/Si© chromatography

Poly(3,4ethylenedioxythiphene)/ Cathode materials for rechargeable lithiur

V205 batteries.

Medical devices for gripping or releasing

Shape memory polymers/SiC therapeutics vthin blood vessels

Polyimide/SiQ Microelectronics.

Polycarbonate/Si® Abrasion resistant coating.

1.8. Decomposition Kinetics:
The thermal stability ohanocompositanaterials isa very important property
DSC and TGA are common characterizatieahniquedor investigationof the thermal
properties of materialdn particular thermaravimetric analysis (TGA) is a powerful
technique in which the amount and rate chan

temperature areneasuredn inertatmosphere

TGA datais very useful tadeterminethe decompositiopoint of a substance and
anticipateits stability at very high temperaturéeBGA can be utilized to acquire further
information regarding the decomposition kinetaxé any material. The activation energy,

for instance, is very significant element for decompositiomaterials. @lculating the
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adivation energy can helfp determine the appropriate applications for these materials.

Ozawa method is one of the most coommethods, which have been used to calculate

the meaningful activation energy values. The integral method was deolyGehwa 200

The distinct feature of this ethodis that it does not neei assune anyparamegrin the
kinetic equation. Il n addi-tree onethod lezaase atd s me t
measures the temperatures proportional poecise value ofhe convesion( Unj various

heating rate®. Ozawabds method is wusuaabnfd:descri bed

ITfIClT €& cdpumuvex a&m (3)

Whereb is theheating rateR is themolargas constant8.314 J /mol.K, (U is the
decomposed fraction, A is an pegponentiafactor. From the above equation, a new
expressiorcan be deriveds follows:

Q| 5dFr2 09 (4)

Then the value of (x) can lgetermined by:

W — (5)

The conversion ofU can be computed from the weight loss data as described in the
following expression:

1 0 I R A I O 5 (6)
Where m is the initial weight | Hbis final weight m is the actual weight at any

temperature during the experime®t. p |l o't of |l og b against 1/ °
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thermogram at various heating rates is supposed to be a straight line. Therefore, the
estimation of activation energy can be evaluated from the siofteese straight lineas

described in the following expression:

Es= - slope * (R/0.457) (7

1.9.Project Gods

The incorporation of narfidler into conducting polymers can enhance the properties
of the producednanocomposites such as electrical, thermal and optical properties. In this
research, various conducting polymers have been used to investigate the effect of the
incorporation ofdifferent percentage$Vs, within PT, PThN, and PANI. The object of
this research is to understand the thermal behavior of various compositions,of WS
nanocompositeandOz awa 6s met hod was empl oegnergiest o

of these nanocompositeaterias.
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Chapter 2:
2.1.Introduction :

Conducting polymers have recently attracted a considerable amount of interest
due to their remarkable properties such as high electrical conductivity, high
environmentaland thermal stability, and easé preparation. Among these polymers,
polythiophene (PThand its derivatives have been studied extensively, and they have
emerged as the most promising conducting polgnfer potential applications. The
major drawback of PT is its lack of solubility in mostganic solvents. bivever,
substituti on thethidpleee rifig pnowdssiatwideovarietyg d¢f conducting
polymers with remarkable properties, which have several potential applications such as in
electrical conductor, smart windows, rechargedimtteries, LED polymers, solar cells,

and sensors, etc’

Coumarin and its derivatives are extensively distributed in nature, and many of
them provide varied and beneficial biological activit®$?°2 Coumarin and its
derivativesalso havea large number of applications suchséisnulationfor the central

204206

nervous system (CNSJ* antiinflammatoy, antitumor and antHIV therapy

207298 and antibacterial®®®#'° Moreover, coumarin derivatives are essential spaft
fluorescence probes, switcheand sensors?*?'The fluorescence of coumarin
compounds is extensively utilized as a research tool in polymer sci&tfc&hey are

also utilized as photmitiators. >*> Naphthaleneontaining monomers have beatso

synthesized for florescence applications becatise ultraviolet radiation can be trapped
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by naphthalene derivativés°Al s o, b napht hcaripoundsvhich cahbeuor esc e

used in dyapplications®’,

Nanocompositesvith transition metal chalcogenidésve also been investigated
for their improved optical, electiat and mechanical properties, eihe prepaation of
nanocompositegan beeither in exfoliated and intercalatedtates Often, exfoliated
composites are known as hybrid matexitdat contairatiny amoun of inorganic fillers.
Polymerbased nanocomposites began to receive attention in the late 1980s, with Toyota
being the first company using polymeanocompositén the 199G %°. The interestn
utilizing polymer is attributed to #ir properties such as light weigl#ase of synthesis,
low cost,processabilityand other properties Therefore, the incorporation of inorganic
species into conducting polymers resultghe production of hanocomposite materials
with outstanding propertiesn lthis work, the exfoliated nanocompositesre prepare.

In literature, the exfoliated composites exhibit an improvement in the decomposition

temperature and flame retardanesc

In this work, P3AT with different alkyyjroup namelynaphthalene and coumarin
were chemically synthesized. In addition,-W®/IS, nanocomposites were paed and

characterized biNicole Arsenault*®

and PThNWS, nana@omposites were synthesized
by the in situ polymerizaion method. These nanocomposites were prepared using
different percentages by mass of W$%, 5%, 10%, 20%, 37%, and 64#%ThNWS,
nanocomposites wereharactezed usingtechniques such as IR axXRD, andit was

found that exfoliated compositegsultedfrom the combination oPThN and W&
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ThermogravimetriAnalysis (TGA) was used to determine treedmposition kineticsf
WS,-PT and WGP Th N nanocomposites. Ozawads met hod

activation @ergiesfor decompositiorof these nanocompass decomposition.

2.2.Experimental:
2.2.1.Material .
All chemicals and solvents were purchased from Sigma Aldrich and used without any

further purification.

2.2.2Synthesis of the monomers.

2.2.2.1.Synthesis of monomet.

The monomer synthesis occurred via a Steglich esterification reaction as
illustrated in Scheme 2.1. In a solvenmixture of dichloromethane (DCM) and
dimethyformaldhyde (DMF) (10 mL and 2 mtespectively), A3-thienyl) ethanol (1
mmol) was reacted with otimarine3-carboxylic acid with stirring while under ;N
atmosphere in the presence of Njihethylaminopyridene (DMAP). fle mixture was
then cooled to T for 30 minutes. After that, a solution of dicyclohexyl caliboide
(DCC) (2 mmol) in 2 mL of DCM was added to the mixture to in order increase the
reactivity. The reaction was stirred for 24 hours at room temperature, after which the
solvent was removed wacua After that,the crude product was dissolvedtive freezer
for 30 minutes in order tprecipitatedicyclohexylurea (DCU). The DCU was removed

from the product using vaccum filtratiorand was then further purified using
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chromatography EtOAc/hexae 1.5:1). Thienylcoumarine (ThC) was obtained as an

[}

HO
OH
o o
-+ _DCC.DMAP o,
/ \ DCM / \

S s

off-white product with a yield of 70%.

Scheme 2.1: The esterificatin reaction of 3thiophenecarboxylic acid with 2

naphthol.

2.2.2.2.Synthesis of monomer 2.

The synthesis of monomer 2 is shown Soheme 2.2, and was prepared by
reacting 3thiophene carboxylic acid (Lmmol) wi2i naphthol (1 mmol) in the presence
of DMAP (2 mmol) using a solvent mixture of DCM/DMF (1Q@.f& mL) under N with
stirring. A solution of DCC (2 m mol) in-2 mL of DCM was addedotthe mixture after
30 minutes at . Solvents were removed iracuqg andthe product was redissolved
again in DCM and put in the freezer for 30 minutes to precipitate the DCU, which was
removed via vacuum filtration. A further purification wagrformedusing column
chromatography (EtOAc#xane) to obtai thiophenenaphthalengThN), an off-white

solid product, with a yield 70%.
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HO = ’
/ \ 4+ p ° -+ / \

Scheme 2.2: The esterification reactionf 2-(3-thienyl) ethanol with coumarin-3-

carboxylic acid.

2.2.3.Synthesis of poly(3alkylthiophene) with naphthaleneand coumarin.

The synthesis ofpoly(3-alkylthiophene) substituted with naphthalene was
performed by an oxidatiopolymerization reaction usingiffric chloride (FeG) asan
oxidizing agentin a ratio of 1:2 for the monomer and FeCf?*>. The napthalene
containingmonomer (0.5g, 1.96 mol) was first dissolved in 5 maf chloroform, which
was then added dropwise to a solution of E€Ql638 g, 3.93 mmol) of in 15 miof
chloroform. The reaction solution was stirred unalgentle nitrogempurgefor 3 hours at
50°C, and 21 hours at room temperatufée reaction was then terminated by pouring an
excess of methanol. The black precipitated product was then filtered and washed several
times with distilled water, acetone, methanol and 10% HCI t@verany impurities. The
resultant polymer was then dried under vacuum for 4 hand the black product was
found to beinsoluble in most common organic solvents. The same procedures were
followed to prepare P3AT with coumarin and the brown productfaasd to besoluble

in CHCls.
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2.2.4.Synthesis of Exfoliated W$:
The synthesis of W.Svas achieved following the method described by Matte et al
221 A mixture of thioureaand tungstic aci@3.656g, 48 mmolwas placed in a ceramic
reaction vessel, which was then put into a ceramic tube placespiit &urnace under a
constant flow of nitrogen purg&hesplit furnace was heated to 5@0for 3.5 hours. The
reaction temperature was thenuedd to room temperature aaliowedto sit overnight
under a constant flow of nitrogen. The vessel was then taken from the ceramantube,

black solid product was recovered

2.2.5.Synthesis nanocomposite of Poly{alkylthiophene):
The nanocompates of WS-polythiopher and WS-poly(3-alkylthiophene) were
produced using 1%, 5%, 10%, 20%, 37% and 64% by mass afAlNShanocomposite
were syntesized using ailentical procedures. The synthesissét WS-PThN isused

as an example.

Exfoliatedof WS, (0.0225¢g) was added to a 5Q_rbeaker in the presence of 19 rof
chloroform A probe sonicator was used to disperse the exfoliategf®v30 minutes. In

a 250 mb Schlenk flask, 0.52 g ofefric chloride(FeCk) was treated with 15 miof

CHC I3 while stirring under a nitrogegourge The suspension of W CHCI; was then
added dropwise tthe Schlenk flask. The solution mixture was left stirring under nitrogen
for 30 mins. 0.46 g of AN monomer was dissolved in 1 nof CHCl;, and the solution
was tten added dropwise to the mixture of YW=Ck. The reaction was stirred for 3

hours at 42C under nitrogen and was théeft to sit for 2 days untithe CHC} had
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evaporated. The dark product was washét a sufficient amount of methanol, and then

dried under vacuum filtration.

2.3. Result and Discussion.
2.3.1. NMR Analysis:

An esterification reaction was conducted betwee(B-thienyl) ethanol and
coumarin3-carboxlic acid. NMR analysis was pemiged to identify the ThC onomer
and its polymer. Figure 2represents thtH and**C NMR spectraof the ThC monomer.
Aromatic protons of the heterocyclic thiophemsl dhe coumarin appearedadbw field
in the*H NMR spectrumHowever, the aliphatic ptons of theSAT were shown at high
field. The disappearance of hydroxytoton resonances of the(2-thienyl) ethanol at
4.67 ppm and the carboxylic acid proton resonance of cow®agarboxylic acid at
13.18 ppm were observed in thel NMR spectrum. tl was deduced @uccessful

synthesis of the ThC.

New peaks wer@bservedat 7.48ppm, 7&ppm, and 7.12 ppm indicatirthe
presence of théhiophene ring. Alsoaliphatic protonsshowednoticeableshifted in the
resonanceat 3.05 ppm and 5.45ppm. In additiodiC NMR andysis Table 2.2was
performed to confirm theuccessfusynthesisof ThC monomer. There is a distinct peak
detected at 162.52 ppm which refdp the ester carbonyl growghile the quaternary

carbon of courarin-3-carboxylic acid next to the estearbonyl shifted to 117.77 ppm.
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Figure 2.1:™H NMR (top) and **C NMR (bottom) of the monomer ThC in CDCk,

The structural identity of the new PThC polynveas determined by using NMR

spectroscopyFigure 2.2 showthe *H-NMR spectra of PTh@nd its™*C NMR. It can be
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seen thathe two spectra of the ThC iRigure 2.1 revealed some similarities and
differences. For example, the aliphatic protons of both ThC and BT&&7 ppm, while

coumarin aroratic protons resonate at Z.ppm. However, differentiation between the

two spectra provided evidence that the polymerization reaction pgradeeded
successfully. The disappearance of twoeamat i ¢ pr ot o npositionfat 7T h C i n
ppm and 7.14ppm indicates thap o | y me r i z a t-U coupling ias praceeted U

successfully.

It wasalso found in"*C spectrumthat thetwo aromatic carbanof thiophene in
t h eposition appear at 122.3pmand 128.8pmas it is pointing up in the monomer.
In the polymer, on the other hand, the same peaks shifted to 117.1 ppm and 149.6 ppm
and pointing down which result in a higher intensity of these peaks in comparison to its
monomer.Overall, the'H-NMR and**C NMR of PThC are not completely clear due to

the partial solubilityn CDCl.

14 13 12 11 10 9 8 7 6 5 4 3 2 1 0  ppm
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Figure 2.2:*H NMR (top) and *C NMR (bottom) of the PThC polymer in CDCl;.

Table 2.1 *H-NMR of the ThC monomer and PThC polymer.

Compound Aromatic Aromotic cumarin Others
thiophene
ThC Monomers | 7.01(m, 1H) 7.149 | 7.3(m, 2H), 7.59(m,| 3.13(s, 2H) 4.55(s,
(m, 1H) 2H) 2H
8.4 (S, 1H)
PThC polymer 7.62(s, 1H) 7.29 (s, 4H) 3.17(s, 2H) 4.61(s,
8.5(s, 1H) 2H
Table 2.2 *C-NMR of the ThC monomer and PThC polymer.
Compound Aromatic thiophene | Aromotic cuomarin Others
ThC Monomer 122.37,126.6 117.17  118.1 66.61 29.32
129.99 1374 125.2 128. 162.97
134.87 149.29
155.84 156.2
PThC Polymers 117.1 557 118.49  118.7 66 28.9
130.08 125.5 163.57
134.87 149.72
155.19 1574
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Another esterification reaction was also conducted between phieioe3-
carboxylic acid and -bhaphthol. NMR analysis was done to prove the synthesized ThN
monomelis successfulFigure2.3 depicts théH NMR and**C NMR spectreof the THN
monomer. Aromatic protons of the heterocyclic thiophene and the naphthol were
registered in théH NMR peaks in the low field. The disappearance of hydroxyl proton
resonances of the thiopheBe carboxylic acid at 12.64 ppm and the H&oton
resonance of haphtholat 9.74 ppm proved the synthesis of the monoie.NMR
analysis was alsoollectedto confirm the synthesized monomer. The distinguish peak is

the ester carbonyhatresonated at 160.79 ppm.

%
o

9 3 7 6 5 4 3 2 1 ppm
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Figure 2.3:*H NMR (top) and *C NMR (bottom) of the ThN monomer in CDCk,

Table 2.3:'H-NMR of the ThN monomer.

Compound Aromatic thophere | Aromaic of 2-naphthol Others
Monomers 7.01(m, 1H) 7.149 | 7.3(m, 2H), 7.59(m, 2H] 3.13(s, 2H) 4.55(s,
(m, 1H) 8.4 (S, 1H) 2H
Table 2.4°C-NMR of the ThN monomer.
Compond Aromatic thioplene Aromatic of 2- Other
naphthol
Monomer 127.07 128.69 119.12 121.67 161.75
134.588 134.21 126.19 126.40
126.89 128.21
129.89 132.03
133.31 148.86
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2.3.2.FT-IR Characterization.
Fourier Transform InBRed spectroscopy wasonductedon the ThN, ThC
monomers, PThNand PThC FT-IR also was done on each nanocomposite of

PThN/WS.

FT-IR analysis the monomer and the pubr were carried outTable 2.1
summarizeshe FTIR stretchig band for both the ThN and the PThispectivelylt is
illustrated band in the range of 3123 to 3051 amferred tothe &4 ( U) -Han(d ) C
stretching of the thiophene ring. HoweverHC ( U) al mo s t thedpolygnarppe ar e d
The exhibitions ofntense peaks of the polymer at 734, 1067 and 1177asemttributed
to the GH stretching of the aromatic ring. The low intensity of aromatiel Gands is
attributed to the occtence of the polymerization oraga position of the naphthaleffé
Also, the observation of a characteristic band at 1718 ismassignedo the carbonyl
group stretching of the monomer, whi@ppeared at a higher wavenumlier the
polymer at 1732 cth The FFIR exhibited two knds 1398cm™ and 1511cm’,
indicating to the C=C of the aromatic rings of the polymer, where they appeared at 1507
cm?, 1418cm™ and 1400cm” in the monomer. Moreover, thel ( U) bendi ng i s
at 770 crit in the monomer, while a deformation chatemistic of thiophene occurred in
the polymer, with a disappearance of thaénd in the polymer which msvidencethat the
polymerization reactiontoog | ace ai{ U) heo(@pP)ing. Al so due t
C-H aromatic band, the assignmeminfounded with other peaks. For instance, two
peaks in the FIR spectrum of the monomevere shown around 827 and e41'. This

may attribute to either® 1/ 0 0 p €5 steetthees. C
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Table 2.5 The FT-IR stretching band for both the ThN and the PThN

Assigments Monomer polymer

C-H -thiohene stretch | 3123cm™ |-

C-H -thiophene stiieh 3051cm* 3051cm*

C-H -Bending 790cm* |

C=0 1716cm™ 1732cm™*

C=C aromatic 1507cm™ 1511cm™

C-H aromatic 2850cm’™ 2850cm’™

C-S 827cm* 815cm™”

FT-IR analysis of the monomer(3-thienyl) ethanol with coumariB-carboxylic
acid and its plymer were carried outAll assignments fothe ThC monomer and the
PThC polymer are listeth Table 2.2.The ThC monomer demonstrated bands at 3108
and 3063 cil represented the -8 ( U) -Ha(hfd) Cstretching of t hi
However, the eH ( U)

stretch is disappeared in the

polymerization reaction took | ace on ( U) positions. The exh
the polymer at 1564 cimare attributed to C=C stretches of the aromatic ring, where they

appeared at 1566 of the ThC monomer. Also, the observation of a characteristic band at

1750 cni in the poymer indicated to the carbonyl group, which it appeared at 1751 cm

in the monomer spectrum. HR spectrum of the PThC splayed the €H stretch in

plare bending at 1121 and 1005 ¢nwhereaghey appeared at 1018 ardd 25 cni for

the ThC Moreover, de to the presence of GHC-S and the aromatic-8 (oop) bands,

these bands catonfoundthe assignments somewRat
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Table 2.6 The FT-IR stretching band for both the ThC and the PThC.

Assigments Monomer polymer
C-H -thiohene stretch 3108cmt | 000
C-H - thiophene strieh 3063cnt 3051cmt
C-H -bending 790emt |
C=0 1751 cmi’ 1750 cnit
C=C aromatic 1566¢m™ 1564 cit
C-H aromatic 2828 cmt 2832cmt
o 1125cm* 1121 cm?
C-S 794cm* 786cm*

FT-IR spectroscopy for all nanocomposite materials showed changése

vibrational stretches compared to that of the pristine PThN. PaBlsummarizethese

changes whichare attributed to the interaction between #hdoliated WS and the

polymer.

Table 23: The vibrational spectrum changes of the functional group fol%WsS,-

PThN nanocompositesh comparison to the pure PThN.

Functional group

Pure polymer

1%WS-PThN
nanocomposites

C=0 ester 1732 cnt (strong) 1722cm™ (medium)

C-O ester 1196 cn' (strong) 1177 cnit (strong)
C-H aromatic 2850cm™* (weak) 2852 cmi’ (medium)
C=C aromatic 1511 cm' (medium) 1515 cm' (medium)

C-H - thiophene stretch 3051cm’ (weak) 3051cm* (weak)
CH fioopod 734cm’ (strong) 725cm’” (strong)
812cm* (strong) 811cm* (strong)
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2.3.3. XRDCharacterization.

XRD was carried out tobtain some structural informatiaf the monomer ThN
and ThC monomers, W&nd PThNWS, nanocomposites. The synthesized monemer
ThN and ThC were demonstrated to be highly crystaluwth several sarp peaks as

shown inFigure 24.
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Figure 2.4: XRD of the (a) ThN and (b)ThC monomers.
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However, powder XRD diffraction data were collected on the PThN and PThC, which
were synthesized via an oxidation reaction using a ratio 1:2 of mon8ratyl

thiophene to FeGlas shown irFigure2.5.
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Figure 25: XRD of the (a) PThN and (b) PThC pdymers
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The XRD diffractogramsof the PThN and PThC demstrated thathey were

highly amorphous witta disappearance of sharps peaksnpared to their monomers.

They also showedmaximum peak around 22 and 25, respectively. Therefore, it was

suggestedhat the polymerization reaction was done successfully for both monomers.

XRD data of the exfoliated WSwvhich was synthesized from tungstic acid and

thiourea with a ratio of (1:48) wadsocarried out to determine that if the exfoliated WS

was done suessfully
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Figure 2.6: XRD of the exfoliated WS (a), 1%WS,-PThN (b) and 10%WS,-PThN
(c) and 646WS,-PThN (d) nanocomposites
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The diffractogram of the exfoliated W shown inFigure 2.6(a). Powder Xray
diffraction data of Wgwas a highly amorphous material with a lack of crystallinity with
only 17.2%. XRD data of WSScorresponded to the previous synthesis of the exfoliated
WS,. #4The XRD data for the WSSPThN nanocomposites Figure 2.6(b) has revealed
that theXRD dataof PThNWS, nanocomposites witthe percent of W% 1%, and 5%
did not showa significant changeompared to the XRD of pure PThNhis was
anticipated because of the small amount ofrizueofiller. However, thediffractogramof
PThNWS, nanocompositesvith the percents such as 20%, 37%, and 64f4rts to
behavesimilarly to the diffractogramof WS, as shownFigure 2.6 (c). The 10% W&
PThN nanocomposites exhibited a clear diffractogram of the two peaks &#uadd
32° which are attributed to the PThN and exfoliated ;)M@spectively.The collected

XRD dataconfirmedthe successful synthesis of PTHMS, nanocomposites.

2.3.4.Thermogravimetric Analysis
The thermal stability is an essential fadimicansiderfor aconjugated polymer in
its possible applicationd®>??° The thermal properties of the polymer wenedstigated
using TGA under airFigure 2.7 shows the thermograms for tiHéN monomer and
PThN polymer It was noticed that the polymer displays favorable thermal stability at
high temperature withraonsetdecompositiotemperature of 48T. In comparison,he

monomer exhibits weights loss a lower temperature around Z%&D
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Figure 2.7:The TGA curve ThN monomer @) and PThN polymer (b.

The thermal stabilityvasalso investigated for the ThC monomer and itiymer.
It was found that thaEigure2.8 shows the TGA curve for the ThC monomer afith@
polymer It was found thatPThC polymer demonstrated higher thermal stabd#ty
evaluated temperature witomplete decomposition arou®®0 °C. In comparison, the

ThC monomerwhich showed weights lose at a lower temperature approxingg6i¢.
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Figure 2.8:The TGA curve ThC monomer (g and PThC polymer (b).
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Transmission electron microscopy (TEM) was utilized to study the PThN and its
nanocomposites to obtain more information about thetsire of the material. Figure 2.9
displays an examplef the TEM micrograph of PThN, which is fully featureless and

disordered.

Figure 2.9: TEM micrograph of bulk PThN.
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