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FUNCTIONAL MULTIWALLED CARBON NANOTUBES 

SUMMARY 

Researches which related with nanotechnology are important for developing the 

materials. Due to an extraordinary combination of thermal, mechanical, electrical 

properties, carbon nanotubes (CNTs) have drawn significant attention in sub-branch 

of nanotechnology. Generally, the researchs about CNTs emphasize their synthesis, 

formation mechanisms, structure and properties. CNTs can be synthesized in various 

methods, that can be high quality of CNTs but low amount or low quality but in a 

large amount of CNTs. The solubility and dispersion properties of pristine, crude 

CNTs are weak that makes difficult using of CNTs in practice because the Wan der 

Vaals forces on the helical structure of MWCNTs affect negatively. To overcome 

solubility, dispersion problems and to make longtime dispersion of CNTs and 

besides to enhance mechanical and electrical properties of CNTs, modification 

reactions are done to CNTs surface which can be covalently or non-covalently. 

Among them, a covalent reaction of CNTs with polymers is widely used, because 

long polymer chains aid the nanotubes‘ disperion in a wide range of solvents. There 

are two main methodologies for the covalent attachment of polymeric substances to 

the surface of carbon nanotubes, commonly defined as ―graft to‖ and ―graft from‖ 

methods. The former relies on the addition of previously formed polymer molecule 

to a functionalized or otherwise prepared nanotube surface. The graft from method is 

based on the covalent immobilization of an initiator or polymer precursor on the 

nanotube surface, with a subsequent polymerization reaction occuring in the presence 

of monomer.  

The science of photopolymerization has gradually become more commen due to the 

ever-increasing applications. Photoinitiator has a significant role on the development 

of this technology. Currently most of the investigators of photopolymerization is 

studying on novel photoinitiators or enhancing the characteristics of existing ones, 

such as dissolution. Photoinitiated radical polymerization can be initiated by either 

initiators that undergo a hemolytic bond cleavage (Type I) and H abstraction (Type 

II). Benzoin and its derivatives which is type I. initiator are used very common. The 

most important properties of this type of photoinitiators show high absorption 

propertiy at far UV region (λmax = 300-400 nm, εmax ≥100-200 l mol
-1

 cm
-1

) and have 

high quantum yield during the propagation of radical. 

In this study, radical photoinitiator initiator that can make photopolymerization 

reaction on MWCNTs was synthesized and with the intention of the reactivity of 

MWCNTs-based photoinitiator, styrene monomer was polymerized on the MWCNTs 

with ―graft from‖ method under UV light. The effects of reaction period and 

concentration of monomer on photopolymerization reactions were examined. Also, 

synthesized polystyrene which was covalently attached to MWCNTs was 
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characterized. The structures and morphologies of the products were analyzed by 

spectroscopic and thermal devices.  
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FONKSİYONEL ÇOK KATMANLI KARBON NANOTÜPLER 

ÖZET 

Nanoteknoloji ile ilgili çalışmalar malzemelerin geliştirilmesi için büyük önem 

taşımaktadır. Nano boyutta elde edilen malzemeler, gösterdikleri çok ilginç fiziksel 

özellikler nedeniyle teknolojide çok büyük bir kullanım alanı sunmaktadır. Karbon 

nanotüpler (KNT), kendilerine özgü yapıları, benzersiz mekanik, elektronik ve 

termal özelliklerinden dolayı nanoteknolojinin uygulama aşamasında önemli alt 

dallarından biridir. KNT‘lerle ilgili yapılan araştırmalar, KNT‘lerin sentezlenmeleri, 

oluşum mekanizmaları, yapıları ve özelliklerini etkileyen unsurlar üzerinde 

yoğunlaşırken, özellikleri geliştirilmiş ve bu sayede uygulama alanları çeşitlenmiştir. 

KNT‘lerin en önemli özelliklerinden çok hafif, yüksek elastik modülüne sahip ve 

bilinen en dayanıklı fiber olmaları kullanım alanlarını çeşitlenmesinde en büyük 

etkendir. Fakat KNT‘lerin sarmal yapısındaki Van der Waals çekim kuvvetleri 

dispersiyon özelliğini olumsuz yönde etkiler. İşlem görmemiş, saf KNT‘lerin 

çözünürlük, dispersiyon özellikleri zayıftır bu da pratik uygulamalarda KNT‘lerin 

doğrudan kullanımını zorlaştırmaktadır. İyi dispersiyon sağlayarak KNT‘lerin 

mekanik ve elektriksel özelliklerini iyileştirmek amacıyla karbon nanotüplerin 

yüzeyi kovalent veya kovalent olmayan fonksiyonlandırma methodları ile modifiye 

edilir Hidrojenleme, florlama ve radikal bağlanması direk kovalent 

fonksiyonlandırma methodlarından bazılarıdır. Bu metot da KNT yüzeyindeki 

hibritleşme sp
2
‘den sp

3
‘e dönüşür. Düşük çözünürlük ve dispersiyon özellikleri 

ayrıca KNT‘lerin aglemerasyona eğilimli yapıları KNT‘lerin yüzeyinin 

fonksiyonlandırma işlemini zorlaştırmaktadır. Bu yüzden KNT‘lerin kovalent  

fonksiyonlandırılabilmesi için aktivitesi yüksek reaktiflere ihtiyaç duyulur. 

KNT‘lerin işlenebilirlik ve çözünürlük özelliklerini iyileştirmek amacıyla, kovalent 

fonksiyonlandırma metotları arasında uzun polimer zincirleri ile fonksiyonlandırma 

metodu da oldukça yaygın kullanılmaktadır. KNT‘ler ile uzun polimer zincirleri 

arasında oluşan kovalent bağ, polimer düşük polimerizasyon derecesine sahip olsa 

bile KNT‘lerin sıvı ortamda çözülerek dağılmasına yardımcı olmaktadır. 

Polimerlerin KNT üzerine kovalent yolla bağlanması iki yolla; KNT üzerinden 

polimer zincirinin büyümesi ve KNT üzerine polimer zincirinin kovalent yolla 

bağlanması şeklinde gerçekleştirilebilir. KNT üzerinden büyüme de aktif gruplar 

içeren KNT‘e monomerler kovalent yolla bağlanarak başlama basamağı başlar, daha 

sonra sırasıyla ilerleme ve sonlanma basamaklarıyla polimerizasyon ve 

fonksiyonlandırma gerçekleşir. KNT üzerine bağlanma da ise yaşayan polimer 

zincirlerinin fonksiyonel grup içere KNT üzerine kovalent yolla bağlanması ile 

gerçekleşir. 

KNT‘lerin karmaşık yapıları karakterizasyonlarını zorlaştırmaktadır bu yüzden çeşitli 

metotlar birbirleri ile karşılaştırılarak KNT‘lerin özellikleri daha doğru olarak 

belirlenebilir. FTIR spektrometresi KNT üzerindeki kovalent fonsksiyonlandırmayı 
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tanımlamak için, Raman spektrometresi fonksiyonlandırmanın KNT üzerinde 

oluşturduğu farklılıkları karşılaştırmak için, Taramalı Elektron Mikroskopu 

KNT‘lerin morfolojisini inceleyerek fonksiyonlandırmanın KNT‘lerin çapını nasıl 

değiştirdiğini incelemek için, Termogravimetrik analiz metodu ise KNT üzerindeki 

fonksiyonal grupların, polimerin yüzdesini belirlemek amacıyla kullanılır.    

Fotopolimerizasyon bilimi, uygulama alanlarındaki artış nedeniyle gittikçe artan bir 

öneme sahip olmaktadır. Bu teknolojinin gelişiminde fotobaşlatıcı oldukça önemli 

bir role sahiptir. Fotobaşlatıcı polimerizasyon sırasında ışığı absorplayarak 

monomerlerin atak edebileceği başlatıcı radikal oluşmasını sağlar, oluşan bu radikal 

bir vinil monomeri ile reaksiyona girerek aktif merkezleri oluşturur. Meydana gelen 

aktif merkezlere ortamdaki monomer hızla katılarak zincirin büyümesi sağlanır. 

Aktif merkeze sahip büyüyen polimer zincirlerinin sonlanma reaksiyonları bölüşma 

ve birleşme şeklinde gerçekleşir. Bölüşme ve birleşme reaksiyonlarından hangisinin 

ne oranda meydana geleceği monomer cinsi ve polimerleşme şartları ile doğrudan 

ilgilidir.  

Bugün fotopolimerizasyon ile ilgilenen araştırmacıların büyük bir kısmı yeni 

fotobaşlatıcılar oluşturmaya veya mevcut olanların çözünürlük gibi özelliklerini 

attırmaya yönelik çalışmalar yapmaktadır. Fotobaşlatılmış radical polimerizasyonu 

bölünebilen (I. Tip) ve H-alan (II. Tip) başlatıcılardan her ikisi ile başlatıcılardan her 

ikisi ile başlatılabilir. I. tip başlatıcı olan benzoin ve türevleri vinil monomerlerin 

fotopolimerizasyonunda çok yaygın kullanılmaktadır. Bu fotobaşlatıcıların önemli 

özellikleri uzak UV aralığında (λmax = 300-400 nm, εmax ≥100-200 l mol
-1

 cm
-1

) 

yüksek absorpsiyon özelliği göstermesi ve radikal büyümesinde yüksek kuantum 

verimi göstermesidir.  

Bu çalışmada, çok katmanlı KNT üzerinde fotopolimerizasyon reaksiyonu 

gerçekleştirebilecek radikal başlatıcı oluşturulmuştur ve sentezlenen çok katmanlı 

KNT içerikli fotobaşlatıcının reaksiyona girme eğilimini gözlemlemek amacıyla, 

vinil monomerinin UV ışığı altında çok katmanlı KNT üzerinden büyüyen 

fotopolimerizasyon reaksiyonu yapması sağlanmıştır.  

İlk aşamada saf, işlem görmemiş KNT‘lerin sülfürik ve nitrik asit karışımı ile 

oxidasyon reaksiyonu gerçekleştirilerek fonksiyonlandırılması sağlanmıştır. 

Karboksilik asit fonksiyonlu KNT‘ler tiyonil klorür ile reaksiyona sokularak 

kendilerinden daha aktif olan asit klorür fonksiyonlu KNT‘lere dönüştürülmüştür. 

KNT‘lerin fonksiyonlandırılması FTIR spectrometresi ile incelenerek KNT‘e 

kovalent yolla bağlanan karboksilik asit ve asit klorür gruplarının varlığı 

görülmüştür. Ayrıca KNT üzerindeki fonksiyonel grupların yüzdesi 

Termogravimetrik analiz sonucu elde edilen grafiklerdeki kütle kaybından 

faydalanılarak hesaplanmıştır.  Daha sonra üzerinde fotoaktif benzoin grupları içeren 

çok katmanlı KNT‘leri sentezleyebilmek için I. tip fotobaşlatıcı olan benzoin ile asit 

klorür fonksiyonlu KNT‘lerin esterleşme reaksiyonu gerçekleştirilmiştir. Aynı 

şekilde, KNT üzerine kovalent bağla bağlanan başlatıcı yüzdesi, Termogravimetrik 

analiz sonucunda elde edilen grafikteki kütle kaybından ve başlatıcı grubun molekül 

ağırlığının C atomunun molekül ağırlığına oranından faydalanarak hesaplanmıştır. 

Sentezlenen fotoaktif KNT‘ler stiren monomerinin fotopolimerizasyon 

reaksiyonunda başlatıcı olarak kullanılmıştır.  
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Reaksiyon süresinin polimerizasyona etkisi incelenmek üzere stiren monomerinin 

elde edilen fotoaktif KNT‘ler ile UV ışığı altında 1, 2 ve 3 saat boyunca reaksiyon 

vermesi sağlanmıştır. Reaksiyon sırasında oluşan homo polistiren çözücü yardımıyla 

KNT‘e bağlı polistirenden uzaklaştırılmıştır. Sentezlenen polistireni incelemek için 

KNT‘e bağlı polistiren hidroliz reaksiyonu ile defonksiyonlandırılarak aradaki ester 

bağının kopması sağlandıktan sonra koparılan polistiren çöktürülerek ortamdan 

ayrılmıştır. Jel Geçirgenlik Kromotografisinde vasati moleküler ağırlık numarası 

(Mn) ve moleküler ağırlık dağılımları incelenmiştir. Beklenildiği üzere reaksiyon 

süresinin artması polimerin molekül ağırlığını arttırmıştır. Molekül ağırlık artışı ve 

polimerin aglemerasyonu göze alındığında en uygun reaksiyon süresinin 2 saat 

olduğu belirlenmiştir.  

Son olarak monomer/başlatıcı oranının fotopolimerizasyon reaksiyonununa etkisini 

gözlemlemek amacıyla stiren miktarı azaltılarak 2 saat boyunca UV ışığı altında 

reaksiyon gerçekleştirilmiştir. Yine aynı şekilde defonksiyonlandırma reaksiyonu 

yapılarak KNT üzerinden sentezlenen polistren incelenmiştir. Elde edilen bütün 

sonuçlar karşılaştırmalı olarak değerlendirilmiştir. 
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1.  INTRODUCTION 

Due to an extraordinary combination of thermal, mechanical, optical and electrical 

properties, carbon nanotubes have drawn significant attention in both industrial and 

academic field [1]. However, their insolubility in most solvents and matrices has 

limited their application. To overcome solubility problems, noncovalent and covalent 

modifications have been attempted [2, 3]. Among them, a covalent reaction of CNTs 

with polymers is widely used, as long polymer chains aid the nanotubes‘ dispersion 

in a wide range of solvents. Extending the applications of CNTs can be achieved by 

grafting macromolecules onto the convex walls of CNTs. The grafting from 

approach which is polymer chains can be in situ grafted more densely onto the walls 

of CNTs, has been employed more recently.  

This thesis will concern to synthesize of photo-active benzoin groups onto multi 

walled carbon nanotubes (MWCNTs) for using photopolymerization reactions of a 

vinyl monomer by ―graft from‖ mechanism. Therefore, MWCNTs are oxidized 

firstly, and then reacted with thionyl chloride to form chloride reactive groups onto 

MWCNTs. These functional groups on the MWCNTs are made esterification 

reactions with 2-hydroxy-1,2-di(phenyl)ethanone (Benzoin) and so on to synthesize 

photo-active MWCNTs. Synthesized MWCNT-based photoinitiators are used for 

polymerization of styrene. The efficiency of initiator, polymerization characteristics, 

chemical structure, morphology, and the grafted PS quantities of the resulting 

products was examined by analysis. To further establish the covalent linkage 

between PS and MWCNTs moieties, the resulting PS-functionalized MWCNTs are 

defunctionalized by hydrolysis. 
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2.  THEORETICAL PART 

2.1 Family of Carbon Materials 

The bonding structure and properties of carbon atoms are discussed first for 

understanding the structure and properties of nanotubes. A carbon atom has six 

electrons, shared evenly by 1s, 2s, and 2p. Two of them filling the 1s orbital and the 

remaining four electrons fill the sp
3
 or sp

2
 as well as the sp orbital. Hybridization of 

the orbitals in the carbon molecules affects the final structure. Figure 2.1 shows that 

the crystal structures of diamond, graphite, graphene and nanotubes: to form a 

nanotube, a graphite sheet is rolled and the sp
2
 hybrid orbital is deformed for 

rehybridization of sp
2
 toward sp

3
 orbital or σ-π bond mixing [1].  

 

Figure 2.1 : Crystal structures of diamond and graphite (3D), graphene (2D), and 

          nanotubes(1D). 

The unique, extraordinary electronic, mechanical, chemical, thermal, magnetic, and 

optical properties of nanotubes originate from rehybridization structural feature and 

together with π electron confinement. 

Diamond is the hardest known material (Mosh hardness 10) because of three-

dimensional interlocking structure. In diamond, the four valence electrons of each 

carbon occupy the sp
3
 hybrid orbital and create four equivalent σ covalent bonds to 

connect four other carbons in the four tetrahedral directions [2]. The electrons in 

diamond form covalent σ bonds and no delocalized π bonds so that diamond is 

electrically insulating. These electrons absorb light in the ultraviolet region but not in 

the visible or infrared region, so pure diamond appears clear to human eyes. iamond 

also has a high index of refraction, which makes large diamond single crystal gems. 

Diamond has usually high thermal conductivity [1]. 
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In graphite, three outer-shell electrons of each carbon atom occupy the planar sp
2
 

hybrid orbital to form three in-plane σ bonds with an out-of-plane π orbital (bond) 

[3]. This makes a planar hexagonal network. Van der Waals force holds sheets of 

hexagonal networks parallel with each other with a spacing of 0.34 nm. The π bond 

is 0.14 nm long and 420 kcal/mol strong in sp
2
 orbital and is 0.15 nm and 360 

kcal/mol in sp
3
 configuration. Therefore, graphite is stronger in-plane than diamond. 

In addition, an out-of-plane π orbital or electron is distributed over a graphite plane 

and makes it more thermally and electrically conductive [4]. The interaction of the 

loose π electron with light causes graphite to seem black. The graphite is soft because 

of the weak van der Waals interaction among graphite sheets and hence ideal as 

lubricant since the sheets are easy to glide relative to each other.  

Fullerenes (C60) are made of 20 hexagons and 12 pentagons [5]. The bonding is also 

sp
2
, although once again mixed with sp

3
 character since its high curvature. Fullerenes 

have various properties such as metal-insulator transition, unusual magnetic 

correlations, very rich electronic and optical band structures and properties, chemical 

functionalizations, and molecular packing by virtue of the special bond structures in 

molecules. For this reason, fullerenes are utilized in electronic, magnetic, optical, 

chemical, biological, and medical applications. 

A CNT is formed by rolling of graphite sheets, and the appearance of a CNT looks 

like a hollow cylinder.  Before the discovery of CNTs there have been studies on 

synthesis of carbon nanofibers which is very similar to synthesis of CNTs. The bonds 

of nanotubes are essentially sp
2
. However, the circular curvature will cause quantum 

confinement and σ-π rehybridization in which three π bonds are slightly out of plane; 

for compensation, the π orbital is more delocalized outside the tube. This makes 

nanotubes mechanically stronger, electrically and thermally more conductive and 

chemically and biologically more active than graphite. In addition, they allow 

topological defects such as pentagons and heptagons to be incorporated into the 

hexagonal network form capped, bent, toroidal, and helical nanotubes whereas 

electrons will be localized in pentagons and heptagons because of redistribution of π 

electrons. For convention, we call a nanotube defect free if it is only hexagonal 

network and defective if it is also contains topological defects such as pentagon and 

heptagon or other chemical and structural defects [1]. 
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2.2 Similarities Between Polymers and Nanotubes 

Similar to polymers, CNTs are attractive for many applications because of their 

unique architecture. Beyond the parallels in their history, CNTs and polymers are 

very much alike on a molecular basis as well. Table 2.1 shows that comparison of the 

properties of an individual chain of the most common polymer, polyethylene, at a 

typical commercial length and an individual SWCNT at a typical commercial length.  

The persistence length is the only significant difference in the Table 2.1. However, 

this stiffness difference means a great deal with respect to properties. As anyone who 

has worked with a carbon nanotube mat could tell you, a difference in chain stiffness 

means that the properties of a bulk polymer sample and a bulk nanotube sample are 

very different. Because of their flexibility, polymers can be melted and molded like 

other liquids; nanotubes cannot be melted and thus never form a liquid phase. Both 

nanotubes and polymer can be dispersed in liquids; however, upon drying a polymer 

can form a dense, nonporous film while nanotubes form porous films. There are 

other significant differences between the two materials not related to chain stiffness; 

for example, most polymers are thermal and electrical insulators, while nanotubes are 

thermal and electrical conductors. 

Table 2.1 : Comparison between polymers and CNTs. 

 Contour 

Length
a
 

Persistence Length
b
 Diameter 

Single-walled carbon 

nanotube 
1 µm  

50 µm; diameter 

dependent 

1 nm 

Polyethylene (MW=100,000 

g/mol) 
0.9 µm 0.6 nm 

0.5 nm 

All values are representative. 

a
The contour length is the length of the molecule if it were streched out and 

measured from end to end. 

b
The persistence length is a measure of chain flexibility. The longer the persistence 

lenght, the less flexible the chain 

Polymers are typically categorized according to repeat unit structure. However, with 

a given repeat unit structure, polymers can be categorized with respect to chain 

architecture, that is, as linear, branched, and so on. The six-membered planar 
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graphene ring serves as the repeat unit for all CNTs and all CNTs rolled up into 

cylinders. Even so, CNTs can also be categorized structurally [1]. 

2.3 History of Carbon Nanotubes 

In general, the ―birth‖ of carbon nanotubes is referred to the stimulating publication 

by Iijima in 1991. He was discovered the MWCNTs while studying the synthesis of 

fullerenes by using electric arc discharge technique. By employing high-resolution 

transmission electron microscopy (TEM), he observed the existence of tube-like 

graphite structures with closed ends, which are now known as CNTs. Two years after 

the discovery of MWCNTs, smaller-diameter, single-wall carbon nanotubes 

(SWCNTs) were independently discovered by Iijima‘s group [6] and Bethune‘s 

group [7]. The SWCNTs were synthesized by the same method as MWNTs however 

some metal particles were added to the carbon electrodes.  

Another major breakthrough in CNT history is the synthesis of aligned CNTs by 

Ebbesen and coworkers in 1993[8], thereby making it possible to carry out many 

sensitive experiments relevant to one-dimensional quantum physics, which could not 

be undertaken previously.  

2.4 Types of Carbon Nanotubes 

The CNTs can be formed by rolling a piece of graphene to create a seamless cylinder 

in nanometer scale. The graphene sheets can be rolled in different direction and this 

difference has a significant impact on properties. The number of the shells specifies 

the types of CNTs which can be grouped into two category; Single-walled carbon 

nanotubes (SWCNTs) and Multi-walled carbon nanotubes (MWCNTs). 

2.4.1 Single-walled carbon nanotubes 

SWCNTs have unique mechanical, optical and electrochemical properties. The 

SWCNTs may be considered a single graphite sheet seamlessly rolled into a 

cylindrical and hollow tube. SWCNTs are located in the case of hexagonal bundles 

and Van der Waals interactions hold these bundles together. Diameter of CNTs can 

be various according to their types and synthesized method. Generally, the diameter 
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of SWCNTs is typically range from 0.4-2 nm, and recently lengths up to 1.5 cm have 

been reported [9]. The structure of the SWCNTs is basically determined by chirality. 

According to their chirality single walled CNTs can further be classified as 

semiconducting and metallic SWCNTs. Also, the elastic properties of SWCNTs are 

better than MWCNTs which can be bendable, flatten.  

2.4.2 Multi-walled carbon nanotubes 

MWCNT is a collection of several concentric SWCNTs which nested within one 

another in a coaxial form. They show different properties from SWCNTs. The 

diameter of MWCNTs is 10 nm and larger. The inside diameter is about 5 nm 

although it can be decreased up to 0.4 nm. Layers are seperated from one another by 

approximately 0.34 nm, slightly larger than the interlayer spacing of graphite [10,11]. 

The advantege of MWCNTs to SWCNTs is the chemical resistance of MWCNTs is 

better than SWCNTs and process of MWCNTs is easier than SWCNTs because of 

larger diameter of MWCNTs. MWCNT is attractive due to their ample ability for 

industrial application utilizing its high chemical stability and high mechanical 

strength [12]. 

Figure 2.2 shows the schematic diagram of CNTs and typical dimensions of length, 

diameter, and separation distance between two graphene layers in MWCNTs. 

  

 

Figure 2.2: Schematic diagram of a SWCNT (A) and a MWCNT (B). 
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2.5 Crystal Structure of Carbon Nanotubes  

By rolling a graphite sheet in different directions, carbon nanotubes are formed in 

three types these are: 

―armchair‖ type       ; when    , 

―zigzag‖ type                      

―chiral‖ type and   takes a value between    and    ; when    . The direction of 

the nanotube axis is perpendicular to the chiral vector.  

Table 2.2: Classification of CNTs [13]. 

Type Chiral angle     Chiral 

vector 

Shape of cross section Symmetry 

Armchair 

Zigzag 

Chiral 

30˚ 

0˚ 

0˚ < | |   0˚ 

(n,n) 

(n,0) 

(n,m) 

cis-type 

trans-type 

mixture of cis and trans 

      

      

        

 

Figure 2.3 [14] shows the rolled one sheet of graphene for composing a single walled 

nanotube with chiral vector ( ⃗) and primitive vector ( ⃗⃗⃗  of the tube.  

A nanotube is completely described, except for its length, by a single vector  ⃗ (called 

chiral vector). Two atoms are used as the origin in a planar graphene sheet. The 

chiral vector,  ⃗, is pointed from the first atom toward the second one [Figure 2.3] 

and is defined by the relation: 

 ⃗     ⃗⃗⃗⃗⃗     ⃗⃗⃗⃗⃗      (2.1) 

where n and m are integers and   ⃗⃗⃗⃗⃗ and   ⃗⃗⃗⃗⃗ are the unit cell vectors of the two-

dimensional lattice formed by the graphene sheets. Nanotubes are only described by 

the pair of integers (n,m), which is related to the chiral vector. The angle between the 
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chiral vector and nanotube axis is the chiral angle   (Figure 2.3). With the integer n 

and m defined, this angle can be obtained by:  

        √ 

     
     (2.2) 

The length of the chiral vector  ⃗ is the circumference of the nanotube and is given by 

the corresponding relationship: 

   | ⃗|   √               (2.3) 

where the value   is the length of the unit cell vector   or   . This length   is related 

to the carbon-carbon bond length     by the relation: 

  |  ⃗⃗⃗⃗⃗|  |  ⃗⃗⃗⃗⃗|     √          (2.4) 

For graphite, the carbon-carbon bond length is               and this value can 

be used for nanotubes. But due to the curvature of the tube, a slightly larger value 

such as              should be better approximation [15-17]. Using the 

circumferential length  , the diameter of the CNT is thus given by the relation:  

                                                                   (2.5) 

 

Figure 2.3: The principle of CNT construction from graphene sheet along the Chiral 

 vector  ⃗.   and    are the unit cell vectors of the 2D hexagonal 

 graphene sheet. 



10 

2.6 Properties of Carbon Nanotubes 

CNTs have played a special role in nanotechnology because of their remarkable 

optical, mechanical, electrical, thermal and chemical properties. But, some 

difficulties are faced with in the measurement of individual carbon nanotube 

properties. The first difficulty is because of their small size, measurements on 

individual nanotubes are difficult to make. Second, and more important, the values of 

the property in question depend on the tube type, number of shells (for MWCNTs), 

defect characteristics, and so on [18].  

Table 2.3: Physical Properties of Allotropes of Carbon [19]. 

 

                 Carbon Allotropes 

 

Properties 

Graphite Diamond Fullerene CNT 

Specific gravity (g/cm
3
) 1.9-2.3 3.5 1.7 0.8-1.8 

Electrical conductivity (S/cm) 
4000

p
, 

3.3
c 10

-2
-10

-15
 10

-5 
10

2
-10

6 

Electron mobility (cm
2
/(V.s)) ~10

4
 1800 0.5-6 10

4
-10

6
 

Thermal Conductivity 

(W/(m.K)) 
298

p
, 2.2

c 
900-2320 0.4 

2000-

6000 

Coefficient of thermal 

expansion (K
-1

) 

-1x10
-6p

,  

2.9x10
-5c (1~3)x10

-6
 6.2x10

-5 
Negligible 

Thermal stability in air (˚C) 450~650 <600 <600 >700 

p: in plane; c: c-axis 

2.6.1 Mechanical properties 

One of the primary reasons for considering the use of nanotubes in polymers is the 

superior mechanical properties of carbon nanotubes. A carbon nanotube is structured 

with all σ bonding which is the strongest bonding in nature, so that the ultimate fiber 

with the strength in its tube axis. In general, various types of defect-free nanotubes 

are stronger than graphite. This is mainly because the axial component of σ bonding 

is greatly increased when a graphite sheet is rolled over to form a seamless 

cylindrical structure or a SWCNT.      

Both experimental and theoretical studies show that a nanotube is stiff as or stiffer 

than diamond with the highest Young‘s modulus and tensile strength. Table 2.4 
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summarizes calculated Young‘s modulus (tube axis elastic constant) and tensile 

strength for (10, 10) SWCNT and bundle and MWCNT with comparison with other 

materials. The calculation is in agreement with experiments on average [20-23]. 

Experimental results show broad discrepancy, especially for MWNTs, because 

MWNTs contain different amount of defects from different approaches [1].   

Table 2.4 : Mechanical properties of CNTs [24]. 

Type Young‘s modulus 

(GPa) 

Tensile Strength 

(GPa) 

Density 

(g/cm
3
) 

MWCNT 

SWCNT 

SWCNT bundle 

Graphite (in plane) 

Steel 

1200 

1054 

563 

350 

208 

~150 

75 

~150 

2.5 

0.4 

2.6 

1.3 

1.3 

2.6 

7.8 

Tube diameter affects the Young‘s modulus that is independent of tube chirality. 

When the tube is getting larger, its properties are parallel with graphite and also 

small tube diameter CNTs is less mechanically stable. The modulus changes with 

additional bond strain because the strength of the C=C sp
2
 bond reduces. The highest 

value is from tube diameter between 1 and 2 nm, about 1 TPa [1]. In addition, 

modulus decreases with helicity because curving of C=C bonds. For example, 

armchair nanotubes will have a lower stiffness than a zigzag tube. The differences 

due to helicity and curvature are small, on the other of 1-5%, except for diameters 

below about 0.5 nm, where the modulus falls dramatically. Theoretical values of the 

MWCNTs are the average of the values for the individual nanotubes.  

Higher strain properties, in both tension and compression, are of interest with respect 

to polymer composites. Nanotubes can buckle under load relatively easily, and will 

return to their unbuckled state when the stress is removed [18].    

2.6.2 Electronic properties   

Carbon nanotubes have received the greatest attention in nanotechnology because of 

their unique electronic properties. Extremely small size and highly symmetric 

structure allow for remarkable quantum effects and electronic, magnetic, and lattice 
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properties of nanotubes. Earlier theoretical calculations [24-26] and later 

experimental measurements [27-32] have confirmed many extraordinary electronic 

properties, for example, the quantum wire feature of a SWCNT, SWCNT bundle, 

and MWCNT and the metallic and semiconducting characteristics of a SWCNT [1]. 

SWCNTs can be viewed as a strip cut from a graphene sheet which is then rolled up 

into a tube. Calculations show that the conductivity of graphite which is extremely 

high is approximately 30 times less than that for silver. The conduction in graphite is 

only the direction of graphene sheets but in CNTs it is different because of the 

confinement of electrons normal the nanotube axis. The electrons cannot propagate 

the normal to the long axis of the tube and can propagate only along the nanotube 

axis. The resulting one-dimensional conducting and valence bands effectively 

depend on the standing waves that arise around the circumference of the tube.  

Depending on their n, m values, CNTs can be either electrically metallic or 

semiconducting. When the graphite is rolled over forming a CNT, a periodic 

boundary condition is forced along the tube circumference that is C direction. This 

condition quantizes the two-dimensional wave vector            along this 

direction. The   satisfying         is allowed where q is an integer. This leads to 

the following condition at which metallic conductance occurs [18]: 

                                                           (2.6) 

The equation shows that the CNT is semi-metallic with small band gap. When 

  equals to  , the armchair CNTs are truly metallic.   

2.6.3 Thermal properties 

CNTs are great of interest because of their thermal properties such as low-

temperature specific heat and thermal conductivity.  The thermal conductivity of 

nanotubes has been calculated by theoretically which predicts a room-temperature 

thermal conductivity. The result of this study shows that the room-temperature 

thermal conductivity of CNTs is larger than graphite or diamond.  Measurements 

show a room-temperature thermal conductivity over 200 W/m K for bulk samples of 

SWCNTs, and over 3000 W/m K for individual MWCNTs [4].  
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The thermal conductivity of CNTs also has been found by experimentally by Berber 

et al. In this study, the phonon thermal conductivity of isolated nanotubes were 

calculated. Figure 2.4 shows the calculated nanotube thermal conductivity compared 

to the calculated thermal conductivity of a single plane of graphene and that of 3-D 

graphite. In graphite, the interlayer interactions quench the thermal conductivity by 

nearly 1 order of magnitude. It is likely that the same process occurs in nanotube 

bundles. Thus it is significant that the coupling between tubes in bundles is weaker 

than expected. It may be that this weak coupling, which is problematic for 

mechanical applications of nanotubes, is an advantage for thermal applications [33]. 

 

 

Figure 2.4: Calculated nanotube thermal conductivity (solid line) compared to the 

thermal conductivity of a 2-D graphene sheet (dot–dashed line) and 3-D  

graphite (dotted line) [33]. 

2.6.4 Optical properties 

The graphite has sp
2
 carbon which causes graphite to have black color, in other 

words all visible light is absorbed by graphene. Depending on the area of single 

graphene sheets exposed on the surface, black color can be seen vary from a 

translucent black to an adsorbing black. If the average area is smaller, black color 

gets darker like carbon black or charcoal which has very deep black color. CNTs also 

have a black color; however, a sample of purely metallic tubes would likely appear 

much more like highly ordered pyrolitic graphite. Thin sheets of CNTs with 
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extremely low overall absorption from the UV region to the near-infrared can be 

manufactured [18]. 

The light absorption, Raman scattering, and photoluminescence are the optical 

properties of CNTs which are important because of offering the possibility of 

nondestructive characterization of relatively large amounts of CNTs. The reliable and 

also quick characterization of the quality of CNTs with regard to nontubular carbon 

content, structural defects, and chirality is allowed. These properties affect almost all 

of the significant properties of CNTs such as mechanical, electrical and thermal 

properties. Therefore, the optical properties of CNTs have been studied for a long 

time.  

The optical absorption in CNTs differs from absorption in conventional three-

dimensional materials in view of the presence of sharp peaks in CNTs, instead of an 

absorption threshold followed by an absorption increase in the latter materials. 

Absorption in CNTs originates from electronic transitions from valence bands to 

conduction bands [34]. The transitions can be used to identify nanotube types.  

2.7 Different Synthesis Techniques for Carbon Nanotubes 

MWCNT was originally discovered as a by-product of synthesis of C60. [20]. The 

CNTs in sizeable quantities could be produced using various methods and new ways 

are continuously being improved. Below methods are well established to produce 

MWCNTs or SWCNTs;  

Electric-arc discharge 

Laser vaporization 

Chemical vapor deposition (CVD)  

- Thermal chemical vapor deposition (Decomposition of hydrocarbon gas on 

metal catalysts) 

- Plasma-Enhanced chemical vapor deposition 

- Catalytic pyrolysis of hydrocarbon 

High temperature preparation techniques such as arc discharge or laser ablation were 

first used to produce CNTs but nowadays these methods have been replaced by low 

temperature chemical vapor deposition (CVD) techniques (<800 ˚C), since the 
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orientation, alignment, nanotube length, diameter, purity and density of CNTs can be 

precisely controlled in the latter [35].  

2.7.1 Electric-Arc discharge 

The electric-arc discharge method is a high temperature process for producing of 

CNTs as well as fullerenes. A direct current (dc) electric arc-discharge is applied 

between two graphite electrodes in an inert atmosphere (an appropriate ambient gas 

Ar or He). For generating the high temperatures needed to vaporize carbon atoms 

into plasma (>3000 ˚C) carbon electrodes are used. The stability of the plasma 

formed between the electrodes, the current density, inert gas pressure, and cooling of 

electrodes and chamber affect the derived product properties and the yields. To 

increase the nanotube yield in the arc growth process well-cooled electrodes and arc 

chamber is required. Figure 2.5 shows that the schematic diagram of electric-arc 

discharge method.  

 

Figure 2.5: Schematic drawing of the electric-arc discharge method.  

For the production of MWCNTs, the conditions are optimized so that during the arc 

evaporation, the amount of soot production is minimized and 75% of the evaporated 

carbon from a pure graphite anode deposits onto the facing graphite cathode surface. 

The arc deposit consists of a hard, gray outer shell made of pyrolitic graphite and an 

interior made of a soft, black powder containing about two-thirds MWNTs and one-

third graphitic nanoparticles [36]. 

Cylindrical deposit forms on the surface of the cathode when the arc-discharge is 

carried on keeping the gap between the about 1 mm carbon electrodes. The cathode 

deposit has the same diameter as the anode stick. The cathode deposit grows at the 

rate of ca. 2~3 mm per min under definite conditions that diameter of the anode 

carbon is 8 mm with the arc-electric current of 80 A, the voltage is about 23.5 V and 
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He pressure of 300 Torr. This cylindrical cathode deposit comprises of two portions; 

it has a black fragile core in inside and its outside covered with hard shell. The inner 

core has the fabric structure growing along the length of the cathode-deposit 

cylinder, the inside of which includes nanotubes and polyhedral graphitic 

nanoparticles. The outer-shell part consists of the crystal of graphite. Figure 2.6 

shows a rotating-cathode arc-discharge method which enables long-term operation. 

 

Figure 2.6: Schematic drawing of the rotating-cathode arc-discharge method.  

MWCNT grows only inside the cathode deposit and does not exist in other places in 

the reactor. The most important parameter is the pressure of He atmosphere in the 

reactor, because the quantity of MWCNT obtained depends on pressure of ambient 

gas. If the pressure of He is ca. 500 Torr, the highest quantity of MWCNT is 

obtained. When this value becomes below 100 Torr, almost no MWCNT grow. This 

contrasts to that the highest quantity of fullerene is obtained when the pressure 

becomes 100 Torr or less [37]. 

The electric current for discharge is also effect the quantity of MWCNT. The 

quantity of the hard shell linearly increases with the current density so that if the 

current density is too high, the quantity of MWCNT decreases. To increase the 

product quantity of MWCNT effectively, it should be keep the arc discharge stable 

and the electrode cool. 
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2.7.2 Laser vaporization 

CNTs have been produced by using uniform laser vaporization of a graphite target. 

Historically, laser vaporization was the first method used to generate fullerene 

clusters in the gas phase [38], when C60 was first discovered in 1985. In the method, 

a piece of graphite target is vaporized by laser irradiation under high temperature in 

an inert atmosphere. MWNTs were found when a pure graphite target was used [39]. 

A long quartz tube mounted in the temperature-controlled furnace has a graphite 

target in the middle [40].  

 

Figure 2.7: Schematic drawing of the laser vaporization method.  

In the laser vaporization process, carbon species are swept by the flowing gas from 

the high temperature zone and deposited on a conical water-cooled cooper collector. 

The quality and yield of these products has been found to depend on the reaction 

temperature. When the reaction temperature is 1200˚C, the best qualities CNTs are 

composed. At lower temperatures, the structure quality decreases and the CNTs start 

presenting many defects.  

As soon as small quantities (few percents or less) of transition metals (Ni, Co) 

playing the role of catalysts are incorporated into the graphite pellet, the products 

yielded undergo significant modifications and SWCNTs are formed instead of 

MWNTs. The yield of SWCNTs strongly depends on the type of metal catalyst used 

and is seen to increase with furnace temperature, among other factors. A high yield 

with about 50% conversion of transition-metal/graphite composite rods to SWCNTs 

was reported in the condensing vapor in a heated flow tube (operating at 1200˚C) 

[75]. Depending on the metal catalyst used, the yields on the mono- or bimetal 

catalysts are ordered as follows: Ni > Co > Pt > Cu or Co/Ni > Co/Pt > Ni/Pt > 

Co/Cu, respectively. A remarkably high nanotube yield of 50% on a Co/Ni run might 
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have resulted from some uncertainty in the process of catalyst preparation and 

pretreatment [41]. 

Unfortunately, the laser technique does not seem adequate to synthesis of MWCNT 

because the process involves high-purity graphite rods, the laser powers required are 

high (in some cases two laser beams are required), and the length of MWCNT is 

much shorter than that by arc discharge method [37]. 

2.7.3 Chemical vapor deposition 

Chemical vapor deposition (CVD) is one of the most popular thin film deposition 

methods for producing CNTs. CVD is very different from the other two common 

methods that is namely electric-arc discharge and laser vaporization. Most of the 

thermal CVD method used to grow MWCNTs use acetylene (C2H2) or ethylene 

(C2H4) gas as the carbon feedstock and Fe, Ni, or Co nanoparticles as the catalyst 

[36].  

 

Figure 2.8 : Schematic representation of methods used for carbon nanotube 

                            synthesis with chemical vapor deposition. 

In principle, volatile precursors are used to provide a carbon feed source to a catalyst 

particle or pore at elevated temperature that is between 350-1000 ˚C. In CVD 

method, catalysts are named as floating and supported catalysts which can reside in 

free space and on a substrate, respectively. Various materials can be used as 

substrate, for example; Si, mica, silica quartz, or alumina. Catalysts are formed by 

the decomposition of a metal containing compound, for example, ferrocene or iron 

pentacarbonyl in a heated flow of carbon monoxide at pressure between 1 and 10 atm 

and temperatures between 800 and 1200 ˚C [37]. 

The CNTs grow over the catalyst and are collected upon the system will reach to 

room temperature. Different parameters such as the nature of the catalytic metals and 
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their supports, the gas flows, the hydrocarbon sources, the reaction temperature and 

time etc. are effect the nature and yield of the deposit obtained in the reaction. 

Catalyst metals used for MWCNTs are listed in Table 2.5. 

Table 2.5 : Catalyst metals for MWCNT synthesis. 

 

Metal 

                           Catalyst 

Catalyst type                   Preperation method 

Temp. 

(˚C) 

Carbon source 

Fe 

 

 

 

 

 

 

Co 

 

 

 

 

Ni 

 

 

Mo 

Mn 

 

Ultra fine particle 

 

Silica support 

Graphite support 

Ultra fine particle 

 

Silica support 

Ultra fine particle 

 

Ultra fine particle 

 

Silica support 

Graphite support 

Ultra fine particle 

 

Ultra fine particle 

Ultra fine particle 

Decomposition of  

metallocene 

Pore impregnation 

Impregnation 

Decomposition of metal 

carbonyl 

Sol-gel process 

Laser etching of Co thin 

film 

Decomposition of metal 

carbonyl 

Pore impregnation 

Impregnation 

Decomposition of 

Ni(C8H12)2 

Decomposition of Mo* 

Decomposition of metal 

carbonyl 

1060 

 

700 

700 

800 

 

700 

1000 

 

800 

 

700 

700 

800 

 

800 

800 

 

Benzene 

 

Acetylene 

Acetylene 

Acetylene 

 

Acetylene 

Triazine 

 

Acetylene 

 

Acetylene 

Acetylene 

Acetylene 

 

Acetylene 

Acetylene 

 

Mo*=(NH4)25±5[Mo154(NO)14O420(OH)28(H2O)70]·350H2O. 

CVD methods are multivariable process that can be adjusted in several manners to 

render various CVD-based methods such as thermal CVD, plasma-enhanced CVD, 

and catalytic pyrolysis of hydrocarbon. A main advantage of CVD method is that the 

CNTs can be used directly without any purification however the catalyst particle 

should be required to be removed.  
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2.7.3.1 Thermal chemical vapor deposition 

Constructing a thermal CVD reactor which comprises of a quartz tube enclosed in a 

furnace is easy. Figure 5(a) shows a schematic drawing of a thermal CVD apparatus. 

A hydrocarbon vapor passes through the quartz tube that has a catalyst at the reaction 

temperature and so the hydrocarbon decomposes. The thermal CVD method to 

synthesize MWCNTs would affect electric conductivity and electric emission of 

MWCNTs.  

Crucial point in this method lies in controlled production of MWCNT with regard to 

length, diameter and alignment. To overcome these problems, novel catalyst methods 

have been developed [37]. 

2.7.3.2 Plasma-enhanced chemical vapor deposition 

Plasma-Enhanced Chemical Vapor Deposition (PECVD) method has high yield and 

it can be controllable for producing vertically-aligned CNTs which is important for 

applications. The conventional wisdom in choosing plasma processing is that the 

precursor is dissociated by highly energetic electrons and as a result, the substrate 

temperature can be substantially lower than that in thermal CVD. Figure 5(b) shows 

a schematic diagram of a Plasma CVD apparatus [36]. 

2.7.3.3 Catalytic pyrolysis of hydrocarbon 

In pyrolysis system that is the simplest method, catalyst nanoparticles are injected 

directly into the CVD chamber. For mass production of CNTs by CVD catalytic 

pyrolysis is generally preferred because there is no need to purification for 

recovering CNTs from the substrate. Organometallic compounds are often used as 

precursor for the catalyst. These precursors on heating usually get sublimed and 

catalyst nanoparticles are formed in situ when the compound is decomposed/ reduced 

by heat or hydrogen. A double stage furnace is typically needed because of the 

different temperatures needed for organometallic sublimation and nanotube growth 

[36].    

Each of preparation techniques has some advantages and disadvantages resulting in 

different growth results, which predestinates a choice of specific method for 

preparation of CNTs with requested properties. Below a comparison of three most 
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widely used methods is given (Table 2.6) with respect to their potential to be scaled 

up as large scale methods for production of carbon nanotubes [42]. 

Table 2.6 : Comparison of CNT Production Methods. 

Process/Property Arc discharge Laser 

ablation 

Chemical Vapor 

Deposition 

Raw materials 

availability 

Energy requirement 

Process control 

Reactor design 

 

Purity of product 

Yield of process 

Process nature  

Per unit cost 

Difficult 

High 

Difficult 

Difficult 

 

High 

Moderate 

(70%) 

Batch type 

High 

Difficult 

High 

Difficult 

Difficult 

 

High 

High (80%-

85) 

Batch type 

High 

Easy, abundantly 

available 

Moderate 

Easy, can be automated 

Easy and can be 

designed as large scale 

process 

High 

High (95%-99%) 

Continuous 

Low 

2.8 Applications of Carbon Nanotubes 

The small dimensions, strength and the remarkable physical properties of these 

structures make them a very unique material with a whole range of promising 

applications [43]. 

There have been indications of a number of potential applications for CNTs, 

including electronic devices [44], reinforced materials [45], hydrogen storage [46], or 

field-emission materials [47]. In analytical chemistry, the largest numbers of reported 

applications concern design of novel gas sensors, voltammetry, enzymatic 

biosensors, immunosensors and DNA probes. The sorptive properties of CNTs are 

also employed for analytical purposes in various ways. 

The combination of high-aspect ratio, small size, strength, stiffness, low density, and 

high conductivity makes CNTs perfect candidates as fillers in polymer composites. 
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The application of CNTs most widely employed so far has been the construction of 

various detection devices, such as gas sensors, electrochemical detectors and 

biosensors with immobilized biomolecules. Their application in voltammetric 

methods is especially favorable, but they are also employed for sorption of different 

analytes and in electrochemical stripping methods [43]. 

2.9 Characterization Methods of Carbon Nanotubes 

2.9.1 Fourier-Transform Infrared Spectroscopy (FTIR) 

FTIR is used widely for identifying types of chemical bonds in a molecule by 

obtaining an infrared spectrum of adsorption. The frequency of a molecular vibration 

indicates the characteristic chemical bonds in a molecule. CNTs have low absorption 

cross-section that make their infrared bands is very weak. 

SWCNTs do not support a static dipole moment, the infrared (IR) activity is related 

to dynamic charges that are weak. Consequently, IR fingerprints are very difficult to 

observe [48, 49].  

The solution-phase near-IR spectroscopy of SWCNTs show three broad peaks at 

about 14000 for metallic and 9600, 5400 cm
-1 

for semiconducting nanotubes. When 

the diameter of CNTs is smaller, the positions of the peaks are shifted to higher 

energy. Thus the band gap transitions energies are inversely proportional to the tube 

diameters [50].  

In CNT characterization, IR spectroscopy is often used to determine the impurities 

remaining from synthesis or molecules capped on the nanotube surface. IR 

spectroscopy exhibits all the modifications of the CNT structure and reveals the 

nature of compounds added to the CNTs [51].  

2.9.2 Raman Spectroscopy 

Raman spectroscopy is one of the most used methods for characterization of CNTs. 

The method is fast because of no need to sample preparation. Raman spectroscopy 

gives us the qualitative results such as quality and structure of the nanotube, phonon 

and electron confining. By Raman spectroscopy different carbon materials can be 
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analyzed including SWCNTs, DWCNTs and MWCNTs, but unfortunately 

quantitative determination of each type are not possible at present state of the art 

[52].  

The Raman spectra presents different features being all sensitive to (n, m), such as 

the radial breathing mode (RBM), where all the carbon atoms are moving in-phase in 

the radial direction, the G-band where neighboring atoms are moving in opposite 

directions along the surface of the tube as in 2D graphite, the dispersive disorder 

induced D-band and its second-order related harmonic G‘-band. From these four 

features the RBM is the one who shows to be more sensitive to the nanotube 

diameter (dt) [53], according to the expression 

           
 

      
                                        (2.7) 

where A and B are constant and for SWCNTs, the tube/tube interactions lead to 

values of A=234nm.cm
-1

 and B=10 cm
-1

 [54].  

The diameters of MWCNTs is ranging from small to very large, most of the 

characteristic differences that distinguish the Raman spectra in SWCNT from the 

spectra for graphite are not so evident in MWCNT. For example, the RBM Raman 

feature associated with a small diameter inner tube (less than 2 nm) can sometimes 

be observed when a good resonance condition is established, but this is not the usual 

result, since the RBM signal from large diameter tubes is usually too weak to be 

observable and the ensemble average of inner tube diameter broadens the signal [55].  

2.9.3 Thermogravimetric Analysis (TGA)  

During the past decades, TGA has been used extensively for characterizing CNTs. In 

thermogravimetric analysis, materials thermal stability and fraction of volatile 

component is recorded by the percent weight loss of a sample. The measurement can 

be done in inert atmosphere (inert gases such as N2, He, and Ar) for thermal 

decomposition or lean oxygen atmosphere for oxidative decomposition. The peaks in 

which TGA results of the nanotube material have been referred to various 

components, including amorphous carbon, nanotubes, and graphitic particles. 
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Normally, CNTs are analyzed under air in TGA. A peak of the temperature 

derivative of the weight       is indicative of the oxidation temperature, which is 

shifted to lower temperatures for chemically modified CNTs. At temperatures 

beyond 800 ˚C, the ash content can be attributed to metal oxides and therefore can be 

used to estimate the metal content in CNT material [51].  

It is generally assumed that, all carbon has been removed in the forms of CO and 

CO2 during the TGA analysis of CNTs and all remaining material consists of metal 

oxides. 

2.9.4 Scanning Electron Microscopy (SEM) 

The morphology of CNTs is characterized by Scanning Electron Microscopy which 

employs high-energy electrons to produce images of solid surfaces of length scales 

down to about 10 nm. SEM images of CNTs give precious information about the 

geometrical features, spatial distribution, and structural arrangement of CNTs. To 

obtain good results for a sample, it must have some properties for instance it must be 

stable in a high-vacuum environment and have a moderate electrical conductivity. 

When the primary electron beam hit the surface of samples, electrons ionize nearby 

atoms and generate secondary electrons, backscattered electrons, Auger electrons, 

and x-rays. The Auger electrons and x-rays can be collected to give the spectroscopic 

or chemical composition of the scanned materials, whereas the secondary electrons 

are collected and counted by a positively charged dedector to generate topographical 

images of the samples [56]. To form an image from SEM, the scan coils deflect the 

beam and raster it over the sample. The number of secondary electrons which 

generated by the beam at each position on the surface of the sample determines the 

brightness of each pixel in the image.  

The electron optics of a SEM which electron source, lenses, and sample are all in a 

vacuum. If there is no vacuum in the system, the electrons would collide with air 

molecules that cause losing of their energy. The sample needs to be conductive 

enough to spread charge of electrons.   

Scanning electron microscopy (SEM) has not been very useful in the imaging of 

functionalized carbon nanotubes due primarily to the presence of a large amount of 
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organic functionalities. However, SEM has been a valuable tool in the 

characterization of defunctionalized carbon nanotube samples [57, 58]. 

SEM can also be employed to examine the distribution of CNTs in the polymer 

matrix and the fracture morphologies of CNT/polymer nanocomposites.  

2.10 Purification of Carbon Nanotubes 

The main impurities which are producing CNTs are transition metal catalytic 

particles, fullerenes, graphitic and amorphous carbon. If diameter of CNT is 

decreased, the amount of these impurities increases. The transition metal catalytic 

particles can be removed by chemical treatment of CNTs with mineral acids but 

graphitic and amorphous carbon cannot be removed. Nitric or hydrochloric acid is 

generally used to remove metal catalyst that is not encapsulated by carbon species. 

Vacuum annealing at high temperature (1600-3000˚C) is also improves the quality of 

CNTs.   

Purification methods for impurities in CNTs can be done by chemically or physically 

and also combination of these two methods which is named as multi-step 

purification.   

Chemical methods is the purification via oxidation since some impurities are more 

susceptibility of CNTs and it can be in gas-phase, liquid-phase and electrochemical 

methods. 

Physical method involves the separation of CNTs from the other carbon species in 

terms of their physical size, aspect ratio, gravity, and magnetic properties etc. In this 

case, the CNT-containing material must be dispersed in a liquid. One technique is 

simple filtration; CNTs are going to remain on the retentate side while many 

impurities will pass through the filter. Another is flocculating; longer materials are 

more likely to flocculate; so the addition of a flocculating agent to the dispersion or 

centrifugation can be used to separate CNTs from other carbon species [1]. 

The high quality and high yield CNTs are obtained by combination of chemical and 

physical methods. Most importantly, one can selectively open tips, cut CNTs, add 

functional groups on sidewalls, separate CNTs according to length or conductivity or 
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maintain an undamaged CNT structure by skillfully combining different techniques. 

The key point of this general method is how to combine different methods according 

to one‘s requirement and the quality of the raw CNTs [59]. 

Removal of metal catalyst is critically important for polymers, because metal clusters 

are very deleterious to polymers because of their capability of catalyzing undesirable 

chain scission or cross-linking reaction. Catalyst support is generally chemically 

benign in a polymer; the only issue with nonremoval of support is the fact that it acts 

as a solid reinforcing agent that may not be desired depending on the amount of 

support. In practice, the level of catalyst support in MWCNTs is such that 

commercially it is generally not worth removing while in SWCNTs the support may 

be worth removing [1]. 

2.11 Functionalization of Carbon Nanotubes 

The properties of functionalized CNTs are different from pristine CNTs. The 

hexagonal arrangement in CNTs sidewall which makes CNTs relatively unreactive, 

so that sidewall functionalization is require for improving some properties such as 

the mechanical, electrical and thermal properties of pristine CNTs.  In addition, 

chemical or physical attachment of functionalities onto the surface of CNTs 

improves its dispersion properties, solubility, processability and provides strong 

interfacial interactions to take place between the polymer matrix.    

Determining the level and location of functionalization is a complicated task. Ideally, 

the percentage of functionalized carbon atoms and whether the modifications are 

equally distributed along the axis of CNT, and between different chiralities, would be 

desired information. For certain modification, the former can be determined 

quantitatively through the use of thermogravimetric measurements, while the latter 

two are difficult to determine. A percentage functionalization of between 1% and 

10% of the nanotube carbon atom is a reasonable value for a number of different 

techniques [1]. 

The functionalization can be divided into two categories that are covalent or non-

covalent sidewall functionalization according to the nature of the bond between 

CNTs and the functional group.  
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Figure 2.9 shows that the schematic illustration of surface functionalization reactions 

of CNTs. 

 

 

Figure 2.9 : Surface functionalization of carbon nanotubes [61]. 

2.11.1 Covalent sidewall functionalization of CNTs 

Covalent functionalization is depending upon covalent linkage between functional 

entities and the nanotube‘s carbon scaffold. In direct covalent sidewall 

functionalization hybridization changes from sp
2
 to sp

3
 and a simultaneous loss of 

conjugation occurs. 

The low solubility or dispersability of CNTs and the occurrence of CNTs in bundles 

or agglomerates form make difficult the sidewall functionalization reactions for this 

reason the formation of covalent bonds can be possible only when a highly reactive 

reagent is used. 

Covalent functionalization can provide ―handles‖ for dispersion in host polymers and 

in exfoliation of the bundles, ultimately paving the way for important discoveries that 

would be unrealized without functionalization [60]. 
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In general, for sidewall functionalization reaction of CNTs three different types of 

reactants can be added directly into the unsaturated π-electron system of CNTs: (1) 

the addition of radicals; (2) the addition of nucleophilic carbenes, and (3) the [2+1] 

cycloaddition of nitrenes. 

2.11.2 The noncovalent approach  

The main target of noncovalent functionalization of CNTs is increasing the 

dispersability and solubility properties of pristine CNTs. The aim and prospects of 

functionalization of CNTs by noncovalent way are shown in Figure 2.10. The 

introduction of a bifunctional molecule to the sidewall of a CNT not only serves the 

purpose of yielding stable nanotube dispersions and solutions (Figure 2.10a), the 

interaction with a polymer matrix can also be increased (Figure 2.10b). The use of 

molecules selectively adsorbing on the CNT sidewall may also be exploited for CNT 

purification, as merely the CNTs are solubilized, while the impurities such as 

amorphous carbon and metal catalyst particles can be removed as precipitate after 

centrifugation (Figure 2.10c). This procedure which protects the intrinsic CNT 

structure is especially advantageous over oxidative purification techniques.  

The noncovalent approach can be used for the separation of SWCNTs according to 

diameter and/or chirality either by density gradient ultracentrifugation (Figure 2.10d) 

or selective interaction with bridged mediators acting as nanoweezers to extract 

CNTs of a specific diameter (Figure 2.10e). 



29 

 
 

Figure 2.10 : Aim and prospects of noncovalent functionalization: (a) solubility 

  tuning, (b) composite reinforcement, (c) purification, (d) separation of               

.different tube species by density gradient ultracentrifugation, (e) 

.separation of different tube species by selective interaction [62]. 

2.12 Grafting of Polymers to Carbon Nanotubes 

The insolubility of CNTs in aqueous media restricts the usage of them so most of 

researches are focused on enhancing the solubility and processibility of CNTs. They 

can be made possible to soluble in water or aqueous media, surface of CNTs are 

modified by chemically. The covalent reactions of CNTs with long polymer chains 

help to dissolve the CNTs into a wide range of aqueous media even at a low degree 

of functionalization. There are two main methods for covalent attachment of 

polymers to the surface of CNTs that are ―grafting from‖ and ―grafting to‖. 

2.12.1 Polymer covalently bonded to nanotubes “GRAFTING FROM” 

The ―grafting from‖ method is based on the covalent immobilization of the polymer 

precursors on the surface of the CNTs and following propagation step by adding the 

monomers on to reactive group on the surface of the CNTs. 

Polymerization reactions generally occur in two general mechanisms which are 

addition and step-growth polymerization. In the former, monomers add one at a time, 



30 

e.g., monomers react with each other to form dimers, monomers add to dimers to 

form trimers, monomers add to trimers to form tetramers, and so on. Various forms 

of radical polymerization such as anionic or cationic occur by this way. In the step-

growth polymerization, any two species can add, which is, dimers can add to dimers, 

trimers, tetramers or tetramers can add to dimers, and so on.  

In the step-growth mechanism for CNTs, polymerization can start at the surface of 

CNTs or in the monomer media. Some functional groups are attached to the CNTs 

which can react with the growing polymer when the latter is of any length. 

Statistically of course, the probability is that two monomers will begin a 

polymerization rather than a functional group on a CNT and a monomer. In this case, 

an individual carbon on a CNT will only be directly bonded outward to one polymer 

chain; that is, the CNT act as an end group of the polymer chain.  

In the case of addition polymerization, again the growing polymer chain can add the 

surface of CNTs when the former is at any length; however, in this case, from the 

perspective of the growing polymer the CNT act as a side group rather than a 

terminal group. 

Multiple polymer chains are attached to the same CNT in step-growth and addition 

mechanism so the CNT act as a cross-linking agent from the perspective of the 

polymer. 

The term ―grafting from‖ exactly means that the reaction begins on the surface of the 

CNTs where reactive groups are covalently attached. The propagation reactions 

occur between the reactive groups on the surfaces of CNTs and monomers. By this 

mean, the polymers graft from the reactive groups on the surface of CNTs which 

serve as the terminal group for one end of the growing polymer chain and no 

polymer exists that is not attached to a CNT. There is only initiator group which is 

attached to the surface of CNTs. Another case similar to the CNT-initiated reaction is 

where the CNTs are impregnated with a particulate catalyst, for example a 

metallocene catalyst, from which a polymer is grown. Styrene, methyl metacrylate, 

methyl styrene, pyrrole, various imides, propylene etc. are some of the monomers as 

of the end of 2009 that have been grafted from CNTs [1].    



31 

 

Figure 2.11 : Grafting of polystyrene chains by anionic polymerization [62]. 

2.12.2 Polymer covalently bonded to nanotubes “GRAFTING TO” 

The term ‗‗grafting to‘‘ means that the reaction occurs between the prepared living 

polymers which means that has reactive end groups and the functional groups on the 

surface of CNTs. The mechanism can be physical adsorption or covalent attachment 

mechanisms. The ―grafting to‖ reactions is much smaller than that for ―grafting 

from‖ reactions, even though these types of reactions can easily occur in melt-mixed 

thermoplastics if the proper chemistry is available.   

Various polymers such as polystyrene, polyurethane, polyester, polymethyl 

methacrylate, polyamide etc. have been attached to CNTs via ―grafting to‖ reactions. 

The main barrier to ―grafting to‖ reactions is not really the cost of functionalization, 

but rather the paucity of thermoplastic polymers where such reactions could occur. 

This reality is reflected in the fact that in most thermoplastic composites with typical 

fillers such as glass, carbon fiber, and so on, there is no covalent bonding between 

the resin and the filler [1].   

 

Figure 2.12 : ―Grafting to‖ approach for nanotube-polystyrene composites [62]. 
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2.13 Photopolymerization 

Different exciters such as heat, light, electron beam, X-rays, microwaves can be used 

in polymerization reactions. Photopolymerization reactions involve absorption of 

photons of visible or ultraviolet light for producing an initiating species that able to 

attack the first monomer unit. For that reason, the primary requisite for occurring 

reaction is the presence of light. The intensity of light affects the rate of 

photopolymerization reaction. The rate of photopolymerization reaction that is 

independent of temperature depends on the amount of light absorbed. However, 

some photopolymerization reactions may depend on temperature because of thermal 

reactions that follow them.   

2.13.1 Free radical photopolymerization reactions 

The photopolymerization reactions are mostly based on a radical process. In radical 

photopolymerization, initiating radicals R• are created under light irradiation of the 

photoinitiator (PI). Then these R• react with the monomer (M) or oligomer for 

generating the first macroradical. The propagation of the reaction takes place through 

the subsequent addition of monomer units to the growing macroradical. The last step 

is the mono or bimolecular termination reaction, depending on the experimental 

conditions. The bimolecular termination occurs through the recombination of two 

polymer chains (coupling is preferred for radicals presenting small steric effect) and 

disproportionation (that is more important with, e.g., disubstituted radicals). The 

monomolecular termination arises when the photopolymerizable resin becomes so 

viscous or rigid that the diffusion of the remaining monomer close to the reactive 

centers is prevented. Therefore, the reactive centers are possibly trapped within the 

polymeric medium, and as a consequence, the conversion of the monomer is lower 

than 100% [64]. 
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Free radical photopolymerization occurs in different steps that are shown below: 

PI (nonactivated) 
     
→    PI

•
 (activated)                        Absorption of light 

PI
•
 (activated)   R

•
 (hʋ)                                   Formation of 

                               initiating radicals 

R
• 
+ M   RM

•
 (reactive species)                                         Initiation 

RM
• 
+  M   RMn+1

•
 (reactive species)

     
         Propagation 

R(M)n
• 
+ R(Mm)

• 
   R(M)n-(M)mR (nonreactive species)            Termination 

                    (coupling) 

R(M)n
• 
+ R(Mm)

• 
   R(M)n-H +R(M)m-1M-H (nonreactive species)         Termination 

                 (disproportionation)  

When a molecule absorbs a photon of light, it reacts differently with other molecules 

because of changing electronic structure. The absorption of a UV or visible photon 

by a molecule produces an electronically excited state and causes photochemical 

changes in the absorbing molecule, or in an adjacent molecule. Hereby, molecules in 

electronically excited states often show very different physical and chemical 

properties than their electronic ground states. 

Excited states are generated under the light exposure of photoinitiator (PI). Upon 

excitation by light, PI is promoted from its ground singlet state S0 to its first excited 

singlet state S1 and then converted into triplet state T1. This transient T1 state yields 

the initiating species. Its nature radical (R
*
), cationic (C

+
), and anionic (A

-
) is 

dependent on the starting molecule [65].  
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multiplicity is shown by a Jablonski diagram, as shown in Figure 2.13. The symbols 

in this diagram refer to;  

(So), the ground electronic state  

(S1), first excited singlet state  

(T2), second excited triplet state 

The horizontal lines represent the vibrational levels of each electronic state. Straight 

arrows indicate radiative transitions, and curly arrows indicate non-radiative 

transitions. 

 

Figure 2.13 : Jablonsky-type diagram for photoinduced radical photoinitiation. 

In a Jablonski diagram (Figure 2.13), the process starts with the absorption of a 

photon by the photoinitiator molecule, which results in excitation of an electron into 

higher singlet states. From these excited states, various processes can follow. First, 

deactivation can proceed by radiationless internal conversion and evolution of heat 

back to the ground state or by emission of fluorescence. Second, by intersystem 

crossing (ISC) an electron spin inversion leads to the excited triplet state. The 

photochemical processes which lead to the desired active species (e.g., free radicals) 

often take place from the excited triplet state, where the molecule posses two 

unpaired electrons, rather than from the singlet state. The formation of the reactive 

species, namely free radicals, competes with further deactivation processes, like 

monomer quenching, oxygen quenching and phosphorescence. The direct oxygen 
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quenching of the photoinitiator excited states is not very likely in the case of the 

extremely shortlived triplet states of α-cleavable type photoinitiators, but much more 

pronounced in the hydrogen abstraction type owing to the relatively long-lived triplet 

states [66]. From the triplet state two main reactions can lead to initiating species, the 

intramolecular scission of an α-bond, or the intermolecular abstraction of a hydrogen 

atom. The intramolecular scission is the most effective process in the formation of 

radicals, since the hydrogen abstraction is a bimolecular type reaction, which is 

diffusion controlled and may be accompanied by several deactivation reactions [67].  

The quantum yield of initiation, representing the number of growing chains per 

photon absorbed reflects the importance of the processes leading to initiation over all 

the indicated processes of deactivation. 

The rate of photopolymerization is affected by three types of factors:  

- The experimental conditions such as types of light source, monomer and 

initiator concentrations, the wavelength of irradiation, the number of photon 

emitted etc., 

- The nature of the initiator, 

- The nature of the monomer. 

2.13.2 Characteristics of photopolymerization: 

The photoinduced reactions generally have low activation energy with respect to 

chemical reactions and their reaction rates are rapid.  

There is no need to high temperature because the reactions occur under a low or 

room temperature with high monomer conversion and low monomer residue.  

The solvent free-formulations that reduce the emission of volatile organic pollutants 

can be used in photopolymerization reactions.  

Turn off and on of the light is easy so that it employs both stereo and temporal 

control of the reaction since light can be directed to locations of interest in the 

system.  
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Absorption of a photon is required since the photopolymerization reactions can be 

occurred. For that reason a suitable chromophore is required to be able to absorb of 

photons at UV or visible light wavelengths.  

The absorption of light is described by Lambert-Beer‘s Law that is      , where 

  is the molar extinction coefficient (in cm
-1

Mol
-1

),   is the sample concentration and 

  is the path length of light.   is a function of the wavelength, so it is constant at a 

specific wavelength for each sample and also it depends on the chromophore groups 

on the sample but does not depend on the sample concentration.   

Attaching chemical groups to chromophores may shift the absorption spectrum of the 

chromophore, particularly if the moieties contain delocalized orbitals which can 

interact with those of the chromophore [68]. In addition, shift in absorption 

wavelength occurs with conjugation.    

2.14 Photoinitiators 

The photoinitiators (PI) produce the reactive free radicals by converting absorbed 

light energy, UV or visible light into chemical energy in the form of initiating 

species. While designing of UV curing systems, the selection of a photoinitiator has 

an essential importance. Because the photoinitiator package affects the 

polymerization and/or crosslinking rate and flexibility, hardness, scratch, and 

chemical resistance properties of curing are depend on the degree of cure of the 

system. Based on the mechanism by which initiating radicals are formed, PIs are 

classified as one-component (type I system), two component (type II system), and 

multicomponent photoinitiating systems.  

2.14.1 One-component (type I system) photoinitiator 

Type I photoinitiators undergo a hemolytic bond (α or less common β) cleavage upon 

absorption of light to form two radical species. α -cleavage photoinitiators are the 

most important Type I photoinitiators because of their high reactivity and thermal 

stability. The α-cleavage-type photoinitiators are very versatile, indicating higher 

efficiency compared to hydrogen abstraction types due to the unimolecular cleavage 

reaction.  
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Benzoin and its derivatives are the most widely used photoinitiators for radical 

polymerization of vinyl monomers.  

 

Figure 2.14 : α -cleavage Photoinitiators. 

2.14.1.1 Benzoin derivatives  

Benzoin and its derivatives are suitable for the quenching of strong light initiated 

radical polymerization of vinyl monomers, such as styrene. Due to their very fast 

photochemical reaction, their initiating efficiency is relatively little influenced by 

interactions with components in the formulations. These compounds have received 

considerable attention, both in practical applications and photochemical studies 

directed towards elucidating their behavior in the absence and presence of material 

containing carbon-carbon double bonds. The unsubstituted benzoyl chromophores 

absorb strongly in the far UV and the       transition occurs strongly between 300 

and 400 nm, maximum absorption wavelength are generally above 320 nm.   

A major drawback of this class of α-cleavage photoinitiators is considerably shorter 

pot life of formulations containing these compounds, relative to other Type I 

photoinitiators. 

Norrish Type I cleavage is the major excited state reaction of benzoin and its 

derivatives. In the presence of oxygen, the benzoyl radical is partially oxidized 

giving benzoic acid or its derivatives [69].    
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Figure 2.15 : Photodecomposition of Benzoin Derivatives. 

2.14.2 Two component (type II system) photoinitiator 

Type II photoinitiators undergo a primary process of hydrogen atom abstraction from 

the environment, which may be the compound itself or a solvent. These photoiniating 

systems comprise of a photoinitiator such as benzophenone or thioxanthone and a 

coinitiator such as alcohol or amine.   

Usually a tertiary amine co-synergist is used for enhanced efficiency. The reaction 

usually occurs from the lowest excited triplet state of the ketone and depends on tile 

intersystem crossing (ISC) rate, tile configuration of the triplet state (n,π* or π,π*) 

and its corresponding energy. Here, the excited triplet state of the ketone forms an 

intermediate excited electron transfer complex (exciplex) with the tertiary amine. 

Electron transfer occurs with the subsequent formation of radicals, the amino radical 

is then believed to be the main initiating radical [70]. 

 

Figure 2.16 : Non-cleavable Photoinitiators. 

hʋ 
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Benzophenones, thioxanthone, anthraquinones, ketocoumarins and some 1,2-

diketones are used in conjunction with co-initiators for initiating vinyl 

polymerizations. Since the initiation is based on a bimolecular reaction, Type II 

photoinitiators initiate generally slower than Type I photoinitiators.  These systems 

are, therefore, more sensitive to the quenching of the excited triplet states, which are 

the reactive precursors of light induced chemical changes for carbonyl compounds 

[69]. 

 

 

 

Figure 2.17 : H abstraction reaction of Benzophenone / alcohol as coinitiator. 

2.14.3 Multicomponent photoinitiating systems 

Many multicomponent photoinitiating systems have been proposed so far in order to 

improve the efficiency of the radical production: they are very often used in the 

design of high-speed photopolymers.  

Most of multicomponent photoinitiator behave according to the following 

mechanism (10.63) in which C1 is the absorbing species. The combination of C1/C2 

is used to produce the initiating radical 1; the concomitantly formed radical 2 is a 

scavenger of the growing polymer chain. The idea is to eliminate this radical by 

using appropriate quencher C3.   

 

 

 

 

 

 

 

radical 1       radical 2  C3 

  hʋ 

 

 

C2        C1   radical  

and ions        (2.8) 

hʋ 
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The following items have been used in multicomponent photoinitiating systems: 

-Ketone/amine/bromo compound or onium salt. Radical 2 of here is a ketyl type 

radical (the presence of ketyl radicals is known as having a dentrimental effect on the 

rate of polymerization [71].  

-Ketocoumarin/amine/onium salt, 

-Eosin/amine/onium salt, bromo compound, THF or PDO (keto-oxime derivative), 

-Methylene blue/amine/onium salt, 

-Dye/amine/bromo compound or onium salt, etc.   
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3.  EXPERIMENTAL PART 

3.1 Materials 

In the synthesis of photo-active MWCNTs, Multi-walled carbon nanotubes 

(MWCNTs were synthesized at the laboratory at the Department of Chemistry, 

Faculty of Science, King Abdulaziz University, Jeddah), Benzoin (from Acros 

Organics), Styrene (from Kempro Kimyasal Mad. ve Dış Tic. Ltd. Şti.), Sulfuric acid 

(H2SO4, from Merck), Nitric acid (HNO3, from Lachema), Thionyl chloride (SOCl2, 

from Merck), Pyridine (from Lachema), Dimethylformamide (DMF, from Labkim), 

Tetrahydrofuran (THF, from Labkim) were used. For defunctionalization reaction of 

the product Sodium hydride (NaH, from Sigma Aldrich) was used.  

Multiwalled carbon nanotubes which are polymers of pure carbon consist of 

multiple layers of graphite and rolled in on themselves forming a tube-shaped 

material. The MWCNTs (> 90 % purity) was produced by natural gas catalytic 

decomposition method over Ni/Al2O3 and were taken from Mohamed Abdel Salam 

(Department of Chemistry, Faculty of Science, King Abdulaziz University, Jeddah). 

The diameters and lengths of used MWCNTs are 10 to 30 nm and 10 to 30 microns, 

respectively.   

     

Figure 3.1: A MWCNT. 
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Benzoin (α-Hydroxy-α-phenylacetophenone) is a highly efficient photoinitiator for 

free radical polymerization of vinyl monomers and is used to synthesize photoactive 

MWCNTs for photopolymerization process. After photoexcitation, benzoin 

undergoes efficient α-cleavege (Norrish Type I reaction) to form benzoyl and α-

hydroxy radicals. Mw is 212.24 g/mol.  

 

Figure 3.2: Benzoin. 

Styrene monomer (vinyl benzene) is an organic compound with a molecular weight 

104.15 g/mol and 0.909 g/cm
3
 density. The presence of the vinyl group on styrene 

molecule allows to polymerization so that photoactive MWCNTs were proved by the 

photopolymerization of styrene monomer. 

 

Figure 3.3 : Styrene monomer. 

Sulfuric acid (H2SO4) is a diprotic and highly corrosive strong mineral acid. It is 

used with nitric acid while carboxylation reaction of MWCNTs. Molecular weight is 

98.079 g/mol and concentration is 95-98%.  

 

Figure 3.4 : Sulfuric acid. 
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Nitric acid (HNO3) is highly corrosive strong mineral acid and has a concentration 

of 65%, Mw, density is 63.01 g/mol, 1.40 g/ml, respectively. It is used for acid 

solution with sulfuric acid for –COOH functionalization of MWCNTs.  

 

Figure 3.5 : Nitric acid. 

Thionyl chloride (SOCl2) is an inorganic compound and is used as a reactive 

reagent for chlorination reaction of MWCNTs-COOH. Mw is 118.97 g/mol. 

 

Figure 3.6 : Thionyl chloride. 

Pyridine is a heterocyclic organic compound. It is used as a reactant in the synthesis 

of MWCNTs-Benzoin. Mw is 79.10 g/mol. 

 

Figure 3.7 : Pyridine. 

Sodium hydride (NaH) is a flammable gray to white crystalline with a molecular 

weight 23.997 g/mol. It was used in a typical experiment for base-catalyzed 

hydrolysis for defunctionalization reaction of MWCNT-PSt. 

 

Figure 3.8 : Sodium hydride. 
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3.2 Equipments 

3.2.1 Fourier Transform Infrared Spectroscopy (FT-IR)  

Infrared analyses were performed with Thermo Scientific Nicolet IS 10 FT-IR 

spectrometer.  

3.2.2 UV Spectroscopy 

UV spectroscopy analyses were performed with a Shimadzu PharmaSpec UV-1700 

UV-Visible Spectrometer. 

3.2.3 Thermogravimetric Analyser (TGA) 

Thermogravimetric analyses were performed with Thermal Analysis TGA Q50 

instrument.   

3.2.4 UV Lamp 

Photopolymerization reactions occurred under UV Lamp of which wavelength is 340 

nm. 

3.2.5 Scanning Electron Microscopy (SEM) 

Analyses of morphological surface of MWCNTs were performed by a Zeiss EVO 

MA10 scanning electron microscope with a Tungsten filament.  

3.2.6 Gel Permeation Chromatography (GPC) 

The distributions of molecular weight of PS were measured by Aligent 1100 Series 

GPC equipment. 

3.2.7 Raman Spectroscopy 

Raman spectroscopy measurements were carried out under laser source at 785 nm 

wavelength and at room. 
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3.3 Synthesis 

3.3.1 Synthesis of -COOH Functionalized MWCNTs 

Into a 250 ml round bottom flask equipped with a reflux, 3.0 g pristine MWCNTs 

and acid mixture which was 3:1 v/v of sulfuric (75 ml, 95-98%) and nitric acid (25 

ml, 65%) were added with vigorous stirring. The flask was then immersed in an 

ultrasonic bath for 10 min. The mixture was then stirred for 100 min under reflux at 

110˚C. During this period a dense brown gas which was evolved, was collected and 

treated with aqueous NaOH connected to the condenser. After the reaction completed 

and the temperature of mixture reached to room temperature, the mixture was diluted 

with distilled water and then vacuum-filtered through a 0.45 µm 

polytetrafluoroethylene (PTFE) membrane and subsequently washed with distilled 

water until the Ph of the filtrate reached ca. 7. The filtered solid was washed with 

anhydrous THF to remove most of the water from the sample and dried under 

vacuum oven for 24 h at 60˚C, giving 1,70 g ( ~57% yield) of MWCNTs-COOH. 

The reaction yield is generally smaller than the actual value because of loss of 

product during too many washing and filtration.  

3.3.2 Synthesis of -COCl Functionalized MWCNTs 

0.8 g of MWCNTs-COOH was first sonicated in 20 ml anhydrous THF at room 

temperature. 50 ml SOCl2 and 2 drops anhydrous DMF were added to the mixture 

that was vigorously stirred under reflux. The acyl chloride functionalization reaction 

was undertaken in a nitrogen atmosphere at 75˚C for 48 h. After the reaction was 

finished, the entire mixture was separated by vacuum-filtration using a 0.45 µm 

PTFE membrane filter and subsequently washed with anhydrous THF to completely 

remove the residuals. The final product (MWNTs-COCl), 0.736 g (92% yield) was 

obtained by the removal of the excess solvent under vacuum. FTIR spectrum of 

MWCNTs-COCl sample proves that the acyl chloride bonds on the MWCNTs. 

3.3.3 Synthesis of MWCNTs-Benzoin  

0.4 g of MWCNTs-COCl was dispersed in 50 ml of anhydrous THF and 1.0 g of 

benzoin was charged to flask and one or two drop pyridine was added. The mixture 

was stirred in dark conditions at 65˚C under nitrogen protection for 48 h. After the 

reaction completed and the mixture was cooled to room temperature, it was filtered 



46 

through a polytetrafluoroethylene (PTFE) membrane and washed with anhydrous 

THF for 4-5 cycles to completely remove the unreacted benzoin. After being dried 

overnight in vacuum, photoactive-MWCNTs containing benzoin groups (MWCNTs-

Benzoin), 0.398 g (99.5% yield) were obtained. Proving the Benzoin groups on 

MWCNTs has been demonstrated by Thermogravimetric Analysis (TGA). 

3.3.4 Synthesis of MWCNTs-PS 

For photopolymerization reactions of styrene monomer and MWCNTs-Benzoin as a 

photoinitiator were used. In photopolymerization reaction 0.1 g of MWCNTs-

Benzoin that act as a photoinitiator was dispersed in 1 ml of THF and 5 ml of styrene 

monomer (45 times to mass of initiator) was added. The solution was stirred under 

UV lamp (λ=340 nm) for 1, 2, 3 h. Defunctionalization reactions which were 

explained in details at defunctionalization of MWCNTs-PS part, were made and Mn 

values were determined by GPC analyzer from these results the optimum time was 

indicated for 2 h.  And also, washing and filtering of the samples was getting difficult 

when the reaction time increases. Then the mass ratio of styrene monomer was 

decreased in different ratios (4, 10, 20, and 45 times to mass of photoinitiator). The 

each solution was stirred under UV lamp (λ=340 nm) for 2 h. After the reaction 

completed, solution was filtered, washed with plenty of anhydrous THF to 

completely remove polystyrene which was polymerized by itself and does not 

attached to surface of MWCNTs. Methanol was added for terminating the PS chains 

on MWCNTs. Resulting MWCNTs-PS was dried overnight under vacuum. Samples 

were characterized by Thermogravimetric Analysis (TGA) and Scanning Electron 

Microscopy (SEM), and also Mn values were determined by GPC analyzer.  

Table 3.1: Sample codes for different reaction times.  

Sample Code Reaction 

time (h) 

Mass of Initiator  

(g) 

Mass of Styrene 

Monomer (g) 

MWCNTs-45PS1 

MWCNTs-45PS2 

MWCNTs-45PS3 

1 

2 

3 

0.1 

0.1 

0.1 

4.5 

4.5 

4.5 
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Table 3.2: Sample codes for different mass ratios at a constant reaction time (2h).  

 

Sample Code 

Mass of 

Initiator  

(g) 

Mass of Styrene 

Monomer  

(g) 

Monomer/Initiator 

Ratio 

MWCNTs-45PS2 

MWCNTs-20PS2 

MWCNTs-10PS2 

MWCNTs-4PS2 

0.1 

0.1 

0.1 

0.1 

4.5 

2.0 

1.0 

0.4 

45 

20 

10 

4 

 

3.3.5 Defunctionalization of MWCNTs-PS 

Obtained MWCNTs-PS was defunctionalized by base-catalyzed hydrolysis method. 

A 49 mg sample of synthesized MWCNTs-PS was dispersed in 3 ml of anhydrous 

THF in a round bottom flask. 49 mg NaH which was subjected to nitrogen before use 

was added, the solution was refluxed at 65˚C under nitrogen protection for 2 h, 

resulting in the formation of dark colored precipitates and detached PS. After the 

solution cooled to room temperature, liquid phase was separated from the solid 

MWCNTs and was poured into 100 ml of methanol for precipitating PS. After the 

mixture was centrifuged at 5˚C, 4500 rpm, all precipitate PS were at the bottom of 

the glass vial, and the upper solvent layer was carefully decanted. Then, the 

precipitated PS was dried before dissolved in THF for Gel Permeation 

Chromatography (GPC) analysis. The solid precipitates from the defunctionalization 

reactions of MWCNTs-PS was analyzed by Thermogravimetric Analysis (TGA) and 

Scanning Electron Microscopy (SEM).  
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3.4 Analysis 

Following tests; Infrared Analysis (FT-IR), UV Spectroscopy, Thermogravimetric 

Analysis (TGA), Scanning Electron Microscopy (SEM), Gel Permeation 

Chromatography (GPC) were performed to understand and explaining the thermal, 

chemical and surface characterization of synthesized samples. 

3.4.1 FT-IR Analysis  

Fourier - Transform Infrared (FT-IR) spectroscopy is one of the most common 

spectroscopic techniques used for investigating organic and inorganic samples. IR 

spectroscopy is an important and popular tool for structural elucidation and 

compound identification. Using various sampling accessories, IR spectrometers can 

accept a wide range of sample types such as gases, liquids, and solids.  

Simply, it is the absorption measurement of different IR frequencies by a sample 

positioned in the path of an IR beam. The main goal of IR spectroscopic analysis is 

to determine the chemical functional groups in the sample. Different functional 

groups absorb characteristic frequencies of IR radiation. Infrared radiation spans a 

section of the electromagnetic spectrum having wavenumbers from roughly 13,000 

to 10 cm
–1

, or wavelengths from 0.78 to 1000 μm. It is bound by the red end of the 

visible region at high frequencies and the microwave region at low frequencies. IR 

absorption positions are generally presented as either wavenumbers ( ) or 

wavelengths (λ). Wavenumber defines the number of waves per unit length. Thus, 

wavenumbers are directly proportional to frequency, as well as the energy of the IR 

absorption. The wavenumber unit (cm
–1

, reciprocal centimeter) is more commonly 

used in modern IR instruments that are linear in the cm
–1

 scale. In the contrast, 

wavelengths are inversely proportional to frequencies and their associated energy. At 

present, the recommended unit of wavelength is μm (micrometers), but μ (micron) is 

used in some older literature [73]. 

FT-IR spectrometer was used for investigating the characteristic peaks of synthesized 

products. 
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3.4.2 UV Spectroscopy 

Ultraviolet-visible spectroscopy refers to absorption spectroscopy in the ultraviolet-

visible spectral region which means it uses light in the visible and adjacent (near-UV 

and near-infrared (NIR)) ranges. In this region molecules undergo electronic 

transitions. Ultraviolet and visible (UV-Vis) absorption spectroscopy is the 

measurement of the attenuation of a beam of light after it passes through a sample or 

after reflection from a sample surface. The UV-Vis spectral range is approximately 

190 to 900 nm, as defined by the working range of typical commercial UV-Vis 

spectrophotometers. Since the UV-Vis range spans the range of human visual acuity 

of approximately 400 - 750 nm, UV-Vis spectroscopy is useful to characterize the 

absorption, transmission, and reflectivity of a variety of technologically important 

materials [74].  

UV spectrometer was used for determining the formation of PS which was attached 

to MWCNTs and defunctionalized from surface of MWCNTs.  

3.4.3 Thermogravimetric Analyser (TGA) 

Thermogravimetric analyser measures the amount and rate of change in the weight of 

a material as a function of temperature or time in a controlled atmosphere [75]. 

Measurements are used primarily to determine the composition of materials and to 

predict their thermal stability at temperatures up to 1000°C.  The technique can 

characterize materials that exhibit weight loss or gain due to decomposition, 

oxidation, or dehydration. In comparing thermal stability, it should be remembered 

that TGA measurements only record the loss of volatile fragments of polymers, 

caused by decomposition [76]. 

In this study, thermal stability was evaluated using a Q50 TGA from TA Instruments. 

5–10 mg of samples were placed in the pan and heated from 25 °C to 950°C under 

N2 (flow rate: 90 mL/min) at an applied heating rate of 20°C /min. During the 

heating period, the weight loss and temperature difference were recorded as a 

function of temperature. The results were used to determine the functionalization of 

MWCNTs. Mole ratio of –COOH group and benzoin was calculated from TGA 

results, and also weight ratio of PS in MWCNTs was determined. 
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3.4.4 Scanning Electron Microscopy (SEM) 

In scanning electron microscope, a two dimensional scanning image is obtained in 

such a way that electrons which have been emitted from an electron source of a 

heating type or a field emission type are accelerated so as to be formed into a slender 

electron beam (a primary electron beam) through an electrostatic or electromagnetic 

lens, a surface of a sample to be observed is scanned with the resultant primary 

electron beam using a scanning deflector, a secondary signal is detected which is 

formed by secondary electrons or reflected electrons which are secondarily generated 

from the sample by irradiation with the primary electron beam, and the intensity 

modulation in a cathode ray tube (CRT) which is scanned synchronously with the 

scanning of the primary electron beam. In the general SEM, the electrons which have 

been emitted from the electron source arc accelerated in a space between the electron 

source, to which a negative electric potential, and the surface of the sample to be 

inspected at ground electric potential, and the surface of the sample to be inspected at 

ground electric potential is scanned with the electron beam [77]. 

Surface characterization of MWCNTs were performed by Zeiss EVO MA10 

scanning electron microscope with a Tungsten filament. Theoretically, it can reach to 

1 million magnifications. Samples were sonicated in THF and dropped onto 

aluminum layers. After evaporaton of solvent, the layers coated with gold. Diameter 

of MWCNTs were measured and polymerization of styrene monomer was seen on 

SEM figures. 

3.4.5 Gel Permeation Chromatography (GPC) 

Gel permeation chromatography (GPC), sometimes referred to as gel filtration 

chromatography (GFC) or size exclusion chromatography (SEC), entails the 

chromatographic fractionation of macromolecules according to molecular size [78]. 

GPC instrument was used for calculation of the molar mass averages of the number 

(Mn) or weight (Mw) and the polydispersity index (PDI) of PS that was detached 

from MWCNTs. The elution rate of tetrahydrofuran (THF) was 1 mL/min and 

standard PS was used for calibration. 
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3.4.6 Raman Spectroscopy 

Raman scattering is one of the prime techniques for studying the fundamental 

properties of carbon tubes and nanotube characterization. The most important 

phonon for sample characterization is the radial-breathing mode, an in-phase radial 

movement of all carbon atoms. In combination with resonant excitation it can be 

used to determine the nanotube microscopic structure. The so-called G-line is a 

characteristic feature of the graphitic layers and corresponds to the tangential 

vibration of carbon atoms. Another characteristic mode is a typical sign of defective 

graphitic structures (D-line). A comparison of the intensity ratios of these two peaks 

gives a measure of the quality of the bulk samples [79]. 

Raman spectroscopy was used to provide essential information for evaluating the 

covalent modification of MWCNTs.  
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4.    RESULTS AND DISCUSSION 

In this thesis, MWCNTs were functionalized to obtain photoinitiator that was used 

for graft from polymerization of a vinyl monomer. For this purpose, MWCNTs were 

oxidized with strong acid solutions and the –COOH functionalized MWCNTs were 

used to form chloride reactive groups onto MWCNTs. Then, photo-active MWCNTs 

were synthesized by esterification reaction between benzoin and MWCNTs-COCl.   

Synthesized MWCNTs-Benzoin was used for photopolymerization of styrene. The 

efficiency of initiator and the effect of reaction time on photopolymerization were 

investigated. At synthesis and characterization steps, FT-IR, GPC, Raman, TGA and 

SEM technics were used.  

4.1 Synthesis of  -COOH Functionalized MWCNTs 

Carboxyl functionalized MWCNTs was produced by acid treatment of pristine 

MWCNTs according to the modified method of Kong et al. (2004) in Figure 4.1. For 

this purpose, pristine MWCNTs was reacted with concentrated acid solution of 

HNO3/H2SO4 (1:3 by volume). The covalent bonds between the MWCNTs-COOH 

and MWCNTs was confirmed by FT-IR spectrum. The amount of acid groups on the 

MWCNTs was calculated by the aid of TGA results. 

 

Figure 4.1 : Synthesis of MWCNTs-COOH. 
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Identification of oxygenated acidic surface group was performed by ATR – FTIR as 

qualitative technique for evaluation of the chemical structure of MWCNTs. The 

MWCNTs were dispersed in THF because the black MWCNTs would absorb all the 

infrared rays which makes very difficult to obtain IR spectrum of MWCNTs.  

Figure 4.2 shows that the characteristic peaks of MWCNTs-COOH and THF. 

Because of its nature, MWCNTs show very weak peaks of C=C aromatic ring 

stretching at the wavenumber of 1645.95 cm
-1

. The broad peak at 3499.89 cm
-1

 is 

assigned to the vibration of O-H group in MWCNTs-COOH. C=O stretching 

bonding is observed at 1737.38 cm
-1

. C-H stretching bond is between the THF peak 

at 2928.45 cm
-1

. From the FTIR spectra of MWCNTs-COOH, it is clearly understand 

the –COOH groups is successfully attached onto the surface of MWCNTs. 

 

Figure 4.2 : The IR Spectrum of MWCNTs-COOH. 

The carboxyl functionalization of MWCNTs was also characterized by TGA. 

According to TGA analysis, the amount of the carboxylic groups on the MWCNTs 

was estimated by weight loss %. 

The pristine MWCNTs have good thermal stability and no clearly weight loss was 

observed below temperatures of 720˚C. Generally, combustion of carbon materials 

does not take place at temperatures below at least 400˚C. Weight loss below this 

temperature can be assigned to the evaporation of water absorbed or the evolution of 
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surface functional groups (Yudianti et al., 2011). Upon heating until 950˚C, 

MWCNTs give residue 92.47%, corresponding to catalytic metal particles. After 

treating with strong acid solution, weight reduction (18.14%) below 720˚C 

corresponds to decomposition of functional group on the MWCNT surface.  

 

Figure 4.3 : TGA curves of pristine MWCNT, MWCNTs-COOH. 

In general, in the case of MWCNT-COOH, there was a decrease in weight between 

120 and 450˚C, which is assigned to the weight loss of COOH group attached onto 

the surface of MWCNTs. In this study, the weight loss of MWCNT-COOH is 

approximately 3.0% between the same temperatures which show the decarboxylation 

of carboxylic groups present on the MWCNT walls. -COOH group on the MWCNTs 

was calculated according to the following equation (Kong et al., 2004):  

            [
 
                     
                     

 

(
   

                
)

]       

The mole percent of the -COOH groups on MWCNT surface was found as 

[COOH]MWCNT= 4.83 mol % with respect to carbon by using the weight loss which is 

between pristine MWCNT and MWCNTs-COOH (18.14 %) and the molecular 

weight of -COOH group (45 g/mol).    
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4.2 Synthesis of  -COCl Functionalized MWCNTs 

Acid chlorides are more reactive than carboxylic acid functionalized groups on 

MWCNTs. For this purpose, MWCNTs-COOH was reacted with SOCl2 under 

nitrogen protection and the reaction was occurred according to the procedure [72] 

(Figure 4.4). The product MWCNTs-COCl was characterized by FTIR and also 

TGA.  

Figure 4.4 : Synthesis of MWCNTs-COCl. 

Incorporation acyl chloride groups on to MWCNTs can be proved by FTIR 

spectrum. The characteristic peaks of MWCNTs-COCl comparing with MWCNTs-

COOH are shown in Figure 4.5. C=C stretching bands of aromatic ring is at the 

wavenumber of 1643.69 cm
-1

. The broad peak at 3504.51 cm
-1

 is assigned to the 

vibration of O-H group in MWCNTs-COCl. Decreasing of the intensity of this peak 

shows the -COOH group on the MWCNTs surface turns to –COCl groups and there 

is already –COOH groups on MWCNTs surface. C=O stretching bonding is observed 

at 1726 cm
-1

. There is a very weak –COCl peak at1960.96 cm
-1

. Judging by 

combination of TGA and FTIR results, it can be said that the reaction was done 

successfully. 
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Figure 4.5 : The IR Spectrum of MWCNTs-COOH and MWCNTs-COCl. 

4.3 Synthesis of MWCNTs-Benzoin 

The photo-active benzoin functional MWCNTs was synthesized by reactions of –Cl 

functionalized MWCNTs with benzoin under nitrogen at 65˚C for 48 h and dark 

conditions, as shown in Figure 4.6. The incorporation of Benzoin groups on to 

MWCNTs was checked by TGA. Weight loss of the MWCNTs-Benzoin at TGA 

results proves that the covalent linkage between benzoin and MWCNTs-COCl.  

 

Figure 4.6 : Synthesis of MWCNTs-Benzoin. 
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Figure 4.7 : TGA curves of pristine MWCNT, MWCNTs-COOH, and MWCNTs 

                        Benzoin. 

The amount of the functional benzoin groups attached to the surface was studied by 

TGA. The number of initiator groups introduced onto the surface of the MWCNTs 

was calculated with the weight percentage and the initiator fragment molecular 

weight according to a method suggested by earlier researchers. As shown in Figure 

4.7, there is a 6.33% weight loss between 240-450 ˚C corresponding to the 

decomposition of the functional groups. The mole percent of initiator present in the 

MWCNTs was calculated as follows [73]: 

         [
 

                          
                            

 

(
   

                
)

]       

 

The mole percent of the initiator on MWCNT surface was found as [I]MWCNT= 0.35 

mol % with respect to carbon by using the weight loss and the initiator fragment 

molecular weight (212.24 g/mol).    
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Figure 4.8 : TGA curves of MWCNTs-Benzoin, Pure Benzoin, and Blended 

                            Benzoin. 

To test thermal characteristics of MWCNTs-Benzoin, it is compared with pure 

benzoin. The onset decomposition temperature for MWCNTs-Benzoin is higher than 

the decomposition temperature of benzoin which is in Figure 4.8. Such a high onset 

temperature for MWCNT-Benzoin proves that benzoin is covalently attached to the 

MWCNTs-COCl. When benzoin is covalently attached to MWCNTs surface, the 

residue increased to 48.50%. Thermal stability of benzoin is enhanced by bonding 

with MWCNTs. In addition, if the graphs which are benzoin physically blended with 

MWCNT (non-covalently attached to MWCNTs) and MWCNT covalently bonded 

with benzoin are compared, the difference that proves the chemical bond between 

benzoin and MWCNTs can easily seen on Figure 4.8.   

4.4 Photopolymerization Reactions of Styrene with MWCNTs-Benzoin 

Obtained MWCNTs-Benzoin was used as an initiator for photopolymerization 

reaction of a vinyl monomer. MWCNTs-PS reactions were carried out the following 

reaction (Figure 4.9) and were mentioned previously in section 3.3.4. The resulting 

polymer was analyzed by TGA. Polymer was separated from MWCNTs by 
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defunctionalization of MWCNTs-PS via hydrolysis reaction. Defunctionalized 

product that is detached PS was characterized by GPC and UV instruments. 

 

 

Figure 4.9 : Synthesis of MWCNTs-PS. 
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Figure 4.10 : TGA curves of pristine MWCNT, some samples of MWCNTs-PS, and 

                       PS. 

 

The initiator to monomer weight ratio was kept constant and the effect of reaction 

time was examined on the polymerization of styrene in the presence of MWCNTs-

Benzoin. Figure 4.10 displays the TGA curves of some samples of MWCNTs-PS, 

homo PS and pristine MWCNT. MWCNTs-PS indicates same initiator/monomer 

weight ratio, but at different reaction times (1h, 2h, 3h). With respect to Figure 4.10, 

as the pristine MWCNTs showed little decomposition below 720˚C, the polystyrene 

bonded MWCNTs weight loss at that temperature was used to determine the relative 

weight of polystyrene that is polymerized grafting from MWCNTs. The weight loss 

differences were calculated in the ranges from 5.45% to 77.8% (Table 4.1) for 

different reaction times. Increasing the photopolymerization reaction time increases 

the weight ratio of PS in MWCNTs-PS.  
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Table 4.1 : The weight loss of various MWCNTs-PS. 

 

Sample Code Reaction 

time (h) 

Weight Loss (%) 

from TGA 

MWCNTs-45PS1 

MWCNTs-45PS2 

MWCNTs-45PS3 

1 

2 

3 

5.458 

17.60 

77.78 

 

The onset point of weight loss on TGA curves shows that the decomposition 

temperature of the PS moieties in MWCNTs-PS that is drastically between 350-

450˚C, 20-30˚C higher than that of homo PS. In our case, the thermal stability of the 

PS chains improves bounded with MWCNTs as seen in TGA results, successfully. 

And this indirectly proves that PS was covalently linked to the MWCNTs.    

 

Figure 4.11 : TGA curves of MWCNTs-PS for different initiator/monomer mass 

                           ratio at 2h reaction time. 

 

Figure 4.11 indicates the MWCNTs-PS with different monomer/initiator ratio at a 

constant reaction time (2h). The weight loss differences were calculated in the ranges 
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from 2.3% to 17.7% shown in Table 4.2 and decreasing monomer/initiator ratio 

decreases the weight ratio of PS in MWCNTs. 

Table 4.2 : The weight loss of various MWCNTs at different monomer/initiator 

          ratio. 

Sample Code Monomer/Initiator 

Ratio 

Weight Loss (%) 

from TGA 

MWCNTs-45PS2 

MWCNTs-20PS2 

MWCNTs-10PS2 

MWCNTs-4PS2 

45 

20 

10 

4 

17.60 

3.6 

2.7 

2.3 

The Mn values of grafting from polystyrene on MWCNTs were determined by GPC. 

For this purpose, defunctionalization reactions were done to MWCNTs-PS samples. 

After hydrolysis of MWCNTs-PS, polystyrene was detached from MWCNTs surface 

and prepared for GPC analysis by precipitating in methanol, afterwards dissolved in 

THF.  

It is found that as seen in Table 4.3, the number-average molecular weight (Mn) 

values of the grafted polystyrene increase with increasing the reaction time. It can be 

said that longer polymerization times resulted in greater amount of grafted polymer 

and higher molecular weight values for polymers bounded on the MWCNTs surface. 

This result also supported with weight loss % from TGA results.  

Table 4.3 : Molecular weight and PDI of detached PS from MWCNTs. 

 

Sample Code Reaction 

Time  

(h) 

Weight Loss  

(%) 

Mn 

(x10
5
) 

Mw 

(x10
5
) 

PDI 

(Mw/Mn) 

MWCNTs-45PS1 1 5.458 1.01 1.97 1.95 

MWCNTs-45PS2 2 17.60 1.18 2.46 2.0 

MWCNTs-45PS3 3 77.78 1.45 2.55 1.75 
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Figure 4.12 : GPC curve of detached-PS from MWCNTs. 

The characterization of separated polymer from MWCNTs was done in comparison 

homo polystyrene and MWCNTs-PS solution in chloroform. The peaks shows that 

the existence of polystyrene in MWCNTs. 

 

Figure 4.13 : UV/vis absorption spectrum of PS detached from MWNTs in 

                               chloroform. 
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The characteristic absorption band of PS at ~260 nm can be observed for detached 

PS from MWCNTs which was obtained from the defunctionalization reactions of 

MWCNTs-PS. In addition homo PS that was not covalently attached MWCTNs 

during the photopolymerization reaction has same peak at same wavelength. 

 

Figure 4.14 : UV/vis absorption spectrum of MWCNTs-PS, MWCNTs-COOH in 

                          chloroform. 

Figure 4.14 shows that the UV absorption spectra of the MWCNTs-COOH, detached 

PS from MWCNTs, and MWCNTs-COOH. The absorbance decreases gradually 

from UV to near-IR, similarly to the absorption spectra of CNTs surface modified by 

different organic groups [74] and [75]. 

The spectrum of MWNTs-COOH does not exhibit any meaningful peaks, while that 

of MWNTs-PS has absorption band, similar to detached PS from MWCNTs. Band 

∼260 nm correspond to the absorption of phenyl groups, indicating the remaining PS 

chains on MWCNTs.  
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The homogeneous dispersion of CNTs is relatively difficult to achieve. Surface 

functionalization of carbon nanotubes plays an essential role for improving the 

solubility and dispersion of the nanotubes in aqueous solutions. 

 

Figure 4.15 : Photograph of three separate MWCNT samples in THF. (A) Pristine 

MWCNTs (B) MWCNTs-COOH (C) MWCNTs-PS. 

Figure 4.15 shows that the three vials containing equal masses of pristine MWCNTs, 

MWCNTs-COOH and MWCNTs-PS (Mn of PS is ca.128000 g/mol) in equal 

volumes of THF. Clearly, pristine MWCNTs are not dispersed in THF. Functionality 

increases the dispersity and solubility of MWCNTs. MWCNTs-COOH was not 

collapsed for the first 6 h, then it started to settle down. The MWCNTs-PS forms a 

clear, black solution that exhibits no discernible particulate materials and remains 

stable for a period of at least 1 weeks. 

The influence of the functionalization of MWCNTs and the surface morphology of 

pristine and functionalized MWCNTs was studied with Scanning Electron 

Microscope. MWCNTs was added in THF and exposed to ultrasonic waves. The 

solution was dropped onto the clean aluminum substrate. After the solution was 

dehydrated, MWCNTs were coated with gold and the images were observed with 

50000 magnification.  
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Figure 4. 16 : Scanning electron microscope images of pristine MWCNTs. 

Figure 4.16 shows the representative SEM images of pristine MWCNTs which 

exhibits nanowire-like morphology. The convex surfaces of pristine MWCNTs seem 

to be smooth with nothing adhering to them. The average diameter of the pristine 

MWCNTs was determined to be 46 nm.  

 

Figure 4.17 : Scanning electron microscope images of MWCNTs-COOH. 

The existence of functional groups on the surface of MWCNTs increases the average 

diameter of the pristine MWCNTs to 49 nm, as shown in Figure 4.17. For the 

MWCNTs-COOH, a nanowire-like morphology can also be observed as pristine 

MWCNTs, but the space among nanowires becomes smaller.  
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The image of MWCNTs-COOH (Figure 4.17) shows that the functionalization of 

MWCNTs with strong acid treatment significantly alters the surface roughness of the 

nanotubes and also the length of nanotubes was greatly reduced by strong acid 

treatment. Additionally, the nanotubes are loosely entangled together without any 

particle like impurities since functionalization process also purifies the MWNTs.  

 

Figure 4.18 : Scanning electron microscope images of MWCNTs-COCl. 

As shown in the Figure 4.18 the appearance of MWCNTs-COCl seems as the acid 

treated carbon nanotubes. 

 

Figure 4.19 : Scanning electron microscope images of MWCNTs-Benzoin. 
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The average diameter of the MWCNTs-Benzoin was determined to be 60 nm 

according to the SEM image of MWCNTs-COCl (Figure 4.19). After the benzoin 

and MWCNTs-COCl reaction, the thickness of MWNTs-COCl was increased from 

around 8 nm to 15 nm with an increase in external surface roughness while retaining 

the tubular morphology of individual nanotubes. This morphological observation 

clearly indicates the benzoin was grafted MWNTs on the outer surface of the 

nanotubes. 

 

Figure 4.20 : Scanning electron microscope images of MWCNTs-PS. 

As a comparison, SEM images of pristine MWCNTs are also shown (Figure 4.20), 

exhibiting clearly distinctive tube like morphology. The rods become less distinct for 

MWCNTs-PS so it can be said that MWCNTs were enclosed with polystyrene.  

The covalent functionalization of MWCNTs by comparison pristine MWCNTs was 

studied with Raman spectroscopy. In scientific papers, it was written that the main 

features in the  Raman spectra of MWCNTs are the so-called D (1350 cm
-1

) and G 

(1590 cm
-1

)bands, which are known as the disorder induced and in plane E2g zone 

center modes, respectively. In addition, there is a D' band between the 1617–1625 

cm
-1

 wavelength associated with intercalated graphite compounds (but not graphite), 

increasing disorder by functionalization and strain in the C–C bond vibrations [80]. 
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Figure 4.21 : Raman spectrums of pristine and functionalized MWCNTs. 

As expected, there are three usual bands of MWCNTs in the Figure 4.2.1, the D-line 

at 1310 cm
-1

, the G-line at 1580 cm
-1

 and a shoulder around 1617 cm
-1

 assigned to 

the D' line. The intensity ratios of the D–G band (ID/IG) can be used as proof of 

disruption in the aromatic π-electrons system of CNTs. The ID/IG for functionalized 

MWCNTs are larger than that of the pristine MWNTs. This result indicates that a 

number of sp
2
 hybridized carbons have been converted to sp

3
 hybridization carbons 

caused by the covalent functionalization of MWCNTs and photopolymerizaiton of 

styrene on MWCNTs surface. In addition, the intensity of D' band is higher than the 

G band when functionalization occurs because of increasing disorder.  
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5.  CONCLUSIONS   

In this study, MWCNTs-based photoinitiator was synthesized for an ultraviolet light 

initiated ―graft from‖ polymerization of a vinyl monomer. Benzoin was used to 

obtain photo-active MWCNTs. It is obvious that MWCNTs-Benzoin can be 

synthesized by functionalization reactions of MWCNTs with strong acid solution, 

thioyl chloride, and then esterification reaction between benzoin and MWCNTs. 

MWCNTs-Benzoin samples were used for photopolymerization of styrene to 

investigate the initiation efficiency. The composition of polystyrene in MWCNTs 

was determined by thermogravimetric analysis (TGA). To make further 

characterization of polystyrene on MWCNTs, the defunctionalization of polystyrene 

from MWCNTs surface was made by hydrolysis.   

In conclusion, presence of benzoin group on the MWCNTs makes it possible to 

photoinitiate a vinyl monomer during the photopolymerization reactions. The 

synthesized MWCNTs-Benzoin which is used in the photopolymerization of styrene 

by grafting from approach, behaves as a photoinitiator. It is clear that the number-

average molecular weight (Mn) values of the grafted polystyrene increase with 

increasing the reaction time. Also, the efficiency of photopolymerization of styrene 

greatly depends on the monomer concentration. The functionalization of MWCNTs 

decreases the length of nanotubes; however, increase the diameter of nanotubes. In 

addition, the presence of MWCNTs in polystyrene increases the thermal resistance 

and so increases the decomposition temperature of polystyrene.     
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