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Chapter 1. Introduction

Nowadays, polymers are of paramount importance hen development of new
consumable products. The advantages of polymers wntal or ceramic based
materials arise from the low production cost and thlative easy processability,
which allows the creation of almost every imagiealibrm. The polymers have
unique molecular definable properties due to theéewiariety of structure, molecular
weights, and functionalities available by differesynthesis processes. According to
the 2006 annual report of the European Union (E,chemical, rubber and plastic
manufacturing sector of the EU countries gener&2sD billion of added value in
2004. This number corresponds to 28.4% of the woiddket, just overcome by Asia.
Among the EU countries, Germany is the principadoicer of chemicals, rubbers
and plastics. Particularly, the manufacturing aspics and rubbers generated more
than €75 billion of the reported added value. Thedpcts are focused in sectors

related with packaging, construction and automaipplications.

Unfortunately, for certain applications, polymense awot able to substitute other
materials like metals or ceramics due to their pponechanical properties, electric
and thermal conductivity, thermal stability or firesistance. Nevertheless, some of
the shortcomings properties could be overcome tirothe addition of small
quantities of fillers based on metals, glass, &itic carbon. The nature of the filler and
the interaction with the polymer matrix determihe extent of improvement of the
target property. The fillers are also classifiedading to their sizes and dimensions,
where the most commonly used are the micron siteesfi(microfillers). Microfillers

refer to fillers where at least one of the dimensias on the micrometer range.
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Examples are the polyaramide and the carbon filbeed as mechanical reinforcers in
epoxy resins for the fabrication of storage tafike drawback is that high contents of
filler (30 to 40 wt %) are necessary to improve $tiéfness of the material, which

increases the weight, the brittleness, and worsensurface finish of the compose

material.

In this sense, the improvement of the propertiepatymer based systems has been
also achieved by the incorporation of fillers watmaller dimensions. These fillers are
known as nanofillers. The nanofillers are definedfiders that have at least one of
their dimensions in the nanometer scale. Clay shéktyered silicates), silica
nanospheres, carbon based nanofibers or graphemeso@mmon examples. Lower
contents of the nanofillers are usually require@@25 to 5 wt %) to obtain polymer
based materials with superior properties than wWithuse of microfillers. The main
feature of nanofillers is their large surface-tdewoe ratios compared with larger
particles like microfillers. For example, the sudao-volume ratio of a nanometer
side cube is thousand times higher than in the chaemicrometer size cueThese
dimensions, comparable with the persistence lengén polymer chain, may further
lead to significantly different properties and hangiated research and development

activities known as “Nanoscience” and “Nanotechgglo

Attention has been brought to the study of polyma@nocomposites based on
nanospheres or layered silicates, especially feritiprovement of the mechanical
properties and the flammability resistance. Retafew works have been published
about another upcoming class of nanofillers, wtaoh known as carbon nanotubes.

The carbon nanotubes are cylindrical graphite-léteuctures characterized by
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diameters in the nanometer range and lengths dfougeveral micrometers. This
confers a tremendous aspect ratio compared witkriggah particles like fullerenes.
The stiffness of the carbon nanotubes is predictéde range of several TPa, making
them interesting candidates for the manufacturingatymer composites that might
replace other commodity materials, like metal aloyMoreover, the graphitic
structure allows the carbon nanotubes to condectrétity, which makes them useful
in applications where electrostatic discharges pamyse damage to the environment.
The carbon nanotubes can also increase the theromauctivity of the typically
isolating polymers. The increasing interest ongtiglies of carbon nanotubes can be
observed by the incredible progression on the nunobbgublications in journals,
patents, conference abstracts and books (see HFdlesince the first description of

the carbon nanotubes by ljima in 1991.

8.0k ————T——T7—— 71T

M e
./ 1| —=— JRLP
6.0k |- / i Patents
u /l-l —e— Conferences
VR [
o 40k // -
o oH
e - /
5 ./.
Z 20k .él 4
l‘f
- o
00f mesu8880sssb0tt0et _
1 " 1 " 1 " 1 " 1 " 1

1989 1992 1995 1998 2001 2004 2007 2010
Year

Figure 1.1.Number of publicationslJpurnal,Review,L etters Preprints), patents, conference
abstracts and books vs. publication year relatéld tive carbon nanotube research (source:
Scifinder Scoldf).

The publications focused on carbon nanotubes hpeeialy increased since the
beginning of the twenty first century. Surprisingthe works related with carbon
nanotubes embedded in polymer matrices represelyt 86 of the released

publications and patents. One of the most recupestilems attributed to the design
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of composites based on carbon nanotubes is theutijf to disperse these fillers in a
polymer matrix. The rest of catalyst from the swsil of the carbon nanotubes and
the strongrert stacking interaction between graphene sheetsharaugually given
reasons. The mass production of goods containimgonananotubes is nowadays
limited due to these problems. For this reasorieidint strategies have been adopted
for the improvement of the dispersion of these panticles. Among these strategies,
the grafting of polymer chains has shown good tsselgarding the dispersion of the
carbon nanotubes in organic solvents and in sonhgmeo matrices. However, the
conclusions from these works are very limited beeathe purity and dimension of
the carbon nanotubes depends mostly on the maantgag¢hot on the manufacturing
process). Several disagreements can be founckeihténature regarding the grafting
content and the molecular weight of the polymersngiscomparable reaction
conditions but different sources of carbon nanatut¥hese discrepancies open a
series of questions that are important to be arever order to clarify the limitations
and advantages of these newcomer nanofillers: wHettors regarding the
characteristics of the carbon nanotubes (purityetisions, manufacturer) influence
the surface grafting of polymer?, is it possible dontrol the polymer grafted
independent of the source of the carbon nanotulissi, possible to describe a
relation between the grafting of polymer from tha&rbon nanotubes taking into

account only their dimension and carbon purity?.

Additionally, the anisotropic nature of these naatiples could represent an
advantage if composites with anisotropic propermieshe nanoscale are desired. The
anisotropic reinforcement of a polymer could bentlaehieved by the appropriate

functionalization of the carbon nanotubes, the @raton of the composite, or by the
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selection of a polymer matrix that could induce slegregation of the nanoparticles.
In this concern, block copolymers are potentialdidates. Block copolymers are
macromolecules that comprise two or more polymessalently linked. The
sequence, the affinity and the chain architectdréhe constituent polymer chains
determine the properties of the copolymer. The nmgatibilities within polymer
chains in the block copolymer lead to the assendblyhe constituent blocks in
different domains in the nanometer range. The itapae of the block copolymer has
been increasing during the last years, especiallgreas related with medicine and

water purification.

The ability of the block copolymers to selectiveggregate sphere like nanoparticles
has been used on the design of nonlinear opti@knmals, photonic crystals or
magnetic compositésin most of the cases, the size and the functignalips at the
surface of the sphere like nanoparticle drive @gregation in the block copolymer
matrix. The selective sequestering of carbon ndestin block copolymers is a more
challenging task, because the length of the natiofgais approximately three orders
of magnitude higher than the domain size of anywknavailable block copolymer
and the irregularity of the tubular structure lisnits segregation in the polymer
matrix. This challenge leads to different intermogras: which factors influence the
preferential interaction of the carbon nanotubehwihe microdomain in a block
copolymer?, can the carbon nanotubes induce theopiiase separation of the block
copolymer? and, if this is true, how is the morplgyl of the block copolymer

affected by the shape of the carbon nanotubes?
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The motivation of the present doctoral work is tecdss these open questions in a
real scenario, i.e., taking into account commelcialailable carbon nanotubes and
block copolymers. The goal of this work is to efisiba common criterion for the
functionalization of carbon nanotubes and on thdewstanding of the factors that
govern the selective dispersion of carbon nanotubbtock copolymer matrices. The
control on the selectivity of the carbon nanotulzasl other high aspect ratio
nanofillers in polymer matrices might lead to theeation of a fascinating new

generation of materials, where their propertiedctbe tuned at the nanoscale.

This doctoral work is organized as follows: in Cteap2 a theoretical background
gives some specific aspects regarding the prodesgnthesis and the properties of
carbon nanotubes, the polymer surface graftingtimacon carbon nanotubes, basic
concepts of block copolymer, and the actual statleted with the nanocomposites
based on carbon nanotubes. Chapter 3 details pheximental procedures employed
for the polymer functionalization of the carbon aabes and the preparation of
nanocomposites with a commercial block copolymenvall as details regarding the
characterization of the materials. The discussibrthe work is divided in three
chapters. On these chapters, a brief introducsagivien related to the specific topic
of study. Chapter 4 describes the different fumalization reactions until the
polymer grafting fromthe surface of the two carbon nanotubes usedcangpares
them based on their characteristics. Chapter S56aa@ devoted to the preparation of
nanocomposites composed of two types of carbontnbes obtained from different
sources and a commercial block copolymer, and dssthe properties of the material

as a function of the polymer grafting and the cbi@mastics of the carbon nanotubes
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along with the preparation of the nanocompositealfy, chapter 7 summarizes the

conclusions obtained during these investigations.

1.1. References

1. Vollath, D. Nanomaterials, An Introduction to rByesis, Properties and Applications;
Wiley-VCH Verlag GmbH & Co. KGaA: Weinheim, 2008.
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3. lijima, S. Nature 1991, 354, 56-58.

4. Bockstaller, M. R.; Mickiewicz, R. A.; Thomas, E Adv. Mater. (Weinheim, Ger.) 2005,
17, 1331-1349.
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Chapter 2. Theoretical Background

2.1. Carbon Nanotubes

2.1.1. Introduction
Carbon nanotubes (CNTs) are defined as hollow dgli& of concentric graphite
layers® They have been considered as single moleculesodieir dimensions (~nm
in diameter and ~um in length), or as quasi-one edsional crystals with
translational periodicity along the tube aXi§he carbon nanotubes are generally
classified according to the number of graphenertaygingle wall carbon nanotube
(one roll up graphene, SWCNT), double wall carbanatube (two concentric roll up
graphene cylinders, DWCNT), and multiwall carbonneotabe (three or more

graphene sheets, MWCNT).

The electronic properties of the carbon nanotubeslasely related with the structure

of the graphene, which is shown in Figure 2.1. Tyer of graphene is described
using a coordinate system with the unit vectarsaand b . The vector describing a
carbon nanotube is called the “chiral vector’=na+mb, wheren and m are
integers which describe the length of the coorésan the direction® and b . The

chiral vector (6) defines the circumference of the carbon nanotibe types of

chiral vectors provide the carbon nanotube witlpecgic arrangement of the carbon

atoms; these are called “zig-zag nanotubes® (n,0) and “armchair nanotubes”

c =(n,n). It is also possible to calculate the diametea @larbon nanotube with the

integers using the following equation:
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d :ﬁlc_c(nz +m’ + nm)o'5 Eqg. 2.1
T

wherel. = 0.14 nm is the distance between two neighbdsaaatoms:*

The chiral angle, this means, the angle betweengb®rsa and c , is given by?

0= arcta{\@ > m } Eq. 2.2

n+m

N A
zig-zag line

(b) $faee %)

Figure 2.1. @) Geometry of a graphene sheet using a coordinatersysased on the unit

vectorsé and 6 . The highlighted points (orange) indicate thegets for metallic
nanotubes. (b)-(d) Examples of SWCNT with differémtm) structures: (b) zig-zag (10,0),
(c) arm chair (7,7) and (d) achiral (10;5).

The chiral angle for armchair nanotubes i§ &83d for zig-zag ones i .0Single wall
carbon nanotubes (SWCNTs) with a chirality vectbattfulfills the condition

2n+m

3 =g =integer show metallic electrical conductivifyln the case of double

wall carbon nanotubes (DWCNTSs) and multiwall carb@motubes (MWCNTS), the
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control of the chirality along the graphene layisrsomplicated. For this reason, it is

difficult to classify these carbon nanotubes acewydo their chirality.

2.1.2. Synthesis
Different methods for the production of multiwairbon nanotubes (MWCNTSs) have
been published over the past 15 years. Among themmost successful methods are

the arch-discharge, the laser ablation, and thenicta¢ vapor deposition.

2.1.2.1. Arc discharge and laser ablation
The arc-discharge and laser ablation were the $ustessful methods used for the
production of carbon nanotubes in gram scales. Toeggist of the condensation of
hot gaseous carbon atoms generated from the evipoef solid carbor® Both

methods are sketched in Figure 2.2.

(a) Vacuum | T | (b)
Vacuum Chamber I CO(‘)}ng system
Anode Gas Oven CNTs
N\
X Laser ;_, —_ X
Cathode ’ Cooled
Inert Gas T -y element
| I [ / : — —
Graphitic substrate
|
1 B

Figure 2.2.Sketches of the experimental setups for the sgigtlod carbon nanotubes
following the (a) arc-discharge and (b) laser atwaimethods.

The synthesis of carbon nanotubes by the arc-digehenethod consists in the
evaporation of carbon atoms from the anode usiagnph of an inert gas ignited by
high currents passed through opposed graphite-tmsede and cathode (see Figure
2.2(a)). The carbon nanotubes are built duringcthedensation of the carbon atoms

on the cathode electrode and another colder path@freaction chambéf The
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synthesis of MWCNTSs using the arc-discharge metmadiuces nanoparticles with
high quality in gram scale. The MWCNTs have a hagstallinity, which makes
them very straight® The byproducts of the arc-discharge MWCNTSs aretitayered

graphitic particles in polyhedron shapes.

The evaporation of carbon atoms from the anoddrelde and not from the cathode is
because the cathode is dimensionally more staldlesacooled during operation. The
replacement of the consumed anode must be comtroll@rder to avoid that both
electrodes touch each other. The quality of the GNVs produced by this method
will depend on the temperature of the cathode,itlieet gas used (helium, argon,
nitrogen, hydrogen/nitrogen mixture), the gas pressnd the difference in voltage

employed®®

The synthesis of MWCNTSs by laser ablation is simitathe arc-discharge method,
and is schematically presented in Figure 2.2(b).this process, a laser source
evaporates carbon atoms from a graphitic substradethe atoms deposit on a cooled
element, usually base on copper. The process ferperd at about 1200 °C in a
cylindrical shape chamber made of quartz. The MWENife then found on the
cooled element or at the wall of the quartz chambsually the MWCNTSs produced
by this method have between 4 and 25 walls, thexgths are of a few hundred
nanometers (making them the shorter carbon nan®futeeluced among the common

techniques), have minor structural defects and #mes are usually cappéd.
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2.1.2.2. Chemical vapor deposition

The chemical vapor deposition (CVD) is the methsédifor the industrial production
of carbon nanotubes. The method consists of thendeasition of gaseous or volatile
compounds of carbon through a tube reactor for reogheof time. The reaction is
catalyzed by metallic nanoparticles, which also astnucleation agents for the
nucleation and growth of the carbon nanotubes. Sywhesis can be carried out
between 500 °C and 1000 ®Cihe synthesized particles are collected upon ©goli
the system to room temperature. The precipitatiocadoon from the saturated metal
particles leads to the formation of tubular carlsmiids in sp structure. The key
parameters for the synthesis of MWCNT by CVD groatk the carbon source, the
catalysts and the temperat§r®ne advantage of the CVD method is that it alltives
deposition of the carbon atoms over pre-designéebdraphic structures, making
possible the preparation of ordered arrays of can@notubes or dense arrays of
carbon nanotube forest films. A general sketchhef method can be appreciated in
Figure 2.3. Different methods based on CVD haveneplemented for the synthesis
of carbon nanotubes. Among these methods, the ctest are methane, alcohol and
plasma enhanced CVD, as well as high pressureytataleposition of carbon

monoxide (HiPco).

Oven
CH, CNTs
_— i _
i

Tube reactor

Substract

Figure 2.3.Sketch of the experimental setup for the synth&fstsrbon nanotubes using the
CVD method.
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The upscaling production of carbon nanotubes hasn bmited due to the
complicated experimental setups and the deriveld bogts of production. However,
mass production of MWCNTSs has been achieved thrahglso-called fluidized bed
or floating-catalyst CVD synthesis. This systemidgal for the production of
MWCNTs because the carbon nanotubes can grow llstérathe deposition of the
carbon on the sidewalls of the chamber, and thalysit particles are allowed to
aggregate, which favors a high density of catalyst the chamber. On the contrary,
the production of SWCNTSs is not possible by thighod because of the aggregation
of the catalyst during the synthesis. For this saaghe concentration of catalyst
during the synthesis of SWCNTs needs to be minidhizecreasing the costs of
production® Another difficulty of the production of SWCNTSs ie$ on the fact that
the MWCNTSs are in the order of thousand times rexatian the SWCNTSs, and thus
the number of SWCNTs must be accordingly largeortter to synthesize the same
amount® One of the biggest worldwide producers of MWCN3 Bayer AG, with
reported productions 60 metric tons/year in 200 w&ith an estimated expansion of

200 metric tons/year in the coming yeérs.

2.1.3. Properties of carbon nanotubes
Carbon nanotubes are extremely stiff. The repoNedng's modulus fluctuates
between 0.4 and 4.15 TPa; however, it is diffitalhave an exact value due to the
diversities of carbon nanotubes on the market.him majority of the cases, the
Young’s modulus lies in the range of 1.0 - 1.25 ;Wlaich are the highest values ever
reported for a material® This strength is a consequence of the high elastistant of
the basal planes of the graphite. It is also waniéntioning that the mechanical

properties of the carbon nanotubes depend on tladityguof the material. For
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SWCNTs with high concentration of defects produckdough the catalytic

degradation of acetylene, the Young's modulus deae to 50 GP The Young's

modulus of catalytically grown MWCNTSs (e.g. CVD psss) is lower than the ones
obtained for MWCNTSs synthesized by the arc dischangethod. Arc discharge
MWCNTSs, which contain very few defects, have a moslcomparable with the high
values measured for individual SWCNTsFigure 2.4 shows a comparative
correlation of the range of elastic modulus agaimstamount of order/disorder within

the walls for arc discharge and catalytically graWWCNTSs.

Modulus (GPa)
A@
103 W
00t

10

Disorder

Figure 2.4.Correlation between the measured Young’s modulldWCNTs and the
amount of disorder (defects) present within thelsyal

Carbon nanotubes are known to possess high eloteaductivities (low electrical
resistivity). For example, the electric resistanta single MWCNT with low-ohmic
contact is just 6 R. In SWCNTSs, the electrical resistance increaséis thie decrease
in the temperature (Coulomb Blockade). This effaes not been observed for
MWCNTs? The delocalized electronic structure and the labdimension of the
carbon nanotubes are responsible for current dessif approximately 8/cm? or

electrical current of the order of 1 mA, withoutstteying the structure. This proves
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the ballistic transport of the carbon nanotubeeséhvalues are two or three orders of
magnitude higher compared to the ones correspondingetals like aluminum or
copper’’® However, the presence of defects on the carborotubes has also
consequences on their electrical conductivity. 8k&l stresses under deformation
from the bonds lead to changes in the band streicaside from the problems related
with the Stone-Wales-defect as well as other defébat reduce the electrical
conductivity. These effects are related with twatguous vacancies in the aromatic
structure. For example, the electrical resistanica 8WCNT of about 400 nm in
length increases a thousand times when the carbaotube has 0.03% of these
double defects. Single defects do not show a diarohange, they can just decrease
the free path of the electrons a few nanometemigtr the nanotubes due to the huge
number of available channels on the nanopartiche presence of rest of catalyst
could change dramatically the resistivity of therboem nanotubes at lower

temperature$.

Probably one of the most promising applicationsarbon nanotubes is as field-effect
transistor (FET). The carbon nanotubes have thidyatm emit electrons when they
are under an electrical field, as many other cotideicnaterials. It is possible to build
FET with just one carbon nanotube attached to t@d gontacts. The geometry of the
carbon nanotubes locally amplifies the electriatf at voltages that can be handled.
The carbon nanotubes can emit electrons under B#length below 1 V/pm,

generating electrical densities of about 3 mAléth
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2.1.4. Chemistry of carbon nanotubes

The properties of carbon nanotubes have driverhéodesign of a new family of
multifunctional nanomaterials. However, the margpioin of carbon nanotubes is one
of its biggest drawbacks. The synthesized carbamtobes are usually strongly
aggregated and are not stable in most of the comsobrents. Ther-n stacking
interactions and the residues of catalyst fromsyr@hesis are the main reasons for
these problems. In this sense, a series of chermeatiments has been conducted in
order to disaggregate the bundles and improve gebibility of isolated carbon
nanotubes in common solvents. Tasis et' hhve presented a review related with the
chemistry of carbon nanotubes. They have categbrite modification on carbon
nanotubes in three groups: the endohedral fillingheir inner empty cavity, the
noncovalent absorption or wrapping of various fioral molecules, and the covalent
attachment of chemical groups through reactions ther-conjugated skeleton of the
carbon nanotubes. In the first case, the reseaslbéen focused on the production of
nanowires or on the storage of liquid fuels. Theksdave been mainly related with
the encapsulation of fullerenes, metalofullerenastal salts (subsequently reduced to
metals), metal oxides, inorganic salts and biomdécin SWCNTs and MWCNTSs.
The noncovalent absorption is based on van der Vamtes orn-n stacking
interactions between the carbon nanotubes and ahgyxlear species, generally
pyrene modified reagent$. Different surfactants have been used in ordémprove
the dispersibility of the carbon nanotubes in défe kinds of solvents. There are also
examples of conjugated polymers that have the tabdf wrapping the carbon

nanotubes, usually, with a helical conformation.
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Different strategies have been adopted for theleavattachment of chemical groups
onto the graphitic structure of the carbon nanatubenongst which the cycloaddition
reactions and the radical addition are the mostnconty used. These alternatives
seek to improve the dispersion of the carbon ndrestun organic solvents or polymer
matrices. In order to obtain a good dispersion, ftivectionalization of the carbon
nanotubes has to be maximized, which could wordem properties of the
nanoparticles. In this sense, the sidewall grafohgarbon nanotubes with polymer
chains arise as an alternative for the improvenoérthe dispersion of the carbon
nanotubes with low grafting contents, and for thheaton of hybrids materials

consisting on carbon nanotubes and other nanolesttic

There are two main strategies for the covalentchtteent of polymers on carbon
nanotubes, known agrafting ontoand grafting from These approaches have been
also applied on other micrometer and nanometer g&écles. Thegrafting onto
consists on the reaction between polymer chainscapged with functional groups
and the carbon nanotubes. The surface of the cambontubes could be treated
previous to the grafting reaction. On the otherdhdhegrafting fromapproach relies
on the creation of functional groups on the hostase that are able to promote a
further polymerization reaction. Homenick et&have recently presented a review on
the polymer grafting of carbon nanotubes usingdigcribed methods. Nevertheless,

a selection of the most relevant findings will bgcdssed in the next sections.
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2.1.4.1.Grafting onto carbon nanotubes

A summary of the reported pathways on ghnafting ontoreactions is schematized in
Figure 2.5. Thgrafting ontoreactions between polymers (or oligomers) witlttiga

groups at the chain ends and carbon nanotubeshemre performed on pristine and
pre-functionalized particles. The conditions of teaction depend on the functional
groups attached to the chain. Macromolecules ermpeth with nitroxyt* and

nitrines™ groups have shown high grafting efficiencies aistjre carbon nanotubes.
Polymer chains functionalized with groups able issdciate when they are heated
(e.g., nitroxyl) produce polymer centered macraraldi that react with the graphitic
structure of the carbon nanotubes. In the casleeohitrine functionalized polymers, it
has been reported that the cycloaddition reactibm tive double bond in the graphitic
structure is successful in pristiieand alkyne functionalized SWCNTs (click

coupling), under specific reaction conditidfis.

Other approaches consist on the modification ofsiméace of the carbon nanotubes
in order to create suitable groups for the graftmegction. The most reported
treatments start with the oxidation of the carbanatubes, followed by amidation or
acyl chloride reactions. The amino or acyl groupghe carbon nanotubes are further
functionalized with reactive oligomer or polymer agfis!’?® For example, the
functionalization of carboxyl or amine modified MWCTs with polycarbonate (PC)
has been reported. The oxidized MWCNTs showed hehnigrafting content of PC
than the amine counterpart. The reactions carrigdiro bulk conditions and under
microwave irradiation showed the highest efficiesci against the reactions in
solutions or without microwave irradiation. The mlology of the PC grafted

MWCNTs resembles a bead collar structure, with R@ds along the MWCNTSs.
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However, the grafting content of polymer is dispdpnate (between 109 wt % and

300 wt %) may be due to the presence of absorblythpo (nongrafted polymefy.

e.g.Oxidation

Figure 2.5. Schematic representation of @@fting ontoapproach on carbon nanotubes.

The grafting of end functionalized linear low mal&r weight polymers (2 to 5
kg/mol) like poly(ethylene oxide) methyl ether (PHEIH), monoamine terminated
poly(ethylene oxide) (PEO-N#H and hydroxyl terminated poly(styrene) (PS-OH), or
hyperbranched polymers like poly(amide-imide) toggwall or multiwall carbon
nanotubes has also been reported, in solution derumelt mixing conditions.
However, the grafting efficiencies of these reawtiare unknown because of the
presence of absorbed polymétrs®1®?' Baskaran and co-workéfshave found that
the presence of nongrafted polymer on MWCNT is ceduwhen the temperature of
the reaction is increased and the time of the i@adecreased, during thgrafting

ontoof hydroxyl terminated poly(methyl methacrylatded MMA-OH).

The grafting onto of poly(oxyalkylene)-diamine has been carried bwutlayer-by-

layer (LbL) deposition on MWCNTs. This modificatidms shown higher proton
conductivity in Nafioff based nanocomposites than the corresponding ctivituc
observed in Nafioh or in the pristine MWCNTs/Nafidhnanocomposite, at higher

temperatures. This is attributed to a stronger ibgndbf water molecules to the
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sulfonic acid groups from the NafiBnand the amine groupgrafted ontothe

MWCNTs 2’

The grafting ontoof polymers with functional groups along the bamké at carbon
nanotubes has also been studied. A schematic ezpati®n of this type of reactions
is presented in Figure 2.6. In this case, the pelyohains wrap the carbon nanotubes
instead of forming the brush-like structure at ttegbon nanotubes, as previously
discussed. For example, the reaction between @ddi2WCNTs and high molecular
weight poly(vinyl alcohol) (PVA, 70-100 kg/mol) havresulted in a relatively
homogeneous coating of polymer on the surface @fcirbon nanotubes and good
dispersion in films with the same polymer as m&ttixThe grafting onto of
poly(styreneeo-p-(4-(4’-vinylphenyl)-3-oxabutanol) on singlewakhnd multiwall
carbon nanotubes previously treated with HN@d SOG] results in an improvement
of the dispersion in organic solvents and in blendish polystyrené® The
esterification reactions between the acyl chlogd®ups at the surface of the SWCNT
and the hydroxyl pendant group from the p-(4-(4iyWphenyl)-3-oxabutanol were
also used for thegrafting onto of poly(N-vinyl carbazole) (PVK). A random
copolymer of N-vinyl carbazole and low mol % of 4{@'-vinylphenyl)-3-
oxabutanol (~ 10 mol %) was synthesized. The namposites showed a relatively
homogeneous dispersion of functionalized SWCR' different route was reported
by Blake and co-workerE. They have proposed the grafting of chlorinated
polypropylene (CPP) tm-butyl lithium functionalized MWCNTs. Sedimentation

experiments have shown that the MWCNTSs form covdlends with the CPP:
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e.g. Oxidation
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e

Polymer (olygomer)
with reactive groups

e

Figure 2.6. Schematic representation of tfting ontoapproach on carbon nanotubes of
polymers with functional groups along their backdon

The reaction between carbon nanotubes and polymignsfunctional groups along
their backbone has lead to the synthesis of cokebdliructures grafted on the surface
of the nanoparticles. Liu et #.have proposed a two step reaction consisting ®f th
grafting of poly(acyl chloride) and the subsequeaiction with poly(ethylene glycol)
on MWCNTSs. The high reactivity of the acyl chlorigeoups ensures the wrapping of
the chain to the carbon nanotubes, leaving stiticfional groups for a further
esterification with poly(ethylene glycol). The giafy of the comb-like copolymer has
reached 80 wt %. A similar methodology was recendmployed for the
functionalization of MWCNTSs with polyurethane (PWhtaining around 90 wt % of

polymer grafting®

2.1.4.2.Grafting from carbon nanotubes

A schematic representation of tigeafting from reactions of carbon nanotubes is
presented in Figure 2.7. The first work relatedhwihe grafting from carbon
nanotubes was published in 2003. The reaction stmusi of the 1,3-dipolar
cycloaddition between N-4-(hydroxyphenyl)glycimetyl aldehyde and acid treated
SWCNTSs and the posterior esterification with 2-boaisobutyryl bromide. The alkyl
bromides groups were used as initiator moieties ther atom transfer radical
polymerization (ATRP) of methyl methacrylateAlthough the infrared spectroscopy

and calorimetric results showed that poly(methylthraerylate) was successfully
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grafted on SWCNTSs, the TEM images illustrated thatcoating of the SWCNTs was
not homogeneously distributed. It was concluded tha polymerizations became

uncontrolled after 2 hours of reaction.

e.g. Oxidation
Esterification Polymerization
—— —

Initiator Anch.

Figure 2.7.Schematic representation of tafting fromapproach from carbon nanotubes.

The ATRP is the most used method for grafting fromcarbon nanotubes. A brief
description of this polymerization technique isegivin section 2.2. The group of W.
T. Ford has performed detailed studies regardirgftimctionalization of SWCNTs
using n-butyl methacrylat® and styrené” The initiator anchored SWCNTs were
obtained after the esterification between 2-hydetiyl-2-bromopropionate and acyl
chloride functionalized carbon nanotubes. The cotmagon of initiator obtained was
relatively high (ca. 0.32 mmol of initiator groupgr gram of SWCNT, about ~ 4
initiator groups per 1000 carbon atoms). The polynagions were performed in the
presence of nonbounded initiator, the so-calledifsaal or free initiator. The
polymerization showed a controlled behavior. Thdemdar weight of the grafted
polymers and the ones obtained in solution (from ftkee initiator) are comparable.
The dispersibility of the SWCNTSs in organic solvemiproves with the increase of
the content of polymer. Choi and co-workérsave proposed a method for the
grafting of styrene from SWCNTs without previousdatreatment, which could be
advantageous since the acid treatment might dighgtgraphitic structure of the
carbon nanotubes. Hydroxyl groups were introduacedhe surface of the SWCNTs

by the electrophilic addition of CHg;lfollowed by hydrolysis. The initiator moieties
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were anchored to the hydroxyl functionalized SWCMRd styrene was polymerized
under ATRP conditions. Although the grafted SWCIShswed a thick polymer layer
(approximately 6 nm), there is not given detailetbimation about the purification
procedures after the polymerization reaction. Adddlly, the Raman spectra are not
conclusive regarding the preservation of thé ggaphitic structure of the SWCNTs

after the reaction with CHgl

More recently, Chochos et Hl.reported the functionalization of SWCNTs with
oligoquinoline chains using thgrafting from approach. The initiator anchored
SWCNTs were prepared following two different routdse 1,3-cycloaddition op-

formaldehyde, and through the reaction with aminaetl. In a second step, an
esterification reaction with 2-chloropropionyl chbte was done, under suitable
experimental conditions. These hybrid nanostrustare potential candidates for the
design of materials that combine the electroniqerbes of the SWCNTs with the

strong emission ability of the quinoline groups.

A similar methodology to the one applied by FordS#WCNTs has been used in
MWCNTs by Cheng et &f They have presented the first example on theigeaéif

styrene from MWCNTs. The reaction was performednfa2-bromoacryl groups
attached to the surface of the MWCNTSs after therdgtation reaction between 2-
bromoacryl bromide and oxidized carbon nanotubé® results showed control on

the polymerization despite the relatively high temgture used during the reaction.

The same year, two independent groups presenteel coatprehensive investigations

related with the synthesis of different (co)polysidrom the surface of initiator

24



Chapter 2

anchored MWCNTSs. The anchoring of the initiator eti@is on the MWCNTSs has
been achieved by following similar procedures as dhes used for SWCNTs (see
Figure 2.7). Therafting fromof styrene and (meth)acrylate monomers has géyeral
shown an increase in the (co)polymer molecular hteigolecular weight distribution
and grafting content with the increase of the catre¢éion of monomer respect to the
initiator groups anchored to the MWCN¥$! or to the presence of free initiator in

the reaction medi&**

These results have stimulated the research inatieia over the past five years. For
example, Gao et &F.have synthesized amphiphilic polymer brushes ftoensurface
of MWCNTs by sequential polymerization of styrened dert-butyl acrylate (tBA).
The PtBA was further hydrolyzed, leading to polyfdic acid) (PAA). In a different
work, the grafting of PAA and poly(sodium 4-styrendonate) (PSS) from
MWCNTs were successful used on the fabrication ofarben
nanotubes/polyelectrolyte nanocomposites via Lbpod#ion?® The assembly of
polycations resulted in higher loading, uniformgaable polymer layers between the

functionalized MWCNTSs, compared to previous repibrieethods.

The design of hybrid structures consisting of metahoparticles and MWCNTSs has
been achieved through tlgeafting frompolymerization on the carbon nanotubes. For
example, nanohybrids composed of poly(glycerol nmoetbhacrylate) (PG2MA)
grafted MWCNTSs and different metal ions (Agd**, Ni**, Au**, La®* and ¥*") have
been prepared. The concentration of metal nancjesticould be controlled by
adjusting the polymer grafting density. The metalded MWCNTSs are relative stable

due to the protective nature of the polymer Idydihe assembly of cadmium selenide
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(CdSe) nanoparticles with poly(ether imigggft-poly(acrylonitrile) (PElg-PAN)
grafted MWCNTs has been also reported. Thé" @shs were immobilized with the

acrylonitrile groups present in the polymer chédihs.

The grafting of branched structures from the s@wfaCcMWCNTSs was done through
self-condensing vinyl copolymerization (SCVP), conag monomers and inimers
under ATRP conditions. High grafting efficienciesne obtained during the synthesis
of hyperbranched polymers using 2-((bromobutyry)exhyl acrylate (BBEA) as
inimer* The grafting from reactions of linear and hyperbranched glycopolgmer
were described for initiator anchored MWCNTS, ie #tbsence or presence of a free
initiator. The glycopolymers used were sugar-camtg polymers, biocompatible and
water soluble. The polymerization of 3-O-methacyldb,2,:5,6-di-O-isopropylidene-
D-glucofuranose (MAIG) and 2-(2-bromoisobutyrylogtihyl methacrylate (BIEM)
lead to hyperbranched polymer chains with contbtdladegree of branching. These
types of hyperbranched nanostructures with a haicentration of reactive groups

might offer new alternatives on the design of nfufictional nanodevices.

As well as with SWCNTSs, one step reactions for ftivectionalization of MWCNTSs
with initiator groups have been studied. Differeuairks have focused on the reaction
between carbon radicals and the double bonds ajréqghene structure at the surface
of the MWCNTSs. For example, the reaction betwedmdmoethylbenzene (BEB) and
MWCNTSs leads to the formation of initiator grougstze surface of the nanoparticle.
The labile halide is able then to initiate the modrization reaction of polystyrene and
polystyreneblockpoly(N-isopropyl acrylamide¥® Polystyrene end capped with

bromine groups was also used as precursor for thtace polymerization of
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MWCNTSs, combining thgrafting ontoandgrafting fromfunctionalization methods.

In a first step, polystyrene end functionalizedhwiiromine groups were radically
coupled on the surface of MWCNTrafting ontg. The polymer could be used as
precursor for the polymerization reaction througk tabile halide atom at the free
chain end® The anchoring of halide atoms have been achievedugh the

electrochemical reduction of brominated aryl diamon salts on the surface of
MWCNTs. The polymerization of styrene and methyltmaerylate has proved the

activity of the initiator moieties®

2.1.4.3. Other reactions
Beside the grafting approaches, other strategies baen used for the coating of
carbon nanotubes with polymer chains. These apbesadnclude the in situ
polymerization in the presence of pristine and fprestionalized carbon nanotubes,
the physisorption of polymer chains at the surfaicearbon nanotubes, and the use of

surfactants.

Thermostable nanocomposites have been preparedhigpersion of pristiné>° or

pre-functionalizetf™® carbon nanotubes in epoxy based monomers. For p&am
epoxy polymers reinforced with triethylene-tretamifTETA) decorated MWCNTSs
have shown notorious improvements on the mechamicgerties compared with
those nanocomposites based on pristine MWCNTSs hadneat epoxy resin. The
behavior is attributed to a homogeneous disper@mhthe strong interfacial addition

between the TETA functionalized MWCNTSs and the gpmratrix®
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The in-situ polymerization of thermoplastic nanopasites has been also done
following different strategies. One of the firstagegies consisted in the synthesis of
PMMA in the presence of MWCNTSs, using 2,2’-azoisgywonitrile (AIBN) as the
initiator. The spectroscopy results support thatatent bonds were formed between
the MWCNTSs and the PMMA chaifi8 Linear and hyperbranched poly(ether ketone)s
were grafted on MWCNTs and carbon fibers throughedal-Crafts acylation
reactions in a mixture of phosphoric acid and phospus pentoxide (PPAJOs).
This method provides a controlled functionalizatwithout the damage of the carbon
nanotubes due to the mild reaction condititrf$.Singlewall and multiwall carbon
nanotubes were grafted with functionalized polyoaadles through the in-situ
polycondensation reaction between hydrazine suffatearomatic dicarboxylic acid.
The grafting of the polyoxadiazole on the surfadeth®e carbon nanotubes was
demonstrated through the improvement of the thestaddility, the storage modulus,

and the antistatic properties of the nanocompoSit¥s

2.1.5. Health considerations
The needle like shape of the carbon nanotubes pased a series of discussions
regarding the similarities with the asbestos fibdise inhalation of asbestos fibers
causes asbestosis (a progressive fibrotic disehstheolung), lung cancer, and

malignant mesothelioma of the pledra.

The potential toxicity of a particle increases witle increment of the surface area per
unit mass. Particles with a relatively inert suefaould be harmful just by decreasing
their dimensions. For this reason, a major conders been taken because of the

nanometer dimensions of the carbon nanotubes. Mwmkess, the toxicity of the
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particles is also determined by their reactivityn fQis concern, care must be taken on
doing the comparisons between asbestos fibers are nanotube®. Donaldson et
al®” have recently reviewed the toxicological riskstthepresent the handling of
nanoparticles or micron sized fibers and compahnedhtwith the ones corresponding
to carbon nanotubes. It was suggested that theomanbnotubes may harm cells

through a mechanism called oxidative stress.

Magrez and coworketswere the first group that studied the toxicitytbé carbon
based nanomaterials (CBNs) as a function of themedsion. They studied the
influence on the toxicity of different CBNs like M@NTs, carbon nanofibers and
carbon black in human lung tumor cells. The resfitisn thein vitro experiments
lead to the conclusion that the CBNs studied prentbe cell death. Surprisingly,
under the experimental conditions described, the BNVs were less toxic than the
carbon black. The behavior is attributed to a higlencentration of dangling bonds
on the carbon black. This was corroborated withcele proliferation studies on acid
treated MWCNTSs and carbon fibers, where the defadisced at the carbon structure
increase their toxicity. Othein vitro experiments take into account the surface
functionalization of the carbon nanotubes on immwystem cells. The carbon
nanotubes were grafted with amine capped oligon#ms. results showed that the
coated carbon nanotubes neither disturb the calttion nor induce cell death or

activation of lymphocytes and macrophaffes.

The size of the carbon nanotubes is one importaotof to consider for the

determination of the toxicity. Poland et®8lrecently reported that long MWCNTs

injected directly into the abdominal cavity of miceluce inflammation, formation of
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granulomas and early fibrosis or scarring in thesaotigelial lining. Shorter MWCNTs

have shown minimal influence, similar to short gbeg fibers and carbon black
particles. The carbon nanotubes did not cause melgmha after seven days of
exposure, but the early inflammatory and granulomstlesions are similar to the
ones induced by long asbestos based fibers. Pradoagposures (25 weeks) to the
high aspect ratio MWCNTs have lead to the conclugioat the MWCNTs are

potential carcinogenic agents on the basis of thieious geometry, biopersistence

and ability to generate tissue-damaging free résiféa

Based on these works, Kane et’®atecognized the critical issues regarding the
toxicity of these materials: the length and thepbisistence. Generally, longer fibers
cannot be covered by the macrophages. The incoenplegocytosis stimulated the
production of radicals that induce oxidative strd$sein vivo studies have introduced
carbon nanotubes directly into the mice in relativigh concentrations. The
spontaneous inhalation of carbon nanotubes woutplinee more extensive and
expensive studies that, so far, have not been ghddi It is also unclear if the
concentration required to produce cell damage @rebched by simple inhalation,
because the state of aggregation of the carbontulze® is different compared with
asbestos fibers and the diffusion of the carborotudoes in the respiratory system is

still unknown.

The presented evidences open the debate abougkteéhandling of these materials.
There are different governmental and private ihies that seek to classify the
carbon nanotubes, regulate the creation of safaty sheets and find new strategies

for the handling and disposal of carbon nanotubegarkspaces.
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2.2. Atom Transfer Radical Polymerization (ATRP)

The grafting from polymerization on carbon nanotubes is regularlydeeted under
controlled radical polymerization (CRP) conditioiitfie CRP has the advantages that
it does not required elaborated setups, acceptehigvels of impurities compared
with other polymerization techniques (like ioniclyaerization) and the architecture
and composition of the (co)polymer can be easiiyrodled. On the contrary, the near
diffusion-controlled bimolecular radical couplingdathe disproportion reactions that

occur during the CRP are drawbacks of this polyragion technique.

The most common CRP methods are based on theisktabht of a rapid dynamic
between free radicals and dormant species, wheredhilibrium is displaced to the
dormant species during the reaction. These methoelshe atom transfer radical
polymerization (ATRP), the reversible addition fragntation chain transfer (RAFT)
polymerization, and the nitroxide mediated radjpalymerization (NMP), where the
dormant chains are alkyl halides, thioesters, dkaxgamines, respectively. Among
these methods, ATRP is the most cited in the liteea probably because the catalysts
are commercially available and comparatively inegdee’> Other CRP strategies
include iniferters, other degenerative transfeitesys, alkyl iodides, oligomers with
methacrylate functionality, various types of notroxide stable free radicals, and
other transition metal mediators, which are alsay vefficient under specific

conditions.

The mechanism for ATRP is sketched in Figure 2i& active species (radicals) are

generated through a reversible redox reaction tfaasition metal complexM;"-

Y/Ligand, where Y may be another ligand or the d¢etian) which undergoes a one
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electron oxidation with concomitant abstractiora@pseudo)halogen atom (X) from a
dormant species, R-X. This process occurs withheaganstant of activatiorks,’ and
deactivation Kgeact. Polymer chains propagate by the addition of rimiediate
radicals to monomers in a manner similar to a conweal radical polymerization,
with the rate constark,. Termination reactionsk occur in ATRP, mainly through
radical coupling and disproportionation. Howeveraiwell controlled ATRP, only a

few percent of the polymer chains undergo termame

. k
R-X + M"-Y/Ligand —2t R’ X-M *'-Y/Ligand
deact \\\\
kp \\
kt
termination
Monomer

Figure 2.8.General mechanism of ATR polymerizatidfs.

The success of the ATRP reaction depends on thebioation between the
components and the polymerization conditions. [Deffié monomers have shown
control over the rate, the molecular weight and/gislpersity. These include styrenes,
(meth)acrylates, (meth)acrylamides, acrylonitriled asome cyclic monomers. The

equilibrium constant K., =k, /K,.,) determines the polymerization rate when no

act
(or negligible) side reactions occur. Each monopuasesses its own intrinsic radical
propagation rate. For this reason, the controlhef polymerization depends on the
adjustments of the concentration of propagatingcedsl and the rate of radical
deactivation as a function of the monomer. In ATBRRyI halides (RX) are typically

used as the initiator. To obtain well-defined po&rs with narrow molecular weight
distributions, the halide groups (X) must rapidhdaselectively migrate between the

growing chains and the transition-metal complex.eWthis condition is fulfilled, the
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theoretical degree of polymerizatiobR) follows a first order kinetics as a function
of the initial concentration of monomeiMJ,) and initiator ([],), and the conversion.

This is expressed in equation 2.3.

_M],., -
DP ——m— conversion Eq. 2.3

0o

A better control of the molecular weight has beehi@/ed when either bromine or
chlorine based halides are used as initiators. IAllyide with activating substituent
on thea-carbon, such aryl, carbonyl, or allyl groups, aatihalogenated compounds

are the most common initiators used in the liteeatti

The control of the ATRP reactions depends not amythe reactivity of radical
(monomer), but on the transition-metal catalyste Tinowing radicals are generated
through the abstraction of the (pseudo)halogenhf®emetal center, which expands its
coordination sphere. The oxidized transition metalst then deactivate the
propagating polymer chains rapidly and form thentamt species. The employed
transition-metal are usually salt halides. Whilpmer salts are the most common used
transition-metal; others transition-metal basedhwiybdenum, chromium, rhenium,
ruthenium, iron, rhodium, nickel or palladium haleo been used. One of the major
drawbacks of the ATRP is, precisely, the preseridbeometal salt at the end of the
reaction. Therefore, different efforts have beenedduring the last years in order to
reduce the quantity of catalyst and (or) to findrenefficient ways of purification of

the polymer at the end of the reactioi®
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The ligands are, together with the transition-msédis, of primary importance during
the ATRP. The solubilization of the transition-medalt in the organic media during
the polymerization depends on the ligand. The rggiection of the ligand is also
responsible for shifting the equilibrium betweee transition-metal and alkyl halide
to the dormant species, the fast deactivation efaittive radicals by halogen transfer
(control over the molecular weight distribution)datine relative fast activation of the
dormant species (control over the polymerizatiae)ra The ligands more commonly

used are based on nitrodéff and phosphoru$.

The kinetics of the ATRP depends on the combinatiball the factors previously

mentioned. The rate of polymerization can be exgg@s:s follows?

R, =k [M][P"| = kKMt ] x My /| x-m Eq. 2.4

The conversion of the polymerization as a functioh the time is linear in
semilogarithmic coordinates, as shown in Figure 2tfis behavior is typical of a first
order kinetics of the polymerization with respeatthe monomer and indicates a
constant concentration of propagating species durihe reaction. Usually,
polymerizations carried out under homogeneous tomdi showed that the rate of

polymerization is first order with respect alsathe initiator and the concentration of

the transition-metal complex. The precise kinediw for the deactivatorX — M)

n+l

IS more complex due to the spontaneous generatiordeactivator M,"),

consequence of the persistent radical effect. Ratkecmination occurs rapidly until a
sufficient amount of deactivator is formed and taglical concentration is low
enough. Typically, termination occurs during thelieat stages of polymerization on

a small fraction of the total growing polymer chaimut the majority of the chains
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will propagate. If a deactivator is added initially the polymerization, then the

proportion of terminated chains can be greatly ced(’*°

M\

CLW1/ T ul

Conversion

Time
Figure 2.9.Schematic representation of the dependence afaiimeersion against time on
linear and semilogarithmic scdfg.

The ATRP can be carried out either in bulk, in §oly or in a heterogeneous system
(e.g., emulsion, suspension). A solvent is sometimecessary, especially when the
polymer is insoluble in its monomer. Two principaictors affect the choice of
solvent: the chain transfer between solvent anavigig radical, and the interaction
between solvent and the metal/ligand complex sysiBme temperature is another
factor to be taken into consideration during theR&Treaction. As a result of the
higher activation energy for the radical propagatiban for the radical termination,
higher ky/k; ratios and better control are usually observedighdnr temperatures.
However, the increase of the temperature leadshtnctransfer and other side
reactions, or to catalyst decomposition. The ogtitemperature depends mostly on

the monomer, the catalyst and the targeted moleadight’?

2.3. Block Copolymers

Copolymers are polymers obtained from the synthekisvo or more monomeric

units. The copolymers are categorized accordintheéosequence of the monomeric
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units along the polymer chain. They are classifesdrandom, alternate, graft and
block copolymer§?

Block copolymers consist of two or more polymer inkaof different chemical
structures linked together through a common junctlmond. Copolymers with
different physical properties can be designed brying the chain architecture and the
sequence of the constituent blocks. The synthddisese well defined structures has
been possible after the development of controll@gimerization techniques, such as

anionic, cationic and controlled radical polymetiaa.®?

The preparation of block copolymers has opened pessibilities on the design of
materials that were very difficult to obtain by gi® blending. The properties of these
new materials depend on factors related with thesiphl properties of the polymer
chains, the block sequence and their state of gatiom®"®*®" For example, it is

possible to prepare spherical micelles where tkeluble block forms the core and
the soluble block the shéfl. This structure can be used for the encapsulatish a

selective delivery or removal of inorganic/orgaomnpounds.

One important characteristic of the block copolysnisrtheir ability to self-assemble.
The segregation of the polymer blocks will dependtlzeir characteristics (polarity,
molecular weight and microstructuf&4®#’Usually, the constituent polymer chains
in a block copolymer are immiscible and tend to ropbase separate. However, the
macrophase separation is hindered due to the cuvatand(s) that link together the
polymer chains. The only possibility is then to ghaeparate into microdomains with

the intersegmental bonds lying at the interphase 3Jize and periodicity of these
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domains are determined by the molecular weight arghitecture of the block

copolymer and will determine its morphology.

One of the most known applications of block copatysnis as thermoplastic
elastomers (TPES}:® The TPEs exhibit generally the characteristicchémically
crosslinked elastomers at ambient temperature, diuglevated temperatures, they
behave as thermoplastics. This means that the TRBE$e moldable using regular
methods for processing (i.e., extrusion, injectioiglt pressing). The thermoplastic
elastomers are usually the result of the sequeptigimerization of a “soft” polymer
chain {Ty or Ty, < ambient temperature) and a “hard” polymer clila@it does not flow

at ambient temperaturd or T, > ambient temperature). The architecture of the
TPEs consists typically on external hard segmentsaasoft core segment. Typical
examples of thermoplastic elastomers are basedutediene, isoprene, urethane,

styrene, ester, ether and amides.

Styrene based thermoplastic elastomers have bednstudied because of their
defined microstructure and relative low polydisjggrsThe mechanical properties
depend on the composition of the comonomers andch@n architecture. For
example, for a defined polystyrebéckpolybutadiene or polyisoprerdock

polystyrene copolymer, the mechanical propertiesy vas a function of the
comonomer composition. A schematic representatemm lwe appreciated in Figure

2.10%°
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N [])

Rubber Thermoplastic Plastomer High impact Brittle
Elastomer Resin Resin
@ 100
L 75
L4 50
L4 25
0
Styroflex® Styrolux® GPPS

% hard phase

Figure 2.10.Morphology and the expected mechanical propefiedifferent styrene based
block copolymers?
The architecture and the topology of the polymaimch influence the properties of

the TPEs. The mechanical properties drasticallyngbaf one compares polymers
with the same chemical composition but with difféarechain architectures and
polymer sequencés® For example, Figure 2.11 illustrates the diffeendn
mechanical properties between block copolymers dhasa polystyrene and
polybutadiene with different chain architecturées la commercial linear polystyrene-
blockpolybutadienaslock-polystyrene with 20 % v/v of polystyrene (Kratd@hell),
a commercial polystyreniglock-poly(styreneco-butadieneplockpolystyrene with
58 % v/v of polystyrene (Styroflex, BASF), and twetrafunctional multigraft
copolymers with the same polystyrene content bdteréint number of branch
points®?

30~

251 gkléoglex Kraton Shell  tetrafunctional multigraft copolymer

22% PS, 10 branch points

Stress [MPa]

tetrafunctional multigraft copolymer
22% PS, 7 bianch points

A\

0 1000 2000 3000
Strain [%]

Figure 2.11.Mechanical properties of multigraft copolymers q@amed with commercial
TPEs Kraton (20 % v/v of PS) and Styroflex (58 % of polystyrenef?
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2.4. Nanocomposites based on Block Copolymers

The creation of new materials based on the combmatf materials with different
properties is a practice that goes back to the &ayyp who were the first ones that
made bricks composed of straw and rukhese materials are called composiles.
One fascinating multicomponent system is the baéch is a hierarchical composite
built from ceramic tablets and organic bind&rolymer science has thrown its
interest over the past decades on the understanflitiggse complex systems for the

design of new polymer based materials.

The use of polymers for high performance applicetics restricted to certain areas.
The combination of polymers and fillers for the idasof new materials with

enhanced mechanical (modulus, yield strength, toegs), optical (refractive index,
luminescence, nonlinear properties), thermal, atadt fire retardant, transport or

ablative properties has been the focus of manyareseroups.

Polymer composites based on micrometer size fillgparticles) have been
commercially used since decades. Nonetheless,dtreake of the size of the filler,
from the micrometer to the nanometer-scale, is aeantl topic of study. Six
characteristics, reviewed by Thomas et®are associated with the advantage of the
materials based on nanometer fillers compared witbrometer size fillers. The
characteristics are: 1) particle-particle correlatiarises at low concentrations
(approximately at 0.1 % v/v), 2) low percolatiomebholds (below 1 % v/v), 3) large
particle number densities up E20°° cm®, 4) extensive interfacial area per volume of

particle (10 cnfcm®), 5) short particle-particle distance, and 6) cample length
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scales between the particle size, the distancedagtvhe particles, and the typical

relaxation volume of a polymer chain IRg3, whereRy is the radius of gyration).

Nanometer size fillers (or nanoparticles) can biindd as materials where at least
one of their dimensions is smaller than 100°nAmother accepted definition is that
the nanoparticles have properties which dependrénily on the small grain siZe.

The nanoparticles are classified according to thewensionality: zero dimensions
refers to sphere like particles (e.g., silica, n&¢tane dimension to fiber like particles
(e.g., nanotubes), and two dimensional to plate fikrticles (e.g., silica platelets).

Changes inherently to the polymer, like crystatlinglass transition temperature, or
mechanical strength, as well as changes relatdd thé nanopatrticles, like electrical
conductivity, thermal conductivity or fire resistan have been studied on
nanocomposites based on homopolymers and differanbparticleS? The most

general conclusion among these works is that tlghdst enhancement of the
properties is directly related with the control thke dispersion of the nanometer size

inclusions.

In this sense, the use of block copolymers as oestroffers an alternative for the
selective dispersion of the nanoparticles. If tiraeshsion of the nanoparticles is on
the range of the microdomain size of the block ¢gper, the nanoparticles can be
selectively arranged into a specific polymer phasRifferent examples have been
reported related with the selective dispersion pifiesical nanoparticles in block
copolymers. Recently, Mendoza et 4l.have selectively synthesized gold

nanoparticles within the poly(4-vinyl pyridine) famg aligned hexagonally packed
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cylinders in a polystyrene matrix. The etching dfe torganic phase in the

nanocomposite could lead to the formation of g@ldawires”

As another example, the selective incorporatiometdtive small gold nanoparticles
(deore = 3.5 £ 0.1 nm) and large diameter silica sphédgs. (122 + 3 nm) has been
done using a lamellar forming polystyrebkeck-poly(ethylene propylene) copolymer
as scaffold. Gold nanoparticles were found to sggeeto the interphase between the
polystyrene and poly(ethylene propylene) lamellaeradlomains, whereas the silica
nanoparticles were located at the center of thg(ethlylene propylene) domain.
Bates and coworkds have studied the relation between the dispersioeh the
molecular weight of polystyrene grafted from silicenoparticles embedded in
polystyrene and symmetric polystyrebeck-polybutadiene matrices. They have
found that the increase in the molecular weightthed block copolymer and the
decrease in the molecular weight of the grafteggigiene favor the dispersion of the

silica particles in the polystyrene block copolymer

The effect of tube or plate like nanoparticles ba morphology of block copolymer
based nanocomposites is hard to find in the lieeatcompared with works where
homopolymers or other types of copolymer are usechatrix. Ha et al° analyzed

the effect of clay platelets grafted with polystyee on the morphology of a
polystyreneblock-polybutadiendslockpolystyrene (SBS) copolymer. The
nanocomposite samples were prepared by roll casiihgy have found that the
molecular weight of the grafted polystyrene isicait for the exfoliation of the clay

sheets in the block copolymer, i.e., the exfoliatimproves with the increase of the

molecular weight of the grafted polystyrene. Théhats claim that the individual
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clay sheets serve to nucleate the orientation eflaimellae morphology during the
phase separation of the block copolymer. Otherissudtlated with the inclusion of
modified clay platelets in a hydrogenated SBS acklcopolymer suggested that the
clay templates the morphology of the block copolygnihe nanocomposites were
prepared by compression molding after the melt mgxiof organophilic
montmorillonite intercalated with stearyl ammoniamd a hydrogenated SBS. Based
on experimental evidences, the authors proposed thiea polystyrene chains are
selectively absorbed on the silicate surfaces anah polystyrene domains on those
surfaces. The poly(ethyleman-butylene) chains consequently segregate, forming a
lamellae morphology from the clay plateftOn the other hand, in the case of
nanocomposites based on clay platelets and podystiplock-polyisopreneblock
polystyrene (SIS) copolymers with highly alignedx&agonally packed cylindrical
microdomains, the nanoparticles distort the origoriaof the cylinders, probably due

to geometrical dissimilaritie®?

In the specific case of nanocomposites based onkbtmpolymers and carbon
nanotubes, so far just two groups have discussedirtfiuence of the carbon
nanotubes on the morphology of the block copolyr®r¥? Other works just

considered the improvement on a desired properthowt paying attention to the
final morphology of the nanocompostt& Kenny and coworket$" have reported that
octadecylamine functionalized SWCNTs stabilizedhwdibdecanethiol switches the
self-assembled microstructure of a lamellar form8i§ copolymer (Kraton) into a
cylinder-like morphology. The selective sequestgrai carbon nanotubes in block
copolymer has been also observed on nanocompobised on a lamellar

polystyreneblock-polyisoprene copolymer with polystyrene grafted KWTs
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prepared by film castin§? The TEM image can be appreciated in Figure 2.h#s iB
the only evidence that shows a MWCNT trapped ihw polystyrene lamellae. The
selective sequestering of the MWCNTSs in a microdanphase was attributed to the
large block copolymer domain thickness, (compared tihe diameter of the
MWCNTs)? and the affinity of the nanotube to the polystgrgzhase due to the

polymer coating.

Figure 2.12.TEM image of PS grafted MWCNT sequestered in ggtgteneblock
polyisoprene diblock copolymer. The polyisoprenagghwas stained with Os&?
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Chapter 3. Experimental Part

3.1. Materials

Multiwall carbon nanotubes (MWCNTS) were obtaineshi Bayer MaterialScien&e
(Baytubes, purity > 95%, internal mean diameter and, external mean diameter =
13-16 nm, length = 1-1Qm, number of walls = 3-15, denoted MWCHE) and
FutureCarbon GmbH (purity > 99%, internal mean déiten= 6 nm, external mean
diameter = 15 nm, length = 10-fén, number of wall$110, denoted MWCNZ).

In the notation here employed, i.e., MWCNTthe subscriptx indicates the
MWCNTs manufacturer and the superscriptthe carbon purity of the carbon

nanotube.

Styroclear GH62 is an asymmetric star block copolymer containirystyrene
external blocks with different lengths and a polgdliene core, with a total styrene
volume fraction of 0.74, an overall number molecweaight of 110 kg/mol and a
polydispersity of approximately 1.4. The size ezt chromatography trace can be
appreciated in Figure 3.1. The block copolymer wggsthesized under anionic
polymerization conditions, as described elsewhdreorder to simplify the writing,
the block copolymer is denoted AS-8Bwhere AS stands for asymmetric star, S and
B are the monomers, and the subscript is the volfrawtion of the polybutadiene

block.
Nitric acid (HNG;, 65 % v/v), thionyl chloride (SOgl > 99%), ethylene glycol
(EG), polyethylene glycol of 200 g/mol and 400 gIM@EGyy and PEGog

respectively), 2-bromo-2-methylpropionyl bromideB(lBr, 99%), triethyl amine
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(EzN, > 99.5%), dimethylaminopyridine (DMAP, 97%), coppebromide (CuBr,
99%), N, N, N’, N, N-pentamethyl diethylenetrianein (PMDETA, 97%),
tetrahydrofurane (THF) and anisole were used asived. Chloroform (CHG| >
99%) and styrene (St, 99.9%) were dried over calcium hydride (Galnd distilled

before use. All the reagents were purchased froanick.

R.l. Signal (a.u.)

M NP I RPN R B P RPN B
21 22 23 24 25 26 27 28 29 30 31

Elution Volume (ml)

Figure 3.1.SEC trace of the AS-SB

3.2. Surface functionalization of multiwall carbonnanotubes

Different functionalization reactions were perfohen the surface of the MWCNTS,

details of these reactions are described in tlisse

3.2.1. Oxidation of MWCNTs

The schematic representation of the oxidation r@astcan be appreciated in Figure
3.2. In a typical experiment, 1 g of MWCNTwas dispersed in 40 ml of HN@65 %
v/v) in a round bottom flask. The dispersion wasnbgenized for 30 min in an
ultrasonication bath (Bandelin SONOREXs 35 kHz) at ambient temperature. The

round bottom flask was then placed in a silicorhbait 65 °C for 48 hours under
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continuous stirring. After the reaction was comgtitthe dispersion was filtered and
washed with copious amounts of deionized waterl uhe pH reached constant
values. Finally, the oxidized nanotubes were daed0 °C under vacuum for 72
hours. The carbon nanotubes after the oxidatioratrtrents are denoted

XAMWCNT,Y.

65 % v/v HNO,

65°C,48h

Figure 3.2.Schematic representation of the oxidation reaatamed out on the MWCNTS.

3.2.2. Acid to Acid Chloride Conversion and Esteritation I: Glycol

Spacer

The oxidized carbon nanotubes (400 mg) were chdteohin the presence of SQCI
(28 ml) for 24 hours at 65 °C. After the reactidhe dispersion was generously
washed with THF, filtered and dried at ambient terapure overnight. The acyl or
alkyl chloride functionalized MWCNTSs were refluxedth different amounts of EG
or PEG at 120 °C for 48 hours. The hydroxyl deawtatarbon nanotubes were passed
through a Teflofi membrane (0.2m pore size), washed with THF and dried for 48
hours at ambient temperature. The products wereatedly dispersed in THF,
filtered and dried. The reaction is summarized iguFe 3.3. Details of the reaction

conditions can be appreciated in Table 3.1.
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HO(CH,CH,0)H
e

120 °C, 48 h

Figure 3.3.Schematic representation of the oxidation readieween oxidized MWCNY
with thionyl chloride and ethylene glycol/poly(etage glycol).

Table 3.1.Experimental conditions employed for the esteaiiiwn with glycols and 2BriBr
of MWCNTgus and MWCNTC™.
Esterification | Esterification Il

(EG or PEG)? (Initiator anchoring)

Sample _
. lglycol]  [2BriBr]  [MWCNT]
(mol/g)®  (ul/mg)®®  (mg/ml)®
MWCNTgc-Br" EG 1.3 1.4 6.5
MWCNT-Br? EG 1.3 2.7 6.9
MWCNT-Br? PEGg, 1.3 2.7 6.9
MWCNTe-Br*  PEGo 1.3 5.4 6.9
MWCNT-Br°  PEGqg 0.6 2.7 6.0
MWCNTe-Br®  PEGo 1.3 2.7 6.9
MWCNT-Br’  PEGg 1.3 2.7 6.9
MWCNTeus™-Br*  EG 1.3 1.4 15.6
MWCNTgus™-Br?  EG 1.3 2.7 16.0
MWCNTeus™Br* PEGy 1.3 1.4 15.7
MWCNTgus™-Br* PEGg 1.3 1.4 15.6

a) EG: ethylene glycol; PE& and PEGys polyethylene glycol of 200 g/mol and
400 g/mol, respectively; b) relation between EQP&G (mol) and MWCNT (g); ¢)
relation between 2BriBr (ul) and MWCNT (mg); d) {8t = 0.3 mol%, [DMAP] =
0.05 mol% (respect to 2BriBr); e) relation betw@ddWCNT (mg) and CHCI (ml)
used during the reaction.

3.2.3. Anchoring of initiator groups

The functionalization with initiator groups suitabfor the grafting of styrene was
done following the work of Kong et alln a typical reaction (see entry 1, Table 3.1),
hydroxyl decorated carbon nanotubes (150 mg) wepedsed in CHGI (9.2 ml)

with a catalytic amount of BNl (228 pl) and DMAP (29 pl). The system was

immersed in an ultrasonication bath for 10 min unfleflow. Then, the dispersion
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was cooled down in an ice bath and thrice vaculledfwith Ar. A diluted solution

of 2BriBr (210 pl) in CHJ (2.4 ml) was added drop wise for approximatelyolirh
The reaction was kept in the ice bath for threerficand after that at ambient
temperature for 48 hours. The reaction scheme eaobberved in Figure 3.4. After
the reaction, the carbon nanotubes grafted withator groups were passed through a
Teflon® membrane and washed with copious amountsCHCl;. The carbon
nanotubes were redispersed in CklQGiltered and dried three times. The notation
employed here is MWCNJ-Br, where the Br indicates the anchoring of thgaitor.

Details of the reactions are also shown in Tahle 3.

Et,N, DMAP
CHCI,, 25 °C

Figure 3.4. Schematic representation for the anchoring ofatoti groups for ATR
polymerization.

3.2.4. Grafting from styrene under atom transfer radical polymerization

(ATRP) conditions
In a Schlenk tube, MWCNs®™-Br or MWCNTe>-Br, 0.7 mol % of CuBr(l)
(respect to the monomer) were dispersed in St astla (4 % v/v with respect to the
monomer) under Ar flow for 60 min. After 3 freezarpp-thawed cycles, 0.7 mol %
of PMDETA (with respect to the monomer) was added the tube was transferred
into an oil bath at 90 °C. Detailed information aedjng the reaction conditions are
detailed in Table 3.2. When the reaction was cotagdlghe solution was diluted with
toluene and precipitated in methanol. The predipitasample was filtered using a
Teflon® membrane and dried for 48 hours. After dgyithe polystyrene grafted

carbon nanotubes were again dispersed in @HCR4 hours, filtered and dried. This
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procedure was repeated until no traces of polymereveollected from the filtered
solution by precipitation in methanol. Figure 3fows the schematic procedure for

this reaction. The polystyrene grafted carbon n#ved are denoted

PSYYMWNCNT,’, where the subscript represents the weight percent of polystyrene
grafted, and the superscrigptrepresents the molecular weight of the graftegmel

(in kg/mol).

E)
CuBr, PMDETA
Anisole, 90 °C

Figure 3.5.Schematic representation for ip@fting fromreaction of polystyrene.

Table 3.2.Experimental conditions employed for the styrgragting fromreaction at
MWCNTgus™ and MWCN T

52

Sample Source st toa

Wt%) (mol%) (h)
PSo°MWCNTec®  MWCNTgc-Br' 30 4000 20.0
PS'MWCNT®  MWCNTR?-Br? 30 2200 20.1
PS™MWCNT®  MWCNTS-BrP 30 1300  20.2
PSAMWCNT®  MWCNTR-Br? 30 1200 20.1
PSS'MWCNT®  MWCNT?-Br* 120 4700 19.4
PSE'MWCNT®  MWCNTR?-Br 30 6700 23.7
PSAMWCNT®  MWCNT-Br® 30 2100 20.1
PSZMWCNT®  MWCNT-Br’ 30 3800 20.0
PS:MWCNT®  MWCNT-Br’ 60 7700  20.0
PSPMWCNT®  MWCNT-Br’ 120 15400 20.1
PSPMWCNT:®  MWCNTSC-Br’ 120 15400 20.2
PSMWCNT®  MWCNT-Br’ 30 3800 20.2
PS/MWCNTgys”™ MWCNTgws™-Brt 30 3400 21.0
PS5 MWCNTaws™ MWCNTews™-Brt 30 3400 26.0
PSMWCNTgws™ MWCNTews™Br! 60 6800  20.0
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Table 3.2.cont'd

Sample Source st foa
Wt%) (mol%) (h)

PS1""MWCNTays> MWCNTeus -Brf 30 430  20.0
PSsMWCNTgys™ MWCNTgus™-Br? 60 870 18.0
PSo'MWCNTeys™ MWCNTgws™-Br? 60 870 7.0
PSs'"MWCNTaws™ MWCNTews™>-Br? 30 740  20.0

PSiMWCNTeys” MWCNTgws™-Br* 30 2900 20.1
a. weight and mole percent of St respect to the NWIE-Br

3.3. Preparation of the nanocomposite films

Nanocomposites based on AS-gBiere prepared using different MWCNTSs by film
casting. Two different strategies were used tpatise the MWCNTS prior to the
blending with AS-SBe. In the approach used in Chapter 5, a given amofint
MWCNTs were dispersed in toluene. After the disjpers was optically
homogeneous, the AS-&B(5 % w/v) was added and the blend was continuously
stirred for 24 hours at ambient temperature. Tispeaiisions were homogenized with
the use of an ultrasonic probe for 2 min (Band@@NOPULS, f = 20 kHz),
centrifuged for 10 min (SIGMA 3K15, rotor speed £000 rpm) and casted at 60 °C
for 48 hours over Teflon® supports. This strategysketched in Figure 3.6. After

casting process, the films were cut into stripeapgroximately of 10 mm x 70 mm.

ultrasonic

Toluene probe

MWCNT AS-SB,

Cg»
< % < 1 S
stir stir
—_— —li
2-3 min 24h

Figure 3.6.Film casting strategy employed in Chapter 5.
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The strategy employed in Chapter 6 (see Figurecdidgisted of the preparation of a
dispersion of the carbon nanotubes in CHGI 24 hours at ambient temperature. The
dispersions were placed in an ultrasonic bath omin (Bandelin SONOREX,= 35
kHz) and centrifuged for 10 min (SIGMA 3K15, rotepeed = 11000 rpm). The
supernatants were extracted and recovered bytibitraA solution of 5 % w/v of AS-
SBys containing a given amount of MWCNTSs recovered fribra supernatants was
stirred in toluene at ambient temperature for 2dreoThe dispersions were then
homogenized for 2 min with an ultrasonic probe (@sim SONOPULS, f = 20
kHz), and directly poured on glass plates at 600f®0 °C for 24 hours. After
casting, the films were dried for 48 hours at 70 Fihally, the films were cut into

stripes of approximately of 10 mm x 70 mm.

ultrasonic
Toluene probe

MWCNT .

4 B I

A : 3 3 F—d 5 —H

stir stir I I

2-3 min 24h \ ’
AS-SB,,
S
stir

=== ‘ j

24h

Figure 3.7.Film casting strategy employed in Chapter 6.

3.4. Characterization
3.4.1. Size Exclusion Chromatography (SEC)

SEC measurements were performed using a Watensinmstt. The instrument is
equipped with four PSS columns with a porosity efigm 16 to 10 A coupled
with a differential refractometer (Watéts2410 RI) and a UV detector (Wat&fs
486, at 254 nm). The samples were dissolved in TH% wt/v) and measured at 30
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°C with a flow rate of 1 ml/min using toluene asemmal standard. The results were

calibrated with polystyrene standards.

3.4.2. Elemental Analysis
The content of carbon, hydrogen, and bromine atewas determined after the
anchoring of the initiator groups at the surfacehaef MWCNT (section 3.2.3). In
the case of the carbon and hydrogen atoms, thera@mnotubes were combusted and
the oxidation gases produced were reduced andzathalyy gas chromatography. The

bromine content was determined by potentiometiiation.

3.4.3. Nuclear Magnetic Resonance SpectroscogiH{NMR)
The'H-NMR spectra of the polystyrene grafted carbonobaines were performed in
a Bruker AV-300 at 300 MHz. The polystyrene grafistbon nanotubes (0.1 %
wt/v) were dispersed in CDgland placed in the ultrasonic bath (Bandelin

SONOREX,f = 35 kHz) for 5 min before the measurements.

3.4.4. Fourier transform infrared Spectroscopy (FTR)
Fourier transform infrared spectra (FTIR) were amtdd on a Bruker Equinox 55.
The samples were carefully dispersed in potassiwvomide (KBr), placed in a
vacuum oven at 60 °C for 24 hours. The contentawbon nanotubes in the KBr
pellets varied from 0.025 wt %, in the case of ¢dhebon nanotubes without polymer
coating, to 0.05 wt % in the case of the polymeaftgd carbon nanotubes. The
infrared spectra were recorded in a spectral rafig€0-4000 crit, with a spectral

resolution of 1 cr.
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3.4.5. Thermogavimetric analysis (TGA)
Thermal gravimetric analysis (TGA) measurementsewarried out on a Netzsch
TG209 F1 Iris. The experiments were conducted uraderonstant Ar flow (20

ml/min), from 25 °C to 900 °C, at a constant rat@® °C/min.

3.4.6. Differential Scanning Calorimetry (DSC)

Differential scanning calorimetry (DSC) experimewesre performed using a Netzsch
DSC Phoenix. The equipment was calibrated usingiménd cyclohexane. Standard
aluminum pans of 50 pl were used to encapsulatesdngples of 10 mg + 1 mg.
Dynamic heating and cooling scans were performéd. sSamples were first heated to
150 °C, held for 3 min, cooled down to 25 °C, hidd another 3 min, and finally
heated to 150 °C. All the measurements were doderus atmosphere at a constant

rate of 20 °C/min.

3.4.7. Optical Microscopy (OM)
Optical microscopy (OM) studies were performed diheica” DMLM microscope.
The nanocomposite films were directly placed onlasg slide and observed in

transmission mode at ambient temperature.

3.4.8. Scanning Electron Microscopy (SEM)

Scanning electron microscopy (SEM) studies wereedon a Zeiss LEO Gemini
1550VP (1 kV). In the case of the MWCNTSs, they wdirectly glued with conducted
tape on the sample holders. The MWCNTs contaimoge than 40 wt % of grafted
polymer were sputtered with a fine layer of Au/Bt other samples were observed

without being sputtered. In the case of the nangasite films, the cross sections of
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the samples were fractured under cryogenic comditand were sputtered with a fine

layer of Au/Pd before observation.

3.4.9. Transmission Electron Microscopy (TEM)

The TEM experiments were done using a FEI Tecid#Z® operated at 200 kV. The
MWCNTs were dispersed in CHC(5 % wi/v) for 24 hours at ambient temperature.
After 24 hours, the dispersion were homogenizedLfanin with an ultrasonic probe
(Bandelin SONOPULS, f = 20 kHz) and one drop (5 pl) was placed on a TdgNd.
The nanocomposite films were cut on thin secti@@snm — 100 nm) at -130 °C with
a Reichert-Jung Ultracut E microtome equipped wvétidiamond knife. Contrast
between the microphases of the block copolymer aaseved by exposing the
nanocomposites to Og®@apor for approximately 1 min. The TEM analysaséthe
limitation that only specific areas of the sampén de observed. For this reason,
several images of the nanocomposites were takemder to verify the description

given in the discussion, and selected represeptatiages were chosen.

3.4.10. TappingModé" Scanning Force Microscopy (SFM)

The SFM experiments were performed on a “Veeco” tivhddeTM AFM
(NanoScope IV controller) operating in tapping matl@mbient temperature. Silicon
TM AFM tips (model MPP-12100) with a free resonarfel50 kHz and spring
constant of 5 N/m were employed. The MWCNTs wespelised in CHGI(5 % w/v)
for 24 hours at ambient temperature. After 24 hotlws dispersion was homogenized
for 1 min with an ultrasonic probe (Bandelin SONQJ, f = 20 kHz) and one drop
(5 ul) was placed on a clean polished silicon wafgne silicon wafers were

previously cleaned in a water-saturated UV-ozoneaphere for at least 24 hours.
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3.4.11. AC conductivity measurements
AC conductivity measurements were studied by digtespectroscopy using a HP
4284a impedance analyzer. At least three films weetuated with voltage amplitude
of 1.0 V, on a frequency range between 20 Hz andHE, at ambient temperature.

The conductivity was calculated from the complexpémance 1) according to

o=1|Z"(v)|t/A, wheret represents the thickness of the sample Aritie cross

sectional area{l cnf).?

3.4.12. Dynamical Mechanical Thermal Analysis (DMTA
Dynamic mechanical thermal analysis experimentewerformed on a RSAIl from
“TA Instruments”. Films of AS-Sg and the nanocomposites (10 mm x 5 mm x 100
pim) were cut with the help of a scalpel. Frequestgns were done between 0.01
rad/s and 100 rad/s with a constant strain of%0.&t two temperatures (25 °C and 90

°C). The samples have an average dimension of X@&hmm x 100 pum.

3.4.13. Viscosity measurements
The viscosity measurements of the dispersed MWQTare and after the oxidation
reactions were carried out in a Brookfield R/S rheter. The experiments were
performed at a constant rate (509 for 2 min in a plate/plate geometry (C75-1). The
MWCNTs (1 % w/v) were dispersed in ethylene glyéoi 24 hours at ambient
temperature. Before the measurements, the dispsrgiere then homogenized for 5

min with an ultrasonic probe (Bandelin SONOPULB= 20 kHz).

3.4.14. Strain-stress experiments
The strain-stress experiments were carried out ‘@twick” model Z020, with a load

cell of 20 kN. The measurements were done withoastread speed of 5 mm/min at
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ambient temperature, according to the standard ADBE2. The samples have an

average dimension of 10 mm x 80 mm x 100 pm.

3.4.15. Simultaneous Small Angle X-ray ScatteringSAXS) and strain-

stress experiments

Simultaneous Small Angle X-ray Scattering (SAXSH atrain-stress experiments
were performed at the BW4 beamline of DORIS lll, $ML.AB at DESY in
Hamburg, Germany. The sample to detector distased was set to 4.04 m and the
wavelength of the beam was 1.38 A. The 2D-SAXS iesagere recorded with a
marCCD165 detector. The tensile test equipmentavagable in the line. The tensile
test equipment simultaneously moves the upper ameerl clamps in opposite
directions thus keeping the beam on the same posaf the sample during its
deformation. The straining rate was set to 5 mm/niime 2D-SAXS images were
collected every 5 % of deformation. The samplesehav average dimension of 10

mm X 80 mm x 100 pm.
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Chapter 4. Modification of Multiwall Carbon Nanotub es byGrafting
from Controlled Polymerization of Styrene: Effect of the

Characteristics of the Nanotubes

4.1. Introduction

The incorporation of carbon nanotubes in polymetrices has become a challenge
during the past decadélhe outstanding mechanical, electrical and thepraperties
of the carbon nanotubes (reviewed in Chapter 2§ haspired the design of a new
generation of light weight materials,or even their use as biosensors or biocarfiérs,

although their biocompatibility is still questioda™*

The tendency of the carbon nanotubes to aggregmetalthe strongi-n stacking
interactions between graphene sheets is an impaitawback for the inclusion of
these nanofillers in polymer matrices. Severalagjias have been used to reduce the
size of the aggregates or to improve the dispersiomdividual carbon nanotubes.
Sonication, centrifugation, calendaring or intersgring have shown promising
results on SWCNT, DWCNT and MWCNT carbon nanotulspersions in solvents
and different polymer matricés:*>**The dispersion in different solvents has been
also achieved through the interaction or physisonpof surfactants and polymers.
Other approaches aim for the tuning of the surfate&arbon nanotubes through
chemical modification. These include the reactiontbe graphene sheet and the
creation of new functional groups by the degradeatibthe structure or the attack on

labile points as a consequence of the synthekésctips and defectS.
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One alternative for the improvement of the dispersf carbon nanotubes in polymer
matrices is the grafting of polymers at their scefaThe grafting of polymers at
carbon nanotubes can be divided in two generalscasafting onto and grafting
from. Generally, the efficiency of thgrafting onto reactions decreases with the
increase of the molecular weight of the graftedypar, because of the steric
hindrance between polymer chains or the decreas¢henaccessibility of the

functional groups’

Higher molecular weights and grafting densities ¢anobtained through the grafting
of polymer from the surface of carbon nanotubesbse of the easier access of the
monomer to the growing chain/? The most versatile technique used on the
grafting of polymer from carbon nanotubes (and othedstrates) is the controlled
radical polymerizatiofi:}"*9?1233943 The advantage of the controlled radical
polymerization compared with other polymerizatiechniques have been previously
discussed. There are diverse references regatdagydfting fromcarbon nanotubes
where the control on the polymerization is achielgddjusting the concentration of
monomer, initiator or deactivatdf®***3?However, the characteristics of the carbon
nanotubes and how they could affect the surfacetiumalization has not been
discussed until now, mainly because they vary déipgnon the supplier and the
method of synthesis. In this chapter, a comparibetween two commercially
available multiwall carbon nanotubes (MWCE” and MWCNT®) subjected to
functionalization reactions and their influence the grafting from of styrene is

presented for the first time.
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4.2. Results and Discussion

4.2.1. Oxidation of the MWCNTSs
The first step implies the oxidation of the pristiMfWCNTs with HNQ, the scheme
of the reaction is shown in Figure 3.2. The FTIR&m of the pristine and oxidized
MWCNTs can be appreciated in Figure 4.1. Many awgthattribute the signals
between 1650 cthand 1540 cm to the C=C stretching mode of the aromatic fihg.
7 Around 1460 crf, the C-H bending alkyl vibrations can be obserBskides these
signals, other features in the pristine MWCNTsiateresting. A clear C-H stretching
vibration in the vicinity of a carboxylic group (420 cm') and a rocking vibration
(~1380 cm') could indicate the presence of quinones and gtk respectively. The
C=0 vibration in both cases might be overlappedwiite stretching mode of the
aromatics. Another feature around 11607cia related with the C-O-C stretching
from aromatic esters. The described bands showthba’WCNT skeleton is not just
composed of crystalline graphite layers but haweo alefects coming from the
synthesis or the rest of catalyst. These impedastmight have consequences on the
properties of the MWCNTSs; however, they may alspresent an advantage if
reactions on these “weak points” can improve thepelision of the MWCNTSs in
solvents or polymers. After oxidation, a C=0 stingtg vibration related with esters is
easily identified for the MWCNEL™. In the case of the MWCNJs™, the C=0
vibration is located at a lower wavenumber (broaalp) that would indicate the
presence of carboxylic acffi,and a relative increase in the intensity at 1578 &
observed. This signal might be related with a lexto}l tautomerism. One interesting
change due to the oxidation reaction is the appearaf a strong signal in MWCNTs
from both suppliers around 1380 ¢nThe assignment could be related again with the

C-H rocking vibration of aldehydes, but this wourtdply a stronger signal at around
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1700 — 1650 ci, which is not observed. A second and more probekfganation
could be the formation of phenols which presenthsatrong signal due to the
combination of O-H and C-O deformation vibrationother hypothesis is the
formation of nitrobenzene groups along the nanatuladich is plausible since the
presence of nitrogen atoms after H\Ni@atment has been previously repofte@ihe
nitrobenzene group has a sharp signal around timioned wavenumber due to the
symmetric stretching vibration of the M@roup, but, the FTIR spectra do not show
the asymmetric vibration band at around 1550'cEven though the reaction might
lead to the grafting of nitroxy groups, the corati§ used are not the most adeqdte.
The oxidation favors the formation of phenol groups MWCNTs from both
suppliers; esters groups seem more favorable i afathe MWCNEC®, while in the
case of the MWCNgys” the presence of ketones and carboxylic acid grasips

predominant.
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Figure 4.1.Fourier transform infrared spectra of multiwaltloan nanotubes from different
sources before and after the oxidation reactiorpriatine and (b) oxidized MWCNsTs™,
(c) pristine and (d) oxidized MWCNE”.
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It is known that, in order to obtain high concehtmas of carboxylic acid groups (or
their derivatives) on carbon nanotubes, treatmertse aggressive than the one used
here are required, such as combinations of EIM@h stronger acids (like sulfuric
acid) or air oxidation at high temperatur&s® Such treatments lead to the destruction
of the graphitic structure, reduction on the lengtisaggregation of the bundles, and
improvement of the dispersion of the carbon naregub organic solvents. The aim
of the chosen acid treatment was to preserve timeananotubes by aiming to attack
defects already present in the structure and &ohlis the catalysts and the synthesis
byproducts (e.g., amorphous carbon), without cgttthe length of the carbon
nanotubes or loosing any of the walls. The achiedisdppearance of catalyst or
amorphous carbon was appreciated by transmissemtr@éh microscopy, as shown in
Figure 4.2 for the MWCNgus™. Additionally, TEM images show that the numbers
of walls are preserved (see inserts in Figure 4rRthe case of the MWCNE”,
catalyst residues were not appreciated in theipeisample during the observations
(results not shown). Some pioneering works havepgsed correlation models
between the nanotubes length against time for réifite oxidation systems on
SWCNT?>"** Unfortunately, these results cannot be directlyradated to the ones
presented here because the oxidation depends tmmsfaelated with the number of
walls, purity, synthesis process and source ofcdmdon nanotubes.A systematic
study is required in order to understand the effdfcthe oxidation on identical

MWCNT exposed to mild and aggressive oxidation cooms.
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Figure 4.2. Transmission electron micrographs of (a) pristind (b) oxidized MWCNgZys™.
Scale bar = 100 nm, insert = 10 nm.

4.2.2. Acid to Acid Chloride Conversion and Esteritation I: Glycol

Spacer

Further reaction between the oxidized carbon ndestand thionyl chloride leads to
the formation of alkyl and acyl chloride groups. peximental and theoretical
evidences have shown that carbon nanotubes casddablsorb thionyl chloride and
the presence of moisture gives rise to byproduws ¢ould form C-Cl bonds on the
structural defect?® The acyl or alkyl chloride groups are highly réaetand can
further form esters or ethers, respectively, in pnesence of an alcohol. Glycols of
different molecular weights were used in this workhese a,w-dihydroxy-
functionalized telechelics will be used as spat@tsveen the carbon nanotubes and
the initiator moieties necessary for t@fting fromof styrene. While increasing the
glycol molecular weight from 62 g/mol (ethylene gy) to 400 g/mol, the weight
loss between 100 °C and 500 °C (determined by thlemgnavimetric analysis)
increases from approximately 5 % to more than 1&$8tcan be observed in Figure

4.3.
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Figure 4.3.Glycol grafting content (left axes, filled symbp#nd concentration of hydroxyl
groups (right axes, open symbols) vs. glycol mdkcweight for MWCNEys™ (e, o) and
MWCNTe” (m, 0).

The MWCNT source also has an effect on the reagroduct; since it was observed
that the grafting content of ethylene glycol on MWGsvs™ is almost the double of
the content obtained on MWCNF®. On one hand, the concentration of reactive
groups on MWCNEws™ and MWCNT” could explain the difference in grafting
efficiency; however, the characterization techngjaeailable for the determination of
the concentration are still not reliable. On thikeothand, the difference in grafting
could be also attributed to the differences indimeension of the carbon nanotube and
the quality of the dispersion during the reactibne contour length of the pristine and
the oxidized MWCNTs were examined by scanning fargeroscopy (SFM). The
distribution of the MWCNTs contour lengths can bepr@ciated in Figure 4.4.
Approximately one hundred independent length messents were done on each

case, from different positions on several siliccafanvs.
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Although the reported information in the techniacdta sheets of the products
indicates that the MWCN3s™ are on average shorter than the MWGHNT, the
results in Figure 4.4 show the contrary. The lerdjgitribution of the pristine carbon
nanotubes is 370 + 60 nm and 225 + 30 nm, for MWgNT and MWCNT>,
respectively. It has to be pointed out that just ¢Arbon nanotubes dispersed on the
silicon wafers were taken into account for the meaments, longer carbon nanotubes

could be present in the form of aggregates thatdcaot be dispersed under the
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experimental conditions employed. The ultrasonabprwas used to disaggregate the
carbon nanotubes before dropping the dispersioth@msilicon wafer. The ultrasonic
treatment could also induce the cleavage of thborananotubes, especially if the
graphitic structure has defects. In any case, casgpacan be made between the
MWCNTsws” and the MWCNES® because the carbon nanotubes were dispersed
under the same conditions. After the oxidation tiea¢ the population of carbon
nanotubes with shorter lengths decreases in batbscavhich evidences that the
HNOs; is also able to worsen the structure of the car@otubes. The distribution of
the length of the carbon nanotubes is slightly ldisgd to higher values after the acid
treatment. This probably indicates that the aa@ttment unbundled the long carbon

nanotubes from the aggregates.

While the SFM measurements give an indication efléngth of the isolate carbon
nanotubes, the viscosity of the dispersion of camenotubes could give evidences of
the state of aggregation of the nanopatrticles. &dbl shows the viscosity of the
dispersion of MWCNTSs in ethylene glycol before aafter the acid treatment. The
viscosity of the MWCNTs dispersions in ethylene aglyincreases after the acid
treatment. The increase in viscosity can be aswutwith the deaggregation of the
MWCNTSs that leads to the presence of longer carmotubes or looser aggregates
in the dispersion. Additionally, the viscosity dfetdispersion of the MWCNE is
more than two times higher than the MWGNE”. These differences could be
associated to the structure of the aggregates.kihawn that the synthesis process of
the MWCNTguws™ leads to the formation of highly bundled nanopées, whereas the
synthesis of the MWCNE> to more loose aggregates. The viscosity resulisirdd

could indicate that the highly aggregated MWCNTseha minor incidence on the
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viscosity of the dispersion while, on the contratlye loose aggregate structure
increases the relative viscosity of the dispersidns assumption is corroborated after
the acid treatment, where the viscosity of the elisipn MWCNEyws™ and
MWCNTec” increases approximately 20 % and 80 %, respeytivietde oxidation
reaction using HN@unbundles more efficiently the MWCNJZ®™ compared to the
MWCNTgus™. It is expected then that the low viscosity of tigpersion containing
the acyl and alkyl chloride functionalized MWCHNZ#&™ favors the grafting reaction
more than the dispersion containing the acyl ctioriunctionalized MWCN{.
However, the relative low increase in viscositytoé dispersion of MWCNgys®
after the oxidation reaction might indicate tha¢ ttisaggregation of these carbon
nanotubes during the functionalization reactionsn@e difficult compare with the
MWCNT" as a consequence, the functionalization of the BMNWgys™ probably

takes place rather on the surface of aggregatasoingsolated carbon nanotubes.

Table 4.1.Viscosity of the dispersion of carbon nanotubestitylene glycol (1 % wt/v).
Values obtained at 500's

Sample Description n (MPas)
ethylene glycol 17
MWCNTgus™ as received 63

oxidized 75
MWCNTg as received 154
oxidized 280

Previous works have shown that noncovalent absormi poly(ethylene glycol) may
occur during grafting>*® Although the reactions have been performed at high
concentration of the glycols and in the absencsobfent, the poly(ethylene glycol)s
used have relative low molecular weights, and duthé thorough washing processes

no or negligible physisorption should be preséiirom the difference in weight loss
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between the MWCNTSs after the acid treatment argf diftegrafting ontoreaction of
the glycols and the molecular weight of the glycotse can estimate the
concentration of hydroxyl groups ([OH]). This valisepresented in the right axis in
Figure 4.3. In the case of the MWCPE®, the [OH] decreases dramatically when
the glycol molecular weight increases. This suggélat even when the grafting
content of the glycols increases with the moleculaight, the relative concentration
of terminal hydroxyl group decreases. In the cdsWCNT, the [OH] is lower
compared with the MWCNgys™ and independent of the glycol used, in the rarfge o
molecular weights employed in the present studyenThthe MWCNTs can be more
easily dispersed in organic solvent because ofldhger grafted chains, but have

fewer functional groups available for the successeactions.

The difference in [OH] between the MWCRHs® and the MWCNE® can be
attributed to different factors. The concentratmhacyl (or alkyl) chloride groups
present on the MWCNsfus™ and the MWCNES® could be responsible for the
difference of thegrafting onto of the glycols, unfortunately, these differences a
difficult to quantify using any of the existing alaterization method. The contour
length of the MWCNTSs estimated by the SFM measurgsn@-igure 4.4) showed no
marked difference between the disperse nanopartibia could infer any influence
on the reaction efficiency¥. However, the viscosity of the dispersion containihe
MWCNTSs seems to play a role on the grafting efficie The low viscosity of the
dispersion of MWCNEws™ during the reaction might increase the accessitfi the
hydroxyl groups to the acyl (or alkyl) chloride gps compared with the

MWCNTE.
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A representative infrared spectrum of the MWCNT&erafgrafting of PEGy is
presented in Figure 4.5. Even though the symmeHit stretching of the methylene
groups is difficult to identify due to the alkyl @rps of the MWCNTSs, the C-H
stretching deformations at approximately 14207cand the C-O-C stretching
deformation at 880 cthare evident. These indicate the success of thetioea An
asymmetric C-H deformation is observed for this gienat 2970 cm, which is only
observed clearly in MWCNTs modified with poly(etbge glycol) of 400 g/mol. The
occurrence of any noncovalent interaction can bedraut, since the reported shift to

higher frequencies was not observad.
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Figure 4.5.Infrared spectra of multiwall carbon nanotubesrfiieutureCarbon GmbH after
different sequential modification steps (a) Rk@rafted MWCNE, (b) MWCNT:*-Br,
(c) PSS MWCNT:" and (d) PS*MWCNT.

4.2.3. Esterification 1l: ATRP Initiator
The infrared spectrum after anchoring the initiagooups for the controlled radical
polymerization to the MWCNTSs is also shown in Fgut.5. The carboxylic acid

stretching vibration located at 1740 ¢nindicates the successful grafting of the
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initiator. Table 4.2 shows the initiator concentratestimated by elemental analysis.
The reaction conditions were optimized in orderotstain comparable results of
anchored initiator concentration [Br] for the MWCSBITrom both used sources as a
function of the 2BriBr concentration, as can benseelable 4.2 (entries 1 and 8). For
this reason, the esterification reaction on thertwyl modified MWCNTc° was

carried out at higher dilutions.

Table 4.2.Concentration of initiator groups after the esieation reaction of hydroxyl
functionalized carbon nanotubes.

Esterification | Esterification I
Entry Sample (EG or PEG)? Initiator anchoring

[2BriBr] [Br]
Type® b ¢
(u/mg)”  (mmol/g)
1 MWCNTgc-Br" EG 1.4 0.071
2 MWCNTe-Br? EG 2.7 0.131
3 MWCNT:-Br? PEGuo 2.7 0.220
4 MWCNTe%-Br? PEGyo 5.4 0.240
5 MWCNT:-Br? PEGioo 2.7 0.041
6 MWCNTg-Br® PEGyo 2.7 0.136
7 MWCNT:-Br’ PEGuo 2.7 0.075
8 MWCNTgus™-Brt EG 1.4 0.080
9 MWCNTgys”>-Br? EG 2.7 0.623
10  MWCNTgus>-Br? PEGo 1.4 0.364
11  MWCNTaus >-Br? PEGoo 1.4 0.146

a) EG: ethylene glycol; PE& and PEGy polyethylene glycol of
average number molecular weight of 200 g/mol and 4fimol,
respectively; b) concentration of 2-bromo-2-methgfponyl bromide
(2BriBr, pl) respect to MWCNT (mg); c) [Br] detern@d by elemental
analysis.

Figure 4.6 shows the distribution of the averagetamar lengths of two MWCNTs
with a comparable concentration of initiator. Tkadth distribution of the MWCNTSs

shorter thari11 um does not appreciably change with respedtgosalues obtained
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after oxidation; however, longer carbon nanotubesevobserved on the samples after
the esterification, which confirms the assumptibattthe functionalization reaction
helps to disaggregate the MWCNTSs. In addition, &angarbon nanotubes were found
in the sample MWCNA*-Br® than in the sample MWCNfis™-Br?. This could be
also an indication that the MWCNZ*® are effectively longer than the MWCMJs™
and that they are easier to disentangle due tlmtseness of the aggregates.
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Figure 4.6.Length distribution (nm) for MWCNTSs after the giaf of the ATRP initiator.
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In the case of the ethylene glycol modified MWCNThke anchored initiator
concentrations shown in Table 4.2 for MWGHNE® and MWCNTR® are

comparable when low 2BriBr concentrations are us®&y. increasing the
concentration of 2BriBr, the [Br] increased in bathses, though it is five times
higher for the MWCNEus® (0.62 mmol/g) than for MWCNZL (0.13 mmol/g). To

the author’s knowledge, the [Br] obtained for th&WaNTeus”™ under the described
conditions is the highest value found on the gngfiof initiator for surface initiated

radical polymerizations on carbon nanotup#g?!23:3236.60.61
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The use of poly(ethylene glycol) spacers also &félae anchoring of the initiator.
Under the same experimental conditions, the higf&$tconcentration is found on
the MWCNTSs grafted with PEfg, followed by PEGy and EG. Two effects are
involved in this behavior. On one hand, it was pasly discussed that the
concentration of hydroxyl groups decreases if tr@egular weight of the spacer
increases (shown in Figure 4.3), in the case of M&CNTgys ", while the
concentration is rather low in the case of the MWESN®. On the other hand, the
stability of the carbon nanotube dispersions inanrg solvents improves with the
increment in spacer chain length, as well as thbilipof the hydroxyl end-groups.
Therefore, as the molecular weight of the spaceneases, the esterification reaction
takes place under conditions that resemble morsetlod a homogeneous reaction,
which increases the feasibility of the reactionn€aqguently, the observed tendency
results from the competition between these twockffehe lower [Br] on the PE&
modified carbon nanotubes is assumed to be duewerlhydroxyl concentration,
while the lower [Br] on the EG modified MWCNTSs isirébuted to the heterogeneity

of the reaction.

4.2.4. ATR Polymerization
Styrene (St) was chosen as a monomer for ¢inafting front' the initiator anchored
MWCNTs under controlled radical polymerization ciiwhs. The results are
summarized in Table 4.3. The decoration of carbanotubes and other substrates
using this monomer has been well documented. 8bles to solubilize its polymer,
shows slower polymerization rate than other avllabmonomers (i.e.,
meth(acrylates)> and thermally polymerizes under the experimentahditions

described? These characteristics allow the study of the gr@fivithout non-bonded
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initiators (free initiator), or deactivator (e.€uBr)®* and with reduced quantity of
solvent, which may complicate the analysis. In $tgrafting from polymerization
reactions, some free chains are always generateblution, which promotes the
termination in the reaction medium rather than imitthe active species attached to
the substrate, and supports a controlled polym@wiyr in the sense that crosslinking
between different nanoparticles will unlikely occufhis has been described

previously on polymerization from silica nanostrues®**>%

Table 4.3. Conditions and polymer content on the styragrafting from reaction on
MWCNTgus” and MWCN >

76

fos  Mntea® T

Entry Sample Source (Wt %) (kg/’mol) ¢0)
1 PSSMWCNT®  MWCNTR-Br 19 3.3 352
2 PS'MWCNTe®  MWCNTR-Br? 9 0.8 272
3 PS/"MWCNT®  MWCNTe-BrP 11 0.6 344
4 PSSAMWCNTE®  MWCNTe?-Br? 44 33 375
5 PSsS'MWCNT®  MWCNTR-Br 85 240 410
6 PSsMWCNT®  MWCNT-Br° 28 96 361
7 PSAMWCNT®  MWCNTR-Br® 22 20 348
8 PSZMWCNT®  MWCNTe?-Br’ 13 20 335
9 PS:MWCNT®  MWCNTe-Br' 23 3.9 356
10 PSI°MWCNTe®  MWCNTR-Br’ 31 59 371
11 PS2MWCNT®  MWCNT-Br’ 32 6.3 370
12 PS°MWCNTe®  MWCNTR-Br’ 11 1.7 331
13 PS/MWCNTgys® MWCNTgys™-Br 34 6.6 393
14 PS3'MWCNTgws® MWCNTews™Brt 43 9.6 394
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Table 4.3 cont'd

fos’  Mutea” T
Entry Sample Source (Wt %) (kg/’mol) 0
15  PS/'MWCNTeus® MWCNTgyws™-Brt 47 11.3 396
16 P MWCNTgws® MWCNTews™Br? 91 20.0 420
17  PS$5MWCNTgys” MWCNTgws™-Br? 85 9.0 418
18  PSo'MWCNTews” MWCNTeus™Br* 70 3.9 406
19  PS¢'MWCNTgus® MWCNTgus™-Br® 86 16.7 410
20  PSo'MWCNTgus® MWCNTeus™Br* 49 6.6 387

a) weight and mole percent of St respect to the NNWVE; b) Polystyrene grafting
content; c) average molecular weight of the gcafelystyrene, calculated from
TGA;* d) decomposition onset temperature calculated fF&A data.

The infrared spectra of polystyrene (PS) surfacdtgd MWCNTs under different
reaction conditions are also shown in Figure 4.Be Bands corresponding to the
polymer are clearly evident when the polymer conigover 70 wt %, e.g., the =C-H
stretching vibrations between 3100-3000'¢crthe ring stretching vibration at ca.
1600 cni', the overtones between 2000-1660"ciand the C-H out-of-plane vibration
and ring out-of-plane deformation located at 760'@nd 690 cri, respectivelyH-
NMR measurements also support the presence or#fied PS at the MWCNTSs. The
'H-NMR of the P$*MWCNTgys > can be observed in Figure 4.7. High polymer
content is required also for thd-NMR measurements, because the magnetization of
the MWCNT promotes first the aggregation and thka sedimentation of the

nanoparticles during the measurement.
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ppm
Figure 4.7.H'NMR spectra of the polystyrene grafted carbon narmeP$,*°MWCNTgys™.

Scanning electron micrographs are presented fepiesentative group of samples in
Figure 4.8. Qualitatively, the PS grafted MWCNTg aimilar, independent of the
source (MWCNTEws”® or MWCNT:"®). The scanning electron micrographs show
that if the polymer content is below 50 wt %, tlepect ratio of the MWCNTSs does
not discern from the one of unmodified filler. Whitse polymer content is lower than
approximately 20 wt % it is possible to analyze saenple without being sputtered,
which indicates that the MWCNTs preserve their teleal conductivity
characteristics after modification. This might regent an advantage in applications
like conducting polymer films, where a relativelpagl dispersion ensures a low
MWCNTs percolation threshold in the nanocomposiiee samples with polymer
content higher than 50 wt % present a more homagenstructure, where the carbon
nanotubes look like they are embedded in polymébrs €Effect has been previously

observed by other group$?
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Figure 4.8.Scanning and transmission (inserts) electron rgragghs of PS grafted MWCNT,
synthesized under the conditions indicated in Takga) PSMWCNT:, (b)
PS MWCNTL, (€) PSMWCNTeus™, (d) PS¢'MWCNTeus™ and (e)
PS;"MWCNTgys™. TEM scale bar = 20 nm.

From the transmission electron micrographs (showringerts in Figure 4.8) one
could assume that the graphitic-like structure e tarbon nanotubes is preserved
after all the functionalization reactions. The graf of polymer takes place along the

MWCNTS, not just on their tips, where the highestiator concentration is supposed
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to be due to a major concentration of defects. H@wneas previously discussed, the
infrared analysis on the pristine MWCNTs shows fihefiects are present along the
structure. These potentially reactive locationsbénahe distribution of initiator

groups along the MWCNTSs.

The quantity of polymer grafted on the MWCNTs frdmoth sources could be
controlled by adjusting the weight ratio betweea thonomer and the nanofiller as a
function of the initiator concentration. The resudtre summarized in Table 4.3. The
weight ratios used in this work are comparable e experimental conditions
presented somewhere ef88° although there is lack of agreement throughout the

literaturel®2138

The results presented in Table 4.3 show that, meg#, higher polymer content is
obtained for the initiator anchored MWCRHJs™ than for MWCNEC”, when the
grafting takes place under similar reaction condsi The observed discrepancies are
believed to depend on the intrinsic characteristickhe carbon nanotubes used here.
For example, in the case of the samplessBNVCNT” and PS/MWCNTgus>
(entries 1 and 13), the polymer content for MWGHN3™ is twice of the one obtained
for MWCNTE® under comparable reaction conditions. The intgrpliatwo factors
explains this difference. Firstly, the distributiaxf anchored initiator along the
MWCNTSs varies with the location of the structurafekcts, which is predetermined
from the carbon nanotubes synthesis. If the imitiatoieties are close to each other,
coupling or deactivation reactions will compete hwihe propagation of the living
chain. This could be related with the critical cersion of coupling (CCC),where

not just the electronic properties of the carbonnabtabe may affect the
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polymerization, but also the location of the grogviohain could induce coupling
reactions. Secondly, as discussed before, the sitgcof the dispersions containing
MWCNTgws is lower than the dispersion prepared with the MTE:° due to the
presence of relative compact aggregates and sluanieon nanotubes. For this reason
the overall polymerization rate could be higheraomajor reaction yield could be

reached with the MWCNgys™>-Br.

If the monomer to MWCNT weight ratio is kept comgtathe amount of grafted
polymer increases with the concentration of initizinchored on MWCNgys™ and
does not change for the initiator anchored on MWERT The competition between
polymer conversion, initiator concentration andpdision of the MWCNTs might
explain these results. Short polymer chains grafitech apparent shorter and more
aggregated carbon nanotubes increase less drallyatica viscosity during the
grafting from polymerization than apparent longer and less agdeel carbon
nanotubes, as is the case of MWGHT-Br. As a result, the grafting reactions on
MWCNTgws >-Br take place probably for prolonged times beftre increase in
viscosity decreases the propagation rate of thetioma and these results in higher
polymer contents. This behavior has been previowslgerved in the literature,
although a clear correlation with the here presemésults is not possible since no

data is given regarding the length of the carbarohes®

The dispersion plays an important role on all thebon nanotubes functionalization
reactions. Prior to the grafting, both MWCRME™-Br and MWCNT-Br are
dispersed in the monomer. In order to obtain off§icemogeneous carbon nanotube

dispersions before the start of the polymerizatiba,minimum feasible monomer-to-

81



Chapter 4

nanofiller weight ratio found was 30 to 1; lowetioa lead to highly viscous solutions
before the start of the reaction. In the case ef NWCNT:", the variation of the
monomer-to-nanofiller weight ratio influences thentent of grafted polymer. For
example, increasing four times the monomer cona#gatr with respect to
MWCNT?-Br’ (entries 8 to 11, Table 4.3), the polystyrene Weifraction
increases approx. 2.4 times. The low solution \8ggadue to the high concentration
of monomer at the beginning of the reaction enhsutise access of the monomer to
the propagating radical and extends the reactiome.tiThe carbon nanotubes
dispersion improves during the polymerization riegctlue to the growing chains, but
the viscosity rises due to the monomer consumptidren, the reaction will be
controlled until the dispersion is hindered by thenomer consumption, the surface
confinement between carbon nanotubes will limit grepagation and coupling or
disproportions might end the reaction. As the cosiea of monomer advances, the
viscosity rises and promotes the filler reaggrematso that the deactivation of the

growing radical is favored (as described above).

A common trend on the MWCNTs from both sourcesraff€RP reactions is the
increase in grafted polymer content with the monoocemcentration. The increase in
polymer content with the monomer concentration Hteeen also reported on
MWCNTSs? and other confined systerfts.These observations can be correlated to
the transmission electron micrographs (insertsiguré 4.8). If one assumes that the
distribution of initiator moieties is homogeneousng the surface on both MWCNT
sources, the polymer layer is relatively thinnartiee P$2MWCNTeC than for the

sample P&°MWCNTgys™. This is in agreement with other systems, wheee th
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polymer grafting depends on the nanoparticle serfa®a and its influence on the
polymerization kinetic§

Another possibility to control the polystyrene cemt in the MWCNTFE™

is by
varying the length of the glycol spacer. As canobserved in Table 3.2 and Table
4.3, for comparable monomer to MWCNT® weight fractions and initiator
concentration, the polystyrene grafting content bdiesi when ethylene glycol and
PEGyo are compared (RSIWCNTe® and PS°MWCNT) and increases four
times when PE&, is compared against PE&G (PS:‘MWCNTe® and
PS MWCNTE). A polymer content over 80 wt % can be obtaineith vhe
MWCNTg™ by choosing the right combination between glycpacer, initiator
concentration and monomer to carbon nanotube (atip, PS**MWCNT:, entry
5, Table 4.3). From the obtained results one cauakethat the PEfg chain length
promotes the more stable dispersion under the iBescpolymerization conditions.

This spacer enhances the carbon nanotube dispeesidn might increase the

polymerization rate during the reaction.

4.3. Conclusions

Two commercially available multiwall carbon nanatsb were grafted with
polystyrene after successive functionalization tieas. The grafting from
polymerization of styrene was performed under at@ansfer radical polymerization
conditions. The purity and the dimension of thethmall carbon nanotubes influence
the grafted polystyrene content. The multiwall cermanotube with relative tighter
aggregates and with apparent shorter length (MW&GAF) showed a higher

polystyrene weight content than the relative loniges aggregated carbon nanotubes
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(MWCNT), with comparable initiator concentrations. Theegence of tight
aggregates and shorter nanotubes decreases tbsityisaf the dispersion during the
functionalization reactions, which may enhance frepagation of the growing
polymer chain before the polymerization slows downe to high monomer
conversion. However, higher polymer contents candbgeved with the MWCNE>

with the right combination of poly(ethylene glycadpacer, concentration of the

anchored initiator, and monomer to carbon nanotudight ratio.
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Chapter 5. Block Copolymer Nanocomposites based on
MWCNT gys™ Effect of the Functionalization of Multiwall Carb on

Nanotubes on the Morphology of the Block Copolymer

5.1. Introduction

Polymers, more than any other class of materialay @n active role in the
development of new technologies. Their importandkeimcrease in the coming years
in areas related with energy, sustainability, Heaare, security and informatics,
defense and protectidnThe physical properties of polymers can be coletoby
combining different parameters, starting from tlyatkesis (e.g., monomers, chain
architecture, functionality, etc.), to the procasgsi(e.g., degree of crystallinity,
geometry, compounding, orientation, etc.). Blockhagmers based on polystyrene-
block-polybutadiendslockpolystyrene (SBS) are clear examples of how timthegsis
influences the physical properties of the polymédise adjustment of the monomer
sequence, the composition and the chain architeddad to transparent SBS block
copolymers with different degrees of toughness sfiifhess®* Particularly, it is
known that the deformation behavior of these typeblock copolymers strongly
depends on the microstructure of the polybutadibloek and the microdomain

orientation of the block copolyméY.

Although the tuning of the properties of the (cdypmers broadens the range of
applications of these materials, there are stifjuneements that are beyond their
possibilities. In those cases, (co)polymers hawnlm®mbined with fillers that seek to
improve the properties of the final material, angly to reduce cost of production.

Typical examples can be found in the automotive aincraft industries, where the
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use of polymer based composites reduce considethbleveight, thus leading to

energy and cost savings.

In the case of the carbon nanotubes, their impregsioperties make them promising
candidates for the design of a new generation ofoc@mposites. Beside these
properties, the aspect ratio and the chemical tstre®f the carbon nanotubes have
led, for example, to variations in the glass tramsj the crystallization and the
melting behavior, in cases where homopolymers weesl as matricés.’ In the case
of copolymers, the incorporation of the carbon nabes might induce changes on
the morphology of the copolymer or, on the contratye morphology of the
copolymer might influence the state of dispersibthe carbon nanotubes. Until now,
attention has been brought to the relation betwthen dispersion of the carbon
nanotubes and the mechanical or electrical pragzedf the nanocomposités? The
assembly of carbon nanotubes in copolymer matriwes received less attention,
mainly due to the high aspect ratio of the nanaéglarand its tendency to aggregate.
Recently, two works have been published relatech Mite influence of surface
functionalized carbon nanotubes on the morpholoigplock copolymer matrices;
however, no clear data regarding the functionabimaof the carbon nanotubésand
no clear evidences of the sel-assembly of the noogly of the block copolymer are
given’® In this chapter, blends of a commercial polystgrelock-polybutadiene-
blockpolystyrene block copolymer and MWCMJs™ with different polystyrene
grafting content are reported. The morphology ef nlanocomposites is analyzed by
means of the effect of the polystyrene grafted fra MWCNTgws® during the
microphase separation of the block copolymer aed thfluence on the orientation

of the morphology when the nanocomposites are dtduhtio deformation.
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5.2. Results and Discussion

5.2.1. Characteristics of the carbon nanotubes gredd with polystyrene
The characteristics of the polystyrene grafted mvalt carbon nanotubes can be
appreciated in Table 5.1. The polystyrene thickeesalculated from the TEMpE
are below the theoretically expected values. Tiserdpancies with the calculations
are may be related with the distribution of inibiagroups and the conformation of the
polymer chains along the carbon nanotubes. Thecteffé the initiator groups
distributions has been previously reported on thmaftigg of poly(methyl
methacrylate) and polg{butyl acrylate) from the surface of SWCN¥d! SFM
measurements and computational modeling on diftgrely(n-butyl acrylate) grafted
SWCNTs have suggested that the concentration tétiwi groups on the surface of
the carbon nanotubes might be strongly inhomogenedang the length of the
nanoparticle. TEM images presented in Chapter 4ehakiown a relatively
homogeneous coating of polystyrene for the samp&m'MWCNTgvs and
PS*°MWCNTaws™, compared with PS"MWCNTgus”. In the case of the polymer
grafted from carbon nanotubes, the conformatiothefpolymer chains is probably
different from the one of a polymer chain in sadati The affinity between the
benzene ring of the polystyrene and the graphemetste of the carbon nanotubes
might lead also to the wrapping of the carbon nalpetoy the polymer instead of the
extension of the chain from the nanofiller. It ha$e pointed out that the preparation
of the dispersion (solvent, evaporation on the TgiM) as well as the electron beam

of the TEM may alter the reported values.
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Table 5.1.Molecular and thermal characterization of the ptlsene grafted carbon
nanotubes prepared byafting frompolymerization.

Sample ola’ fps T, M, <> d 2<>,2 tps
(chains/nn?) (Wt %)? (°C) (kg/mol)® (hm)® (nm)* (nm)®  (nm)®
PS/'"MWCNTays > 0.1 47.1 1009 11.2 1.1 270 82 24z%07
PS/o'MWCNTgys™ 2.9 70.4 107.0 3.9 06 94 48 1303
PSS °MWCNTavs™ 2.9 91.3 102.1 20.0 1.4 480 11.0 14+04

a) determined by thermogavimetric measurementgydi)mean square end-to-end distance of a fre@hyejo
chain, <r? >¥?=n"?; ¢) estimation of the chain dimension in transiraonformation; d) real coil chain

. . \V2 1/2 8 .
dlmenS|on2<s > =4 [nCm/G] , C. = 9.85% e) Thickness of the polystyregeafted fromthe MWCNT
calculated from the TEM images (see Figure 4.8).

The difference in the molecular weight of the grdfpolystyrene can be appreciated
by the variation in the glass transition tempemt{ly), as shown in Table 5.1. The
PSo'MWCNTgys™ has a relatively highl, because the surface of the carbon
nanotube restricts the mobility of the short polynehain. For this reason, high
energy absorption is required for the chain relaxatThe increase in the molecular
weight of the polymer dissipates the effect of #mehoring of the polymer chain to
the MWCNTaus™ on the T, The glass transition obtained in these cases is

therefore comparable to the one correspondingagmdémgrafted polystyrene.

The polymer grafted MWCNgys™ can be dispersed in the solvents used for the
dissolution of polystyrene. However, some aggregate observed in the dispersions,
especially in the case of the FMWCNTgus™ and the P§'MWCNTsys™, i.e., the
nanoparticles grafted with polystyrene of low maolec weight and low grafting
content, respectively. Chapter 4 describes in déta functionalization reactions
made at the surface of the carbon nanotubes asctidn of the characteristics of the
nanoparticles. In the case of the MWGINE®, the viscosity of the dispersions

indicates that the nanoparticles form relative ttigggregates. For this reason it is
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presumed that thgrafting frompolymerization reactions take place first at theaxe

of the aggregates and then the increase in thengolghain length reduces ther

stacking interactions between the graphitic laydrhe carbon nanotubes. However,
if the concentration of initiator moieties does mwomote the polymer coating of
individual carbon nanotubes or if the chain lengththe grafted polymer does not
drive away the carbon nanotubes, the nanopartweiksemain aggregated after the
polymerization reaction. For these reasons, in rofde reduce the quantity of
aggregates in the nanocomposite films, the dispessiwere sonicated and the

aggregates separated by centrifugation beforeasigng of the film.

5.2.2. Morphology of the nanocomposites

Selected scanning electron micrographs of the réiffe AS-SB¢MWCNTgus™
nanocomposites are shown in Figure 5.1. The canamotubes are homogeneously
dispersed in the AS-SBmatrix even in the case of the pristine MWGINE™. The
arrows in Figure 5.1 indicate isolated or aggregjatecarbon nanotubes present in the
nanocomposites. Aggregation of the nanoparticledifficult to detect within the
evaluated images, just in the case of the nanocsitepoased on BEMWCNTgus™
some aggregates can be observed (Figure 5.1(dWeVér, the transmission electron
micrographs presented in Figure 5.2 show somerdiifees on the dispersion of the
MWCNTSs as a function of the grafted polystyrener Edetter interpretation of the
images, the polybutadiene phase has been stairtedds®) vapor. In the case of the
AS-SBy, the lamellae are randomly oriented along the melyfilm (see Figure
5.2(a)). The domain periodicity of the AS-8B 34 nm, as determined by SAXS,
while the polystyrene lamellar thickness is 16 #nrh, as determined by TEM

measurements. These results are in agreement héthliteraturé>?* It can be
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observed from Figure 5.2(b-e) that the pristine MMIGys™> as well as the polymer
grafted MWCNEws™ are randomly oriented along the block copolymermiost of

the evaluated regions, the carbon nanotubes degadpform groups of two or three
nanotubes and, in seldom cases, some aggregatebecatentified. The domain
periodicities of the nanocomposites based on ppigse grafted MWCNgws” and
AS-SBys are comparable to the ones described for the lsleek copolymer. In the
case of the pristine MWCNsTis™ (see Figure 5.2(b)), most of the carbon nanotubes
intersect the lamellar domains, and this indic#ttes the microphase separation of the
block copolymer during the evaporation of the sptwdoes not seem to be affected by
the presence of the MWCNyis™, and the carbon nanotubes do not show selectivity

towards the polystyrene or the polybutadiene micnogins.
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Figure 5.1. Selected scanning electron micrographs of thegenyiw fracture cross sections of:
(@) AS-SBg, (b) MWCNTgws™/AS-SByg, (€) PS7MWCNTaus AS-SBys, (d)
PS¢ MWCNTgus>/AS-SB,s and (e) PS* MWCNTgys”/AS-SBys. The content of the carbon
nanotubes is approximately 1 wt %. The samples gmuéered with a layer of Au/Pd.

On the contrary, the TEM of the nanocomposites dase the polystyrene grafted
MWCNTgus” show some differences in the morphology of the 985 in the

proximities of the carbon nanotubes. In the caséhe PS/'MCWNTgys™ (see
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Figure 5.2(c)), the carbon nanotubes locally distioe lamellar morphology. In the
vicinity of the PS/'"MWCNTgus”, the lamellar domains of the block copolymer
seem diffuse or partially deformed. The morpholofiyhe nanocomposites prepared
with PS¢'MCWNTgus® (see Figure 5.2(d)) partially resembles the olmt@ms
described in the two previous cases (prisne MWEGNT and the
PS/'"MWCNTgws”): some carbon nanotubes bisect the lamellae, ittistort the
morphology locally (just in their vicinity). In thease of the nhanocomposite based on
PS1*MWCNTaws” (see Figure 5.2(e)), the morphology of the ASSBcally
resembles the contour of the JFP@MWCNTeus™, which indicates that the
PS> MWCNT gus” locally templates the morphology of the AS-&BThis can be
interpreted as follows: during the microphase sapar of the AS-SB from
solution, the polystyrene chains of the block cgpwr interact favorably with the
polystyrene grafted from the REMWCNTgws . Therefore, the polystyrene chains
in the vicinity of the P§*°MWCNTgus” segregate from the solution together with
the anchored polystyrene chains and form a dontaimna the P§°MWCNTgus™.
The polybutadiene chains consequently microphagarate next to the polystyrene
lamellae. and the lamellar morphology of the bleopolymer in the vicinity of the
carbon nanotubes resembles then the contour dilldre The process is repeated to a
certain extend until the geometrical restrictionegi by the carbon nanotubes is lost.
Farer away from the carbon nanotubes, the lametaerandomly organized, as
commonly observed in the case of the neat Ag:SEhis behavior is similar to the
results obtained on films based on polystyrenetggabrganic clay and linear SBS
prepared by roll casting. It was shown that theygtgtene grafted clay platelets are
able to template the morphology of the block copwy, even though the dimensions

of the clay platelets exceed the thickness of tigspyrene lamellar phagé.
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Figure 5.2.Selected transmission electron micrographs (sdavith OsQ; black:
polybutadiene, gray: polystyrene) of: (a) AS,§Bb) MWCNTgys /AS-SBs, ()
PS7'MWCNT gus”/AS-SBy, (d) PSe'MWCNT gys®/AS-SBys and (e)
PS> MWCNTgus”/AS-SBys. The carbon nanotubes are highlighted. Ultra sieictions were
obtained from the nanocomposite films. Scale b&06 nm.
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The sequestering of a MWCNT in a block copolymeag#h has been previously
reported in nanocomposites based on a high moleeuggght polystyrendsiock
polyisoprene diblock copolymer (SI) and polystyremafted MWCNTS:* The S| had
a lamellar morphology, with a polystyrene lamellaickness of approximately 150
nm. The TEM image can be appreciated in Chapt&idlfe 2.12). The TEM image
showed that the polystyrene grafted MWCNT is placddthe center of the
polystyrene lamellae phase. The sequestering gidhsstyrene grafted MWCNTS in
the polymer domain was attributed to the favorabteraction between the grafted
polystyrene and the polystyrene chains in the bmgolymer and to the polystyrene
domain size, which is approximately three times thameter of the MWCNT.
Unfortunately, no information is given regardinge ttmolecular weight and the

grafting density of the polystyrer2.

In the case of the study presented in this chapher,thickness of the lamellar
domains in the AS-SBis comparable or smaller than the diameter optistine and
polymer grafted MWCNgys™, which represents an entropic barrier for the
incorporation of the MWCNgys™ into the polystyrene domaffi.On the contrary,
the selective interaction between the,#MWCNTgus” and the polystyrene chains
of the AS-SBg induce the microphase separation of the block lyoper, under the
experimental conditions employed in this work. Thehavior can be interpreted as a
“wet brush” situation, i.e., the corona chains ' MWCNTgus” are swelled by the
free block copolymer chains. However, accordingthie theory proposed by de
Gennes? this requires that the molecular weight of theftgdh chains exceeds the
molecular weight of the free chains in the copolgmia order to have an idea about

which brush regime is represented by the graftdgspgene chains with respect to
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the polystyrene block in the AS-&& it is necessary to know the grafting density of
the polystyrene chains on the carbon nanotube.pfésence of different graphene
layers forming the carbon nanotubes makes the rdetation of the grafting chain
density more difficult than with SWCNT&?’ Nevertheless, if considering the
MWCNTs as straight cylinders it is possible to makeough estimation of the
grafting chain density. The estimation of the gnaftchain density is described in the
Appendix A, and the results are presented in TaldleFrom the relation between the
grafting chain density, the molecular weight of grafted polymer and the molecular
weight of the AS-SB, it can be assume that the carbon nanotubes antldick
copolymer are more likely in a dry brush situati@ny brush long solvent for the
pristine MWCNTgws™, ideal mushrooms for RS'MWCNTgws’ and ideal wet brush
in the case of RgMWCNTeus” and PS*°MWCNTgws™).?° This means that
theoretically the nanoparticles will tend to aggteg in the AS-SB matrix.
Contradictory to these calculations and despitefdbethat the chemical structure of
the carbon nanotubes (i.e. e stacking interactions) induce the aggregatiorhef t
nanoparticles, the experimental evidences showetdthile dispersions of pristine and

polymer grafted MWCN3gys® in the AS-SBg are acceptable.

It is important to mention at this point that th&AB is an asymmetric star block
copolymer formed by a polybutadiene core and pgigse arms of different lengths.
The number of polystyrene arms and their moleculaights are unknown. This
block copolymer is already a polymer brush andnitsraction with a polymer coated
nanoparticle (another brush) in solution and dutimgfilm casting could not be well
described by the theories proposed for mixtures Wwamopolymers and maybe for

block copolymers with a simpler architecture. Néveless, based on the
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experimental evidences and results obtained wittilan systems, some qualitative

conclusions can be drawn.

Bates and co-workef$have found contradictory results in films (casinir solution)
of polystyrene grafted silica nanospheres embeddeal linear polystyrenélock
polybutadiene block copolymer (SB), with a lameltarphology. They observed that
the dispersion of silica nanoparticles improveshwihe increase of the block
copolymer molecular weight and with the decreas¢hef molecular weight of the
polystyrene grafted from the silica nanoparticlasd that the polystyrene grafted
silica nanospheres did not show selectivity towatte polystyrene or the
polybutadiene lamellar domains in the SB. FromdRkperimental evidences it was
concluded that before the solvent evaporation taksse, the silica nanoparticles are
homogeneously dispersed in the disordered blocklgoper. During the evaporation
of the solvent, the microphase separation of theckblcopolymer traps the
nanoparticles in the nanocomposite, when the dexmeaft the polystyrene grafted
silica is smaller than the domain size of the blookolymer. If the diameter of the
polystyrene grafted silica is comparable or higthem the domain size of the block

copolymer, the nanoparticles tend to aggregatenduhie microphase separation.

The considerations made in the case of the sigreparticles might be valid for the
pristine and the polystyrene coated MWGHNE®® with the lowest grafting density
(i.e.; PS/'MWCNTgus™): the nanoparticles do not show preferences tovitaed
polybutadiene or the polystyrene lamellae. Stgrfrom a homogeneous dispersion,
the carbon nanotubes are trapped in the block goplmicrostructure when the AS-

SBys microphase separate from solution. In the cast®PSs'MWCNTays /AS-
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SBys and the PS*MWCNTaws /AS-SBys nanocomposites, the situation could be
more complicated. The molecular weight of the g@@fpolystyrene was calculated
based on the weight loss and the initiator conetiotr at the surface of the carbon
nanotubes. These values are an average of the utalegeight distribution of the
corona chains; however, the molecular weight distion of grafted chains along the
carbon nanotubes depends on the location of thiatim moieties.’ In those places
where the molecular weight of the grafted chaind #re polystyrene chains in the
AS-SBy; fulfill a “wet-brush” situation, the favorable maction between the polymer
chains might induce the microphase separation ®fAt8-SBg in the vicinity of the
carbon nanotubes, taking the nanofillers as pattéon the shape of the lamellar
domains. The film prepared using the /£#BWCNTgus” showed that the
microstructure of the AS-SBis “partially” template by the nanofiller. In tlease of
the P$*°MWCNTgus, the molecular weight distribution of grafted afgalong the
carbon nanotubes seems to better match with thgstgodne chains of the block
copolymer. For this reason, the block copolymerrastructure copies the shape of

the carbon nanotube during the microphase separatio

The analysis given below could lead to the conolughat the dry-bush/wet-brush
reasoning can be addressed, taking into accoutapl® miscalculations regarding
the molecular weight of the grafted polymer; howewhe results obtained by
Thomas and co-workeéts on clay base nanocomposites might also lead to the
assumption that the aspect ratio of the nanopartichs an effect during the
microphase separation of the block copolymer. I weported that the clay grafted
with low molecular weight polystyrene chains iseabd template the microstructure

of the polystyrendlockpolybutadieneslockpolystyrene copolymer. The results are
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attributed to the good dispersion of the clay befibre microphase separation of the
block copolymer occurs, and for this reason theclbloopolymer microstructure is
aligned with the clay sheets. A similar situatioaswobtained in the case of graphene
sheet embedded in a polystyrdsieckpolyisopreneblockpolystyrene copolymer.

In the case of the MWCNiJ;s™ the shape of these nanoparticles makes enerdpetical
improbable that the block copolymer segregategpé#tcle in the disordered state or
during the microphase separatfSrzor this reason, the nanoparticles are trapped in
the block copolymer microstructure. If the nanojgles have certain affinity to any
of the blocks, the polymer chains might use théaserof the nanofiller to reduce the
energy associated to the microphase separatiomoutit necessity of chain
entanglements between grafted polymer chains amgdhymer chains of the block

copolymer.

5.2.3. Mechanical Properties of the nanocomposites

The results of the mechanical properties of theooamposites are not appreciably
superior to the ones corresponding to the prisfif8eSB,; as can be observed in
Table 5.2. The Young modulus is slightly lower file MWCNTsus /AS-SBys
nanocomposite compared with the block copolymee mhnocomposite containing
polystyrene grafted MWCNgys>® have Young moduli comparable to the one of AS-
SBye (within the experimental error), with slight immement in yield strengths. The
mechanical properties of such type of thermoplasastomers are known to depend
on the block copolymer morpholody®* The decrease of the elastic modulus in the
case of the MWCNgus>/AS-SBys can be caused by the disruption of the lamellar
microstructure of the block copolymer and the pload transfer between the filler

and the matrix. In the case of the nanocompositesed on polystyrene grafted
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MWCNTsws”, although the carbon nanotubes locally templates kmellar
morphology of the AS-SRB, the elastic modulus is not affected. The resuoiight
suggest that the concentration of pristine or pgteme grafted MWCNgus® used
does not influence considerably the microstructfréhe AS-SBg in a way that the
mechanical properties are governed by the fillemil&@r results have been found for
other nanocomposites prepared by film castfrf§>*Lu et al*? found that the tensile
strength does not improve in films based on linaaystyreneblockpolybutadiene-
blockpolystyrene and 3 wt % of MWCNT, and increasesiado30 % with 7 wt % of
MWCNT. They have also reported a moderate improvenmethe tensile strength of
the nanocomposites prepared by melt mixing. Thisab®r has been attributed to a
better dispersion of MWCNTSs in the block copolymeatrix and to the formation of
covalent bonds between labile points in the MWCM@ ¢&e radicals formed on the
polybutadiene block during the melt processingsirilar result has also been found
on the behavior in the case of poly(ether-estajtemers loaded with SWCNT and
MWCNT. In that case, it was also indicated thatitifeience of the nanofiller in the
morphology of the polymer matrix and the orientatiof the morphology of the

nanocomposite are related to the mechanical piep&ft

Table 5.2.Mechanical and thermal properties of the MWGNSFIAS-SBy¢ nanocomposites.

E oy E (25°C) E (90°C) T,

Sample
(MPa) (MPa) (MPa)? (MPa)? (°C)

AS-SBy 400 +20 13.3+0.3 709 12 98.8

MWCNTaus” / AS-SBs 370+ 10 13.4+0.4 577 18 99.1

PSAMWCNT gus” / AS-SBg 420+20 13.6 +0.3 665 21 100.7

PS'MWCNT gus™ / AS-SBs 400+30 13.7+0.1 685 19 101.1

PSZ'MWCNT gus”® / AS-SBs 420+10 13.9+0.3 650 21 100.4

a) Measured at 0.01 rad/s
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The stress-strain experiments were complementdd dymamical mechanical test at
different temperatures. The storage moduki} fheasured at 25 °C and 90 °C at a
fixed frequency can be also appreciated in Tali?e At 25 °C, the polybutadiene is
above itsTy while the polystyrene block is far below g The behavior of the block
copolymer at this temperature can be interpretesl @smbination of a rubbery phase
(polybutadiene) and a rigid phase (polystyrenek Tsults obtained on the storage
modulus at 90 °C are approximately one order ofmitade lower than at 25 °C. At
90 °C the polystyrene chains possess a higher myolbdcause the temperature of the
measurement is close to tfig of the polystyrene. Therefore, the chain relaxatd

the AS-SBg decreases compared to the experiments perfornizsl °al.

In the experiments conducted at 25 °C, the lowBstis given by the
MWCNTgws JAS-SBs nanocomposite. The results obtained from the géora
modulus at low frequencies are comparable to teriderobserved for the Young
modulus of the stress-strain experiments. As ajreadntioned, the decrease in the
elastic modulus and’ in the case of the MWCNgs”/AS-SBy,s nanocomposite
could be associated to the local disruption of Ewmellar domains during the
microphase separation or to unfavorable interachietween the nanofiller and the
matrix’* There are no considerable differences Bh within the polystyrene

functionalized MWCNEus”/AS-SBys nanocomposites.

The E" of the AS-SB;g is below the values obtained for the nanocomp®site90C.
Even though these experiments were performed bét@wvglass transition of the
polystyrene, the chain mobility of this block iretAS-SBg increases and the storage

modulus decreases dramatically. It seems thantirease in the chain mobility of the
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polybutadiene and the polystyrene blocks in the S&ps transfers more efficiently
the load applied to the pristine and the polystgrgrafted MWCNTEys™ than the
chain relaxation of the AS-$B at 25 °C, independently of the fact that the
microstructure of the AS-SBcan be affected by the nanofiller (see previouti@a).
The increase in th& can be also interpreted as a consequence of himical
affinity between the polystyrene block in the AS,SBNnd the graphite like structure
of the carbon nanotubes. This affinity is enhanadth the grafting of polystyrene
from the MWCNTws™. Therefore, one can assume that, as well asthéttstress-
strain experiments, the storage modulus in theseammposites depends not only on
the dispersion of the carbon nanotubes in the peiymatrix and the load transfer
from the nanoparticles to the matrix, but also te selectivity of the carbon

nanotubes towards one of the components of thé lsimgolymer®3*

5.2.4. Thermal properties of the nanocomposites

The presence of the functionalized carbon nanotulzes not have a remarkable
influence on the glass transition temperatdig ¢f these nanocomposites, specially
when compared to other systems. Thencreases approximately 1-2 °C with respect
to the AS-SBg matrix (see Table 5.2). The volume fraction ofbcar nanotubes in the
nanocomposites is too low to introduce a significaeasurable effect. There are just
a few examples that refer to changes in the glasssition temperature of
nanocomposites based on thermoplastic polymerscaritbn nanotubes. Wang and
co-workers reported that th&; of the poly(styren&o-acrylonitrile) copolymer
decreases with the addition of poly(methyl methiatey grafted MWCNTS, although
the polymer grafted has a high& and is miscible with the host matr.Other

systems report important incrementsTig of the polymer (up to 40 °C, in some

103



Chapter 5

cases). However, these increments are related cotlalent bonding between the
MWCNTSs and the polymer matricd%*’ or to a combination between surface affinity

of the MWCNTSs and the preparation of the nanocorigds*®

5.2.5. Morphology of the nanocomposites: behavior fothe carbon

nanotubes in the block copolymer under an applied eformation

The effect of the MWCNgus® on the morphology of the AS-SBwas further
investigated by simultaneous 2D-SAXS and stressrsanalyses. The orientation of
the morphology of polystyrengockpolybutadiene block copolymers has been well
described by experiments performed on pre-oriended unoriented film3/’
Representative 2D-SAXS patterns can be apprediatedjure 5.3. When AS-SBis
subjected to a continuous deformation as the orseribed in Figure 5.3, the
deformation of the lamellar domains can be desdriethe evolution of the SAXS
patterns: starting from a film consisting of randproriented lamellar grains, as
evidenced by concentric rings in the scatteringegpatand transmission electron
micrographs, the stretching of the film promotes tteformation of the ring to an
ellipsoidal shape with a compressed meridian an an expanded equatorial axis.
The ellipsoid fragmentizes with increasing strdorming a four point pattern that
further elongates parallel to the equator, leadiimglly to a diffuse scattering profile.
From the scattering profiles it can be corrobordted, during the first stages of the
deformation, the lamellae with their normal pardaitethe strain direction increase in
periodicity. The scattering maxima on the equat@ids do not change considerably,
which indicates that the lamellae with their nornpairpendicular to the straining
direction are rather unaffected by the deformatwocess. The four point pattern
found at higher strains is related with the tiltiofjthe lamellae with respect to the

strain direction. The further deformation of thienfileads to the fragmentation of the
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lamellar phases. At even higher deformations, thigspyrene layers fragmentize into

isolated domains in a rubbery polybutadiene matrix.

SAXS Detector

Beam

‘ 8 (%)

Figure 5.3.Representative sketch of the simultaneous 2D-SAXSSs-strain measurements.

The effect of the carbon nanotubes on the domaentation of the morphology of
the block copolymer was quantified through the sdcooefficient of the Legendre
polynomial @,, also called orientation factor), which is obtairfeom the scattering

intensity (4(¢))as a function of the azimuthal angi§*

o - 3(cos (¢)) -1 Eq. 5.1
2T 2

where

B
j |,(#) cog glsingldg
(cos g)=2—; Eg. 5.2
[1.(@)singdg

The orientation factor versus the strain for thiéedent nanocomposites is plotted in

Figure 5.4. The integrations of the scattering ipgefwere performed between= 90°
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andg = 270° in order to avoid any distortion causedtiny beamstofy’ It can be
observed that, for all the nanocomposites as wellfaa the neat AS-SB the
orientation factor of the sample increases in tingt Stages of deformation, then
decreases and reaches values close to 0. The beb&l} is associated to the degree
of orientation of the copolymer phases induced byezgternal stimulus. During the
first stages of deformation, the periodicity of thenellar domains increases and this
is traduced as an increase . With the deformation of the film, the lamellar
domains deform in a “zigzag” or “herringbone” stwe (also known as “chevron”
morphologyj’ which is related with the maximum orientation a&seid by the
copolymer. The decrease i is associated to the loss in domain periodicity ttue
the fragmentation of the polystyrene lamellae ndoroains that are randomly

dispersed in the polybutadiene matrix.

0.14 [
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Figure 5.4.Orientation factorR,) versusd (%) for the different MWCNEys”/AS-SBy
nanocomposites.

In the case of this study, the effect of the MWGNZ on the orientation of the
block copolymer is taken into account until the maxm P, is reached. The plots of

P, versus strain &) presented in Figure 5.4 show that the sample
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PS1*®MWCNTaws /AS-SBys reaches the highd?, followed by the values reached
by PSAMWCNTeus™/AS-SBy, AS-SBgs, PSo'MWCNTeus™/AS-SBy and
MWCNTgus JAS-SB. This behavior could be related with the influerafethe
carbon nanotubes on the development of the Ag-8Brphology. In the case of the
nanocomposite REMWCNTgus”/AS-SB, the TEM showed that the carbon
nanotubes are able to template the morphology efotbck copolymer (see Figure
5.2(e)). The lamellar microdomains in the proximifya P$:*’MWCNTgus” might
be in consequence relatively longer and more reghkn in the other cases. Then,
when the sample is deformed, the lamellae clogaed$:*’MWCNTgus™ tend to

orient according to the straining direction. Thisreases the value B$.

On the other hand, the TEM images showed that #rboo nanotubes in the
MWCNTaws /AS-SBys films bisect the lamellar domains of the block agmer

(see Figure 5.2(b)). These carbon nanotubes miwgnge the distribution or size of
the lamellar grains of the nanocomposite compaoeithé overall morphology of the
neat block copolymer, and might be the reasonHerfact that the orientation factor

in this case is even lower than in the block copy:.

The maximumP, obtained for the P§MWCNTgws /AS-SB,; hanocomposite is
higher than the one obtained for MWCHE>/AS-SBy but inferior than the value
obtained for AS-Sk. The orientation factor obtained for the blendaesn AS-SBs
and P$/'MWCNTgus™ is slightly higher than the corresponding one A®-SBy.
The behavior of these two nanocomposites, i.e7g'M8VCNTgus”/AS-SBy and
PS " MWCNTaws /AS-SBy, is influenced by the content of polymer grafteont

the carbon nanotubes and the chain density. Itdbe of the RS"MWCNTgys™” it
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can be interpreted from the low maximum value efRhthat the interaction of these
carbon nanotubes with the polymer matrix is nofaa®rable as in the case of the
carbon nanotubes with higher grafting density, giothe molecular weight of the
grafted polymer is considerably higher than indWCNTgus”, which would have

enhanced the chain entanglements with the polystyohain of the AS-SB From

the transmission electron micrograph it appeardyikhat the block copolymer is able
to favorably interact with the RE'MWCNTgus™ but the nanofiller is not able to

template the morphology of the block copolymer (Segire 5.2(c)).

In order to understand the effect of the defornmaba the orientation of the carbon
nanotubes, the film morphology was analyzed afterstress-strain experiments. The
TEM images of the MWCNgys /AS-SBys and the PS°MWCNTgus /AS-SBys

nanocomposites after the fracture of the films loarmbserved in Figure 5.5. It seems
that, at higher strain levels, the carbon nanotubed to lay perpendicular to the
strain direction in the nanocomposite containing:PBWCNTgus” (Figure 5.5(b)).

On the contrary, in the case of the MWGINE/AS-SBy, the carbon nanotubes are

randomly oriented (Figure 5.5(a)).
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Figure 5.5.Transmission electron micrographs of (a) MWGNFYAS-SB, (b) and (c)
PS> MWCNTgus /AS-SB;; after the stress-strain experiments. Ultra thits ewere
obtained from the films embedded in an epoxy relie samples are not stained. The arrows
indicate the direction of the applied deformation.

If the alignment of the carbon nanotubes is assusseat continuous process that starts
from homogeneously distributed §8MWCNTgys”, the preferential orientation of
the P$°MWCNTgws”> might account for the higP, maximum during the first

stages of the deformation. A model of this prodsssketched in Figure 5.6. The
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grafted polystyrene chains and the polystyrenekbticthe block copolymer form a
continuous phase next to the carbon nanotube. Wititeemanocomposite is strained,
the polymer chains try to align with the directiohthe applied deformation. The
chains grafted from the BE&MWCNTgus” also orient parallel to the strain
direction. As a consequence, the carbon nanotubasge perpendicularly to the
direction of the deformation. The perpendicular eotation of the

PS1*®MWCNTgws” in the block copolymer matrix might account fore tipoor

reinforcement of the nanofiller observed during thechanical stress-strain or the

dynamical mechanical experiments.

(b)

Figure 5.6. Sketch of the deformation process of theg,PFWCNT/AS-SByg
nanocomposites (a) before and (b) after the ss@ess experiments.

5.3. Conclusions

Nanocomposites based on as received MWGNT or polystyrene grafted
MWCNTgus> and AS-SBg were prepared by solution casting. The increastnén
grafting density and molecular weight of the pojyshe grafted from the
MWCNTgus” were observed to influence the morphology of th8-$8s. The

highest influence was found in the case of the;MWCNTgus JAS-SBys, Where

the P$:*°MWCNTgys templates locally the lamellae morphology of th®-8Bs,
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so that the lamellae resemble the contour of thg’®BNCNTgus . The mechanical
properties of the block copolymer do not appregiabiprove with the presence of
the carbon nanotubes. The storage modulus at Hligktly increases in the case of
the polystyrene grafted MWCNis®™ based nanocomposites due to a better load
transfer between the block copolymer and the fonetfized carbon nanotubes. The
PS”°MWCNTgys™ increases the orientation factor of the ASxSHDue to the
polymer coating, the RE°"MWCNTgws™> aligns perpendicular to the strain direction
when the film is deformed. The results presentegk ldemonstrate that the local
orientation of nanofillers in an external field (e mechanical force field) can be
controlled by variation of the interaction betwewmofiller and matrix. While in this
study only the degree of polymerization and the/per grafting density were varied
in order to compatibilize the nanofiller with a gian matrix by entropic effects, also
specific enthalpic interactions can be envisioned duch purposes, like hydrogen

bonds, donor acceptor complexes, ionic interactietts
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Chapter 6. Block Copolymer Nanocomposites based dMWCNT %
Effect of the Functionalization of the Multiwall Carbon Nanotubes
and the film preparation on the Morphology and Properties of the

Nanocomposites.

6.1. Introduction

The dimension of the fillers has a strong influencéheir properties. Increase in the
thermal transport or the mechanical propertiesolserved when micron size fillers
are compared with their nanometer size analogéirs the case of carbon nanotubes,
beside the number of walls, the dimension and ¢lgelarity of the spcarbon atoms
strongly influence their propertiés.Despite the benefits of the nanoparticles
(including carbon nanotubes), their larger surfec@olume ratio produces a strong
state of aggregation within the particles. In thesise, different strategies have been
used in order to homogeneously disperse the natidparin solvents and especially

in polymer matrices. Some of these strategies baee discussed in chapter 2.

Of particular interest is the dispersion of MWCNifsblock copolymer matrices,
especially if the carbon nanotubes have favorahbteraction with one of the
microdomains. In the previous chapter, block copmy nanocomposites based on
AS-SBys and MWCNTys” were prepared by film casting. The morphologyrrite
and mechanical properties were discussed as aidanof the polystyrene grafted
content and the grafting density. It was found thatcoated MWCNgys™ s with the
higher polystyrene grafted content and graftingsttgrtemplate locally the lamellar

morphology of the AS-SE.
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In this chapter, films of oxidized or polystyreneafjed MWNCNT-c° and AS-SBg
prepared at different casting temperatures areestudParticular attention has been
paid during the preparation of the nanocompositesyder to avoid the presence of
aggregates that could be formed during the syrdh@sihe functionalization of the
carbon nanotubes. The effect of functionalizatidntie MWNCNT=c® and the
casting temperature on the morphology, the mechhait the electrical conductivity

properties of the AS-SiBnanocomposite will be discussed.

6.2. Results and Discussion

The nanocomposite films were prepared by film castPrevious works has reported
that the dispersion of carbon nanotubes in polymarices depends on the method of
preparation of the nanocomposite. Homogeneous wdigwe of pristine and
functionalized carbon nanotubes in polymer matribes been obtained through
different methods which includes calendartngonicatior, melf® or high speed

mixing.*%*2

6.2.1. Characteristic of the carbon nanotubes aftethe oxidation and the

grafting from polymerization reactions

In this work, the carbon nanotubes were dispersethioroform and then separated
by centrifugation, previous to their blending wihS-SBy,;. The experimental

procedure is sketched in Figure 3.7. This procetha® adopted in order to decrease
the quantity of carbon nanotubes bundles before pneparation of the

nanocomposites. After the centrifugation step, supernatant dispersions were
carefully separated, filtrated and dried. The carb@notubes obtained from the
supernatant dispersion could be redispersed inrafolon (or toluene) and formed an

optically homogeneous and stable dispersion, atieing for a few minutes. The
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guantity of the carbon nanotubes recovered fromstygernatant dispersion varies
with the functionalization of the carbon nanotubEse recovery values can be seen in
Table 6.1. In chapter 5, the carbon nanotubes lem@&8-SBswere centrifuge before
the film casting. This procedure sediments carbanotubes aggregates but also
traces of AS-Sk remains in the centrifuge tubes, which lead t@anaacies on the

final composition of the nanocomposites.

Table 6.1.Molecular and thermal characterization and recpaéter the centrifugation
of the dispersed nanoparticles of the acid treatetpolystyrene grafted MWCNZ™

o/a’ PS M,S Ty > recovery
(chains/nn?) (wt %) (kg/mol)* (°C)  (wt %) b
XIMWCNTE” -- -- -- n.a. 3.0
PS/ZMWCNTR 0.20 14.1 2.2 - 6.5
PSS MWCNTY 0.65 85.2 24.0 108.8 96.0

a) obtained from the TGA analysisb) recovery = (mass of the MWCNT dispersed
in chloroform after ultracentrifugation/total masg MWCNT) x 100; n.a. = not
applicable

Chloroform was selected because it has a relaiiye density (1.48 g/ci.** When
the pristine MWCNTE:"s are stirred in chloroform, the nanoparticle aggtes go to
the surface of the chloroform after the stirringsispped. If the dispersion of pristine
MWCNTe is centrifuge, the carbon nanotubes form a comiggetr at the bottom
of the centrifuge tube that can be removed with b of a spatula. It was not
possible to recover a quantifiable amount of prstiMWCNT® from the
supernatant dispersion. On the contrary, a smahtity of the®MWCNT:"® has
been recovered from the supernatant dispersion @aéecentrifugation (Table 6.1).
Infrared spectroscopy analysis has shown that; tfeeoxidation of the MWCNL>®
with nitric acid, phenol and ester groups are fatmEhe oxidation treatment leads
also to the degradation of amorphous carbon aralysatremaining, as well as the

disaggregation of carbon nanotubes ropes or bun@es chapter 4). The
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disaggregation of the carbon nanotubes improves thspersion in chloroform;

however, most of th&“MWNCNT:” sink after centrifugation.

Higher recovery yields were obtained in the cas¢hef MWCNT=c” grafted with
polystyrene. The quantity of carbon nanotubes rexx/ from the supernatant
increases with the grafting content and the mo&cwkight of the polystyrene. The
qguantity of carbon nanotubes recovered doubles aihe corresponding to the
IMWCNTE® when 14 % wt of polystyrene with approximately X@mol are
grafted from the MWCN{". In the case of the RE'MWNCNT:, the quantity of
carbon nanotubes recovered is almost the compheteiiat dispersed in chloroform.
The increment in the polymer grafting content anel tmolecular weight makes the
carbon nanotubes more stable in organic solverts. Was previously discussed in

chapter 4, as well as by other research groups.

The centrifugation process aggregates and sedinegiey/heavy particles and leave
small/light particles in the dispersion. In the easf the carbon nanotubes, the
large/heavy particles should correspond to largafnébundles and the small/light
should correspond to small/light bundles or isalatarbon nanotubes. The low
recovery values of the sampt&"MWCNT:>® suggest that the dispersion is mainly
composed of large/heavy ropes of carbon nanotibmsever, the centrifugation may

lead to the aggregation of already dispefS8MWCNTc>°.
The oxidation of the MWCNA® probably does not avoid the coalescence of the

carbon nanotubes due to the strangstacking interactions within graphite layers. In

the case of the MWCNE® grafted with polystyrene, on one hand, the in@asghe
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weight percentage and the molecular weight of thigrper avoid coalescence of the
carbon nanotubes during the centrifugation; onother hand, the grafting of polymer
from ropes or bundles of carbon nanotubes may aseréhe dispersibility of the

aggregates. These aggregates might have remairted supernatant dispersion after

the centrifugation.

6.2.2. Optical dispersion of the carbon nanotubesiithe nanocomposites:
effect of the fractionation of the carbon nanotubesand the casting

temperature
A fractionation of the carbon nanotubes was peréatiim order to avoid the presence
of aggregates in the film. Though, reaggregationtled carbon nanotubes was
evidenced upon solvent evaporation. For comparigégure 6.1 shows optical
microscope images of films containing 0.1 wt %led tarbon nanotubes, prepared at

different casting temperatures.

The optical micrographs clearly show the formatdrmggregates on all the cast film,
however, some differences on the dispersion ofetlaggregates as a function of the
casting temperature can be addressed. Even théwgHigpersions in toluene look
homogeneous before the film is cast, aggregatesfareed during the solvent
evaporation. Within the resolution of the opticatrmascope, the films with the best
dispersion of aggregates are the ones preparedP&thi*MWCNT:", followed by
the PSMWCNTe® and the®™MWCNTE. The dimensions of the aggregates
observed in the nanocomposites containingsIWCNTEc” are on the order of 1
to 2 um. These films are translucid to the nakeel @&yd the aggregates are hardly
identified. In the case of the samples prepareti ®&,’MWCNTg®, agglomerates

from 1 um up to 100 um are observed. These agg®gate homogeneously
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distributed along the films. In the case of thenfil containing®MWCNT:C,
macroscopic aggregates (up to 1 mm) are randorstyildlited in the AS-SB. These
results are similar to the fractionation experinrsedescribed above: the better the
affinity between substrate (AS-&3 and carbon nanotubes, the better the quality of

the dispersion of the nanopatrticles in the polymer.

The quality of the dispersion can be controlled ibgreasing the temperature of
casting. The films cast at 60 °C presented more lagder agglomerates than the
films cast at 90 °C. This can be attributed to dlggregation of the nanoparticles in
time: whereas the solvent is completely evaporafest approximately 30 minutes at
90 °C, the evaporation at 60 °C took approximafiéyhours. Therefore, the rate of
evaporation as well as the affinity between théb@arnanotube and the polymer

matrix determine the quality of the dispersiontia hanocomposite.
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Figure 6.1.Optical microscopy images of the 0.1 wt % carbanatubes films prepared at
different casting temperatures: (a), (b) and{@Y\WCNTYAS-SBg; (d) and (e)
PSS, MWCNTYAS-SBy, (f) and (g) PS**MWCNTYAS-SB;. The casting
temperatures are indicated on the images. Scake Papm.
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6.2.3. Thermal properties of the nanocomposites
Changes on the glass transition temperatlige ¢f the AS-SBg have also been
observed as a function of the casting conditiorge flesults obtained from the first
heating run of the samples are presented in Tal@de The Ty of the polystyrene
microphase of the AS-SBfilm cast at 90 °C is approximately 10 °C highean the
value obtained after the casting at 60 °C. The rs#¢deeating run (after erasing the
thermal history of the samples) showed glass ttiansi between 100 °C and 104 °C,
independent of the carbon nanotube, the composiimhthe preparation method of

the films.

Differences of theTy of the polystyrene microphase were obtained atsotlie
nanocomposites as a function of the casting teryoeralt can be observed that the
Ty of the polystyrene phase of the nanocomposites aa®0 °C has a sharper
transition, compared with the sample cast at 60wkich is broader. In the case of
the films prepared at 90 °C, tiig of the nanocomposites are slightly shifted to argh
temperatures compared with the AS,§HB he samples containing 0.1 wt % of carbon
nanotubes presented the highggsof the nanocomposites. This can be related with a
better dispersion of the carbon nanotubes in thekbtopolymer and the favorable
interaction between the stiff carbon nanotubesthagolystyrene chains in the block
copolymer. This effect is pronounced in the cas¢hefnanocomposite based in 0.1
wt% PSS MWCNTE®. The T, decreases in the samples containing 0.5 wt % of
carbon nanotubes. The increase of the quantity asbon nanotubes favors the
aggregation of the particles and hinders their ngxiwith the polystyrene

microphases in the block copolymer.
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Table 6.2.Glass transition temperatures of the polystyreimeaphase of the AS-SBand its
nanocomposites.
Tcasting =60°C

1% run 2" run

Sample T, (°C) T4 (°C)

AS-SBy 93.1 103.6
0.1 wt% PS>*MWCNT®/ AS-SBs 88.7 108.6 103.8
0.5 wt% PS**MWCNTr® / AS-SBs 91.8 104.3
0.1 wt% PSMWCNT® / AS-SBy 93.4 103.6
0.5 wt% P$MWCNTr/ AS-SBs  90.9 107.5 104.9
0.1 Wt% ™ “MWCNTr? / AS-SBs 92.8 101.9

0.5 Wt%™XIMWCNT?®/ AS-SBs 90.4 105.7 104.1
Tcasting =90°C

1% run 2" run

Sample T, (°C) T4 (°C)

AS-SBy 103.1 104.2

0.1 Wt% PS>*MWCNT / AS-SBy 106.3 103.5
0.5 wt% PS**MWCNTr® / AS-SBs 104.5 103.8
0.1 wt% P$MWCNTR / AS-SBys 107.7 104.1
0.5 Wt% PSMWCNT® / AS-SBs 106.3 104.6
0.1 Wt% ™ MWCNT:® / AS-SBs 105.3 100.4
0.5 Wt% ™ “MWCNTr? / AS-SBs 104.3 104.7

The Ty of the polystyrene microphase in the nanocompesiepared at 60 °C
presents an unusual behavior. The DSC curves pomdsg to the first heating runs
for the films prepared at 60 °C are presented iguie 6.2. In the case of the
nanocomposite that contaif&MWCNT, the Ty increases approximately 10 °C
with 0.5 wt % of filler, however, this value is ide the broad transition of the AS-
SBys. No changes were observed in the case of the nammmsite containing 0.1 wt
% of PS/MWCNT? and 0.5 wt % of PE'MWCNT:. On the contrary, two

Ty's were observed for the films having 0.5 wt % &PMWCNT:® and 0.1 wt %

of PS*MWCNTRS™. The first transition is located in the range fué T, of the AS-
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SBys and the second at approximately 10 °C higher thanfirst one. These two
transitions could indicate the existence of twoiorg in the nanocomposite, one
dominated by the AS-SB and another where the polystyrene chains in tbekbl
copolymer and the carbon nanotubes have favoratdeactions as the one explained
in chapter 5, increasing the glass transition efgblymer due to the presence of the

stiff nanofiller.

——AS-SB,

—— 0.1 wt% *“MWCNT,_* / AS-SB,,
0.5 wt% ““MWCNT__* / AS-SB,
0.1wt% PS,,'MWCNT, */AS-SB,,

——0.5wt% PS,,‘MWCNT,_ */AS-SB,,

——0.1wt% PS_*MWCNT_*/AS-SB,

——0.5wWt% PS_“*MWCNT_*/AS-SB,

ENDO UP

6

6

Heat Flow (mW/mg)

0.05

50 60 70 80 90 100 110 120 130 140

Temperature (°C)
Figure 6.2.Differential scanning calorimetry scans (firsatieg runs, 20C/min, N,) of the
nanocomposites films prepared at 60 °C.
6.2.4. Morphology of the AS-SBs : effect of the casting temperature
The difference in the glass transition temperatafethe AS-SBg's could be
consequence of the block copolymer morphology after microphase separation
from solution. Selected transmission electron ngwaphs of the AS-SB as a
function of the casting temperature can be observé&igure 6.3. The AS-SBhas a
lamellar morphology independent of the casting terajure. However, the
polystyrene lamellar thickness distribution presesdme peculiarities as a function of
the casting temperature. The polystyrene lamelfdabe film cast at 60 °C presents a

typical Gaussian distribution centered at 20.5 & Am. The lamellar thickness
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distribution of the block copolymer cast at 90 Hows a bimodal behavior. There are
two populations of lamellar thicknesses of the kloopolymer, one centered at 20.2
+ 0.2 nm and a second located at 15.6 + 0.3 nns 3hggests that the morphology
formed in this case is farer away from the equililor morphology than in the case of
the films casted at 8C. The presence of two lamellae populations indsahat the
morphology of the AS-SRB cast at 90 °C is more disordered than in the oaske
film prepared at 60 °C. The faster casting of A& SB,; may have lead to regions
where the polystyrene and the polybutadiene chaieie not able to completely
separate in microphases during the solvent evapor@infortunately, these regions
are difficult to identify in the transmission elemt micrographs). Therefore, the
polystyrene lamellar domains are less isolated feach other and, as a consequence,
the glass transition temperatures are located atpdeatures typical for the

homopolymers.
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Figure 6.3. Transmission electron micrographs (stained witlog)8lack; polybutadiene,

gray; polystyrene) of the AS-$Sg8cast at (a) 60 °C and (b) 90 °C. Ultra thin sextiwere
obtained at approximately -12C. Scale bar = 200 nm. (c) Lamellae thicknessidigion of

the AS-SB;s at the indicated casting temperatures. The solas lare the Gaussian
distribution estimations of the lamellae thickness.
6.2.5. Mechanical properties of the nanocomposites

In addition, it is known that the mechanical prajgsr of these particular block
copolymers depend on the chain architecture, thghetogy of the block copolymer,
and the preparatiof?:*® The presence of a mixed phase between polybugdied
polystyrene and a lamellar population of thinnéckhess may affects the mechanical

performance of the block copolymer. The casting perature has a negative

influence on the properties of the block copolynmidre results from the mechanical
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tests can be appreciated in Table 6.3. The elasiatulus and the elongation at break
of the neat AS-SB cast at 60 °C increases approximately 14% and 12%,

respectively, compared to the film prepared at®0 °

Table 6.3.Mechanical properties of the nanocomposite as etifumof the casting

temperature.
Tcasting = 60°C
E Op €p
Sample
(MPa)  (MPa) (%)
AS-SBys 590+20 22+2 37040

0.1 Wt% ™ IMWCNTE®/ AS-SBs 610+10 21+1 320+20

0.5 Wt% ™ MWCNTe?/ AS-SBs 640+30 20+1 320+ 20

0.1 wt% P$MWCNTr®/ AS-SBs 580+30 21+2 370+40

0.5 Wt% PSMWCNT®/ AS-SBs 630+10 19+1 320+20

0.1 Wt% PS**MWCNTE®/ AS-SBs 580+10 21+1 340 +50

0.5 Wt% PS"*MWCNT® / AS-SBs 58020 17+1 260 + 60
Teasting = 90°C

E oy &p
Sample
(MPa)  (MPa) (%)
AS-SBys 510+20 20+2 33050

0.1 Wt% ™ MWCNTe?/ AS-SBs 530+30 19+3 300+ 70
0.5 Wt% ™ “MWCNTe?/ AS-SBs 580+30 16+4 200 + 100
0.1 wt% PSMWCNT®/ AS-SBs 500+20 20+1 360+ 30
0.5 Wt% PSMWCNT®/ AS-SBs 540+20 18+2 300+ 70
0.1 wt% PS**MWCNTr®/ AS-SBs 480+20 19+1 370 +40
0.5 Wt% PS**MWCNT® / AS-SBs 520 +10 18+2 270 +50

The results corresponding to the mechanical prgseof the nanocomposites are also
given in Table 6.3. It can be observed that thetelanodulus of the nanocomposites
slightly improves in a few cases. The elastic modun the AS-SR reinforced with

0.1 wt % of polystyrene grafted MWCNZ® does not change, no matter the

temperature treatment.
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The yield strength and the deformation at yield areund 14 MPa and 7 %,
respectively, independent of the sample studiesu(i® not shown). The behavior of
the AS-SBg at the yielding point depends on the sample peger. For example,

according to the literature, samples prepared Ipction molding form neck and

break at relative low deformation strains during ttensile test while samples
prepared by solution casting do not form neck dreddiongation at break is clearly
larger than in the former case. Both samples hanellae morphology, but in the
case of the injected block copolymer, the lame#iee oriented in the flow direction,
while in the solvent cast case the lamellae ardawanty distributed? It seems that in

the present case the carbon nanotubes do not #feedeformation mechanism of the

block copolymer.

The elastic moduli of the AS-SBreinforced with 0.5 wt % of the nanofillers presen
some differences depending on the casting temperatihe nanocomposites
containing 0.5 wt% of ““MWCNT:"® and 0.5 wt% of PS'MWCNT:C® cast at 60
°C and 90 °C bear the major increase in Young malabmpared to the AS-S8
No variations on the elastic modulus of the samp&s**MWCNTe"YAS-SBy
were observed. The dispersion of the carbon napstuh the AS-SE is of
paramount importance to understand these behadaesining electron microscopy
images are presented in Figure 6.4. For a betatiiccation of the carbon nanotubes
using the microscope, images were taken to the lsgngontaining 0.5 wt % of the
nanofiller, however, similar conclusion regardinige t dispersion can be made
independent of the composition. The micrographswsidoan improvement of the
dispersion of single carbon nanotubes (isolatedpanicles) with the increase of the

casting temperature and the polystyrene conterthenMWCNT-c>°. The size and
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concentration of aggregates of carbon nanotubeeases with the increase of the
casting temperature. These observations are iregnet with the ones made on the
macroscopic aggregates observed by optical micpysda the case of the samples
with 0.1 wt % of oxidized or polymer grafted MWNCNF®, although agglomerates

are present, especially in the nanocomposite basate”™MWCNT:", their size

or concentration do not have an effect on the elbag at break.

As can be seen from Table 6.3, the increase of hwaigntent of carbon nanotube
decreases the elongation at break; especiallyhimisamples containing 0.5 wt % of
MAIMWCNT® and PS*MWCNTeC®. The optical and scanning electron
microscopy images showed marked differences ofdibpersion of aggregates or
isolated carbon nanotubes in these samples. Fomam®composites containing
HAMWCNTEC, it is clear that the presence of macroscopic aggregates causes
the elongation at break of the sample to decreamenatically. In the case of the
nanocomposites prepared withsB8MWCNTE®, the decrease on the elongation at
break might be due to aggregation of the nanopestiduring the grafting reaction,
caused by coupling reactions between grafted palyadicals. These nanoparticles
are difficult to separate during the centrifugatisecause of the crosslinked corona
polymer chains. Another explanation could be thhe tdeformation of the
nanocomposites containing £SMWCNT® follows a microvoid formation
mechanism in the surrounding of thegB$IWCNT:® aggregates, due to a low
cavitation stress of the polybutadiene phase coedpaith the polystyrene phase and
the carbon nanotubes. This mechanism was descopedichler and co-workef8

for a similar block copolymer with polystyrene inslons. This mechanism is
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possible if the interface between the carbon ndmestiand the block copolymer are

intimately interconnected.

Figure 6.4.Selected scanning electron micrographs of thegayiw fracture cross sections of
the 0.5 wt % carbon nanotubes/AS,sHms prepared at different casting temperatuaks:
and (b)™MWCNT; (c) and (d) PS?MWCNT; (e) and (f) PS2MWCNT; The
casting temperatures are indicated on the images.

Surprisingly, the nanocomposites with the poorespeatsion presented the higher

values of the elastic modulus. The increase in Yloeng modulus of polymer
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composites depends on the load transfer of théoreement to the matrix. It seems
that the aggregates of carbon nanotubes can trahsféoad more efficiently than the
dispersed carbon nanotubes. A more detailed asakgarding the dispersion quality
and the load transfer of the polymer coated carmmotubes in homopolymers and
block copolymers is necessary, and a broader spectf mixing conditions and

carbon nanotubes loadings have to be considered.

The grafting of polystyrene from the surface of tterbon nanotubes seeks to
promote a favorable interaction between the naniopes and the polystyrene
microdomains in the AS-SB besides the improvement in the dispersion of the
nanoparticles during the casting of the films. Tedective reinforcement of the
polystyrene microdomains in the block copolymerntgmeed to increase the strength
of the AS-SBg without decreasing its elongation, which is dorteda by the
polybutadiene microphase. Surprisingly, although #longation at break of the
nanocomposites based in the polymer coated MWGNBre relative higher than for
the “IMWCNTe, the elastic moduli of the nanocomposites are vbethe

theoretical predictions.

6.2.6. Morphology of the nanocomposites: effect de carbon nanotubes

in the block copolymer microstructure
The selective incorporation of nanoparticles in tierophase of a block copolymer
results from the interplay between the selectivfythe nanoparticle towards one
microdomain (this represent an enthalpic barriny the relation between the size of
the nanoparticle and the size of the microdomdiis (epresents an entropic barrier).
The selective incorporation of nanoparticles inleck copolymer domain has been

observed for sphere like nanoparticles when theydaectly synthesized within one
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domain of the block copolymer matfA%?* or by direct blending of the block
copolymer with surface functionalized nanopartidlest have certain compatibility

with one microdomain.

The high aspect ratio, the irregular shape, andghdency to aggregate make more
complicate the inclusion of the carbon nanotube®ne microdomain of a block
copolymer. Heretofore, the synthesis of carbon hées in one microdomain of a
block copolymer matrix is impossible due to the dibons necessary for the
synthesis. The only example reported in the litgemtregarding the selective
sequestering of a polymer grafted carbon nanotirbaslock copolymer matrix was
reported by Park et &1, however, as it was previously described, no furthe
conclusions or comparison can be made becausetacotithe functionalization of

the carbon nanotubes and the blending conditioms described.

In the last chapter the influence of the,PMWCNTgus” in the morphology of the
AS-SBy; was described. The RBEMWCNTgus™s were able to “locally” template the
lamellar morphology of the AS-SBduring the casting of the films from solution.
This template effect is similar to the one desaiba the case of surfactant
functionalized SWCNT#® and for other high aspect ratio nanoparticles dka?’?®

or graphene sheétdn linear block copolymer matrices.

As in the case of the MWCNis™, the diameter of the MWCNE® is comparable
to the lamellar thickness of the polystyrene in 8 SBy;. while the length of the
MWCNT" is several orders of magnitude larger than theradimmain size. The

TEM images of the different nanocomposites can fygrexiated in Figure 6.5. The
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behavior of the®™MWCNT is similar to the one obtained for the pristine

MWCNTgws”, the carbon nanotubes are not selective to thesgyoene neither to the

polybutadiene.

£

.,

Figure 6.5. Transmission electron micrographs (stained witlog)8lack; polybutadiene,
gray; polystyrene) of the 0.1 wt % carbon nanot{ABsSB;¢ films prepared at different
casting temperatures: (a) and PMWCNTL; (c) and (d) PSZMWCNT; (e) and (f)
PSZ'MWCNTL. Ultra thin sections were obtained at approxinyat&20°C. The casting
temperatures are indicated on the images. Scake »a® nm.
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The optical and scanning electron microscope images shown a better dispersion
of aggregates and isolated PBIWCNT: in the AS-SBg compared with the
XIMWCNTEC” due to the polymer coating. Though, no selectiveraction with the
polystyrene lamellar microphases is observed, isgedsion of the PMWCNTc”

is similar than the®™MWCNTEe” in the TEM images. This behavior could be
understood as a consequence of the relative lovecular weight, grafting content
and grafting chain density of the polystyrene ia B8, MWCNT:" (see Table 6.1),
compared with the nanocomposites based on,/BRBVCNTsys” and
PS¢'MWCNTgws™ presented in chapter 5, where the higher molecwieight,
grafting content and grafting chain density of tphelymer coating favors the

interaction of the carbon nanotubes with the pghgste lamellar microphase.

The increase in the concentration of initiator amweld to the surface of the
MWCNTg" leads to grafted polystyrene chains with highetemaar weight (under
the experimental conditions described in chapter & is the case of the
PSs'MWCNT®. The TEM images of the nanocomposites based on
PS> MWCNT? (Figure 6.5(e) and (f)) showed that the carbononares are
surrounded by the polystyrene microphase of theSB&: This demonstrates that,
compared with other types of nanofilfé’ the characteristics of the polymer coating
at the surface of the carbon nanotubes is an impbractor for the favorable
interaction of the nanofiller with the AS-%8 However, the “local” template effect
on the morphology is not observed, as in the cds¢th® PS°MWCNTgvs™
presented in chapter 5. The content and the maeaukight of the polystyrene

grafted from the P§“MWCNT and the P§*°MWCNTgys™ are comparable, but
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the grafting chain density of the former is approaiely 4.5 times lower. The
grafting chain density is an indication of the dimition of the polymer chains along
the carbon nanotube. In the case of thg PWCNT:" the polymer coating is may
be less regular than in the case of the.P¥BWCNTgus™. This difference could lead
to lesser chain entanglements between the coraiaschnd the polystyrene blocks in
the AS-SBe, which induces the inclusion of the carbon nanetulithin polystyrene
lamellae but not the template effect observed vtherP$;*°MWCNTgys > was used
(Figure 5.2(e)). The morphology of the nanocomobitsed on RE*MWCNTc”

is comparable to the image obtained withdWCNTgws> (Figure 5.2(d)). If the
intrinsic characteristics of the carbon nanotubes aot heavily considered
(MWCNTeS® vs. MWCNTsws™), these results demonstrate that for the selective
interaction between the carbon nanotubes and oo®phase of a block copolymer it
is necessary to control not just the molecular Weaf the grafted polymer but also

the grafting chain density.

6.2.7. Electrical properties of the nanocomposites

The electrical properties of the nanocomposite dilmave been studied by means of
the AC conductivity. The increase in the electricahductivity of a polymer due to
the incorporation of conductive fillers dependstbe aspect ratio of the filler, their
interaction with the polymer host and their disfershroughout the sampfleFigure
6.6 shows log-log plots of the specific AC conduties as a function of the
frequency for the different nanocomposites. In Feg6.6(c) the average values at a
frequency of 1 MHz can be appreciated. The behavibained for the AS-SB is
typical for a dielectric material, where the ela&l conductivity increases linearly

with the frequency.
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Figure 6.6. Electrical conductivities measurements of the sampbntaining (a) 0.1 wt% and (b)
0.5 wt% of the different functionalized MWCNZ®. (c) Electrical conductivities at 1 x 18Iz,
filled points indicate the films casted at 8D, contour points represent the films casted £t®0

As can be observed in Figure 6.6, values wher@dnecomposites can be considered

as electrical conductors (3L0° S/m) were not obtained among the samples studied:;

however, electrical conductivity values reachingcptation transition regions were

obtained. The AC conductivity at the percolaticengition region is equal to the DC

conductivity up to a characteristic frequency, abevhich the conductivity linearly

increases with the frequen®y.Variations in the electrical conductivity of the

nanocomposites were observed depending of the ifunadization of the carbon

nanotubes.
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The electrical conductivity showed a discrete warawith the temperature of the
casting just for the case of the samples contaififignt % “MWCNT™. In this

sample, the decrease of the casting temperatu@d t&éC increased the electrical
conductivity in approximately one decade with resge the sample prepared at 90
°C. In both cases, the electrical conductivity bé thanocomposites is below the
percolation threshold. For this reason, the disciatrease could be related with

negligible differences regarding the dispersiothefcarbon nanotubes in the film.

If the nanocomposites with nanofiller content ofi Gwt % are considered, the
nanocomposites based onPBIWCNT:"® showed an increment of 2.5 decades on
the electrical conductivity compared to the AS;SBThis is the highest value
obtained among these samples. The formation ofreolagion network is a three
dimensional event. For this reason, the theorikde® on this matter are developed
considering the volume fraction of the filler inethost matrix. Though, the volume
of the carbon nanotubes is difficult to measure doethe difficulties of the
determination of the exact dimensions and the pessef defects on the graphitic
structure, especially in the commercial prodicEhe volume fraction can be roughly
estimated using the equation proposed by Thosteetsali? for the determination of
the density of multiwall carbon nanotubes. In thsecof the MWCNZES®, the density
is approximately 1.8 g/cinThen, the volume fraction of the sample contarirl wt

% of MWCNT: is around 0.06 vol%.
Electrical conductive nanocomposite containing caraple carbon nanotube

contents have been obtained in the case of epose l@nocomposite'’ In the case

of thermoplastic based nanocomposites, Poetschkal’ethave found electrical
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percolation values of around 1.5 wt % for polyam&leeinforced with multiwall
carbon nanotubes, whereas Saeed and co-workersreépuged similar results in
poly(e-caprolactone) reinforced also with multiwall canboanotube&® In all the
mentioned cases, the dispersion of the multiwalb@a nanotubes in the polymer
matrices was achieved using high shear mixing eritksitu polymerization of the
monomer in the presence of the dispersed nanolesttin the case presented here,
the dispersion of the carbon nanotubes dependsheninteraction between the
nanofiller and the block copolymer during the salvecasting. The correct
combination between the characteristics of themelygrafted from the surface of the
carbon nanotubes and the content of the filler d¢delbd to the preparation of

electrical conductive nanocomposites using moreiefft compounding methods.

The increase in the polystyrene grafting conteati$eto a decrease in the electrical
conductivity of the nanocomposites. Although théypwr grafted from the carbon
nanotubes improves their distribution in the AS;SBhe polymer coating insulates
the nanoparticles. This assumption is corroborateen the nanocomposites with 0.5
wt % content of carbon nanotubes are compared.aNh@”*MWCNT:® and the
PS/MWCNT:® showed increase in the electrical conductivitydofind almost 3
decades, respectively, the values obtained foP8&*MWCNTe® are similar to the

ones reported for the nanocomposites that contaiw0% of the nanoparticles.

6.3. Conclusions

Nanocomposites based on acid treated and polystygeafted MWCNTE® and
commercial block copolymer (AS-S8 were prepared by film casting. The
dispersion of the nanoparticles improves with therease in molecular weight and

grafting content of the polystyrene from the carb@motube, as well as with the
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increase of the casting temperature. The carbootubes grafted with the higher
content of polystyrene (RS*MWCNT"®) showed the best dispersion in the AS-
SB,s among the samples evaluated. Additionally, evideraf favorable interactions
between the REF*MWCNT" and the the AS-SB were observed, but not as in the
previous chapter (REMWCNTgus JAS-SByx nanocomposite). The chain grafting
density, the molecular weight of the grafted polyraed difference in length and
curvature of the carbon nanotubes seem to plagnportant role on the self-assembly
of these nanocomposites. The enhancement on thersiisn of the carbon nanotubes
does not improve the mechanical properties of tiooomposites. It seems that the
load transfer of dispersed carbon nanotubes in ttlesmoplastic elastomer is not
efficient in the range of compositions studied. Treocomposites with the worse
dispersion showed the highest Young moduli of thask, which leads to conclude
that the load transfer within aggregated nanogagics more efficient than in the
dispersed case. The electrical conductivity of A% SBys is also influenced by the
dispersion and polymer coating of the MWGHN¥. The blend containing carbon
nanotubes with a moderate grafting content andivaplolystyrene molecular weight
(PSAMWCNTE) showed an increase in the electrical conductiaitjower weight
percent than th&MWCNT:. The improvement on the dispersion of the carbon
nanotubes due to the polymer coating enhances ldotrieal conductivity of the
nanocomposite. However, the polymer coating charatics have to be controlled in
order to avoid the insulation of the carbon nanetus in the case of the
PS‘MWCNTYAS-SB,s  nanocomposites. This method of preparation of
nanocomposite represents a new alternative forddsgn of new materials with

controlled nanostructures.
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Chapter 7. Summary

One of the aims of this work was the identificatmfrthe factors that affect the grafting
of polymer from the surface of commercially avai@aMWCNTs. The grafting of

polystyrene from the surface of two commerciallyaiéable MWCNTs was performed
under atom transfer radical polymerization condisi@fter successive functionalization
reactions. The purity, the state of aggregationthadize of the MWCNTSs were found to
influence the content of grafted polystyrene. Thdtmvall carbon nanotube with lower
purity, relative shorter length and higher stateag§regation (MWCNgys™) showed

higher grafting efficiencies along all the surfaieenctionalization reactions than the

MWCNTS, i.e., the one with higher carbon purity and ietatonger lengths.

The presence of compact aggregates was found t@adec the viscosity during the
reactions, which increases the yield of the polyragion reaction but the grafting at the
surface of aggregates is favored. As a consequéigie,polymer grafting contents are
relatively easy to obtain with the MWCNJs®, but probably there is a high amount of
aggregates coated with polymer. In the case oMWECNT:", the nanoparticle length
and the looseness of the bundles promote the desgaipn of the nanoparticles during
the functionalization reaction. This leads to theréase of the viscosity of the media and
decreases the yield of the reaction. However, higledymer content can be achieved
with the MWCNTc® when the right combination of length of glycol epg
concentration of the anchored initiator and monotaerarbon nanotube weight ratio are

employed.
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These studies demonstrate that there is a cooeléetween the characteristics of the
carbon nanotubes and the polymer grafting. Paramike the carbon purity, the length
and the state of aggregation of the carbon nanstateeimportant to determine the extent
of the polymer grafting. Though, the functionalirat could be adjusted in order to
obtain the desired degree of functionalization andlecular weight of the grafted

polymer.

Nanocomposites based on pristine MWCNTS, pre-fonelized and polymer grafted
MWCNTs and the block copolymer AS-&Bwere prepared by film casting from
solution. The dispersion of the nanoparticles impsowith the increase in molecular
weight and grafting content of the polystyrene frthra carbon nanotube. In the case of
the system prepared with the polymer grafted MWERT the nanoparticle dispersion
was also enhanced by the increase of the castmgetature. For the nanocomposite
based on the MWCN;s™, the mechanical properties of the block copolymiernot
appreciably improve by compounding with polymerfgga carbon nanotubes at ambient
temperature. The storage modulus at 90 °C slighitreases in the case of the
polystyrene grafted MWCN3ys™® based nanocomposites due to a better load transfer
between the block copolymer and the functionalireshotubes. In the case of the
MWCNT:, the enhancement of the dispersion of the carbamotubes does not
improve the mechanical properties of the nanocoitgmsat ambient temperature. It
seems that the load transfer from the polymer métrithe dispersed carbon nanotubes in
this thermoplastic elastomer is not efficient untfer compounding conditions employed

in the range of composition evaluated.
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The increase in the grafting density and molecwkaight of the polystyrene grafted from
the MWCNTzys™ and the MWCNTEC? influences the morphology of the AS-8BIn
the case of the nanocomposite based oR*MBNCNTgus” and AS-SBg, the
PS>°MWCNTgus™ “locally” templates the lamellae morphology of th8-SBy, so that
the lamellae resemble the contour of thgPBIWCNTeus™. A similar observation was
obtained for the nanocomposite containings#BIWCNTec", however, comparatively a
lower quantity of lamellae adapts to the shapehefRSs>*MWCNT:". The difference
could be related with the lower grafting densitytted polystyrene and with the difference
in length and the curvature of the nanotubes,dhgdr the nanotube the more irregular is

the contour length.

The orientation of the nanocomposite under a lirdedormation was observed for the
samples containing MWCNif;s™. The P$*MWCNTgws™ increases the orientation
factor of the AS-SB. Due to the polymer coating, the JF&MWCNTgus align

perpendicular to the strain direction. With thisdst it could be demonstrated that the
local orientation of nanofillers in an externallfighere: mechanical force field) can be

controlled by variation of the interaction betwewmofiller and matrix.

The studies on the electrical conductivity of trocomposites based on AS-$Bnd
MWCNT® demonstrate that the dispersion and polymer opatihthe nanofiller
influence the properties of the nanocomposite. Blead containing carbon nanotubes
with a moderate grafting content and a low polystgr molecular weight

(PSMWCNTE™) showed an increase in the electrical conductigityower weight
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percentage than tHEMWCNTE. The improvement on the dispersion of the carbon
nanotubes due to the polymer coating improves tleetrecal conductivity of the
nanocomposite compared with the neat ASsSBt lower loadings than the oxidized
nanofillers. However, the polymer coating charastes have to be controlled in order to

avoid the insulation of the carbon nanotube akéncase of the RE*MWCNTe.

The synthetic strategies presented in this workhdpe gate to further developments in
the functionalization of various kinds of nanofile besides carbon nanotubes also
inorganic materials like silica, or organic ondelithe upcoming cellulose nanofibers.
Besides functionalization with homopolymers, alse attachment of block copolymers
to appears possible, which should allow for theustiient of transfer of properties (e.qg.
electrical, mechanical or thermal properties) betweatrix and filler. To some extent,
the systems presented in this thesis containeddira short elastomeric oligo(ethylene
oxide) block between carbon nanotube and the pobse, Also the attachment of
different types of polymers to the same nanofiller the adjustment of interfacial
properties (useful in multiphase polymer blends)the attachment of polymers with
functional groups for further reactions (useful, éaample, in melt blending) are possible
future developments which will potentially lead new nanocomposites with tailored

properties.
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APPENDIX A. Estimation of the chain grafting density from the

concentration of initiator groups attached at the arbon nanotubes.

The concentration of initiator groups is not a caonmeference used to describe the grafting
of nanopatrticles with polymer corona chains. Indtehae grafting chain density is commonly
used, as it was reviewed in Chapter 5. Unfortugatbe presence of different graphene layers
forming the multiwall carbon nanotubes makes themenation of the grafting chain density
more difficult than in the case of the SWCNTs. Néveless, the grafting chain density?)

can be estimate if one assumes that this valusogional to the concentration of initiator

groups at the surface of the carbon nanotubes.
9 o[mwenT - Br
a

one can calculate the concentration of initiataugs at the surface of the carbon nanotubes
as a function of the volume of the nanofillers kimogvthe density of the carbon nanotubes

(equation A.1) and assuming that the carbon naestabe straight cylinder (Figure A.1) as

[MWCNT = Br|Vywenr = [MWCNT = Br [* pywent Eq. Al

Figure A.1. Model of carbon nanotubes.
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Then, assuming that the volumdéy(vcny and the surfaceSGwen of the carbon nanotubes

can be expressed as

mZ
Vuwent = MXICNT lwen Eq. A.2
S=7* dywent * lwwent Eq. A3

The number of initiator groups per unit of surfahat are equivalent to the grafting chain

density can be calculate then as follow

o _ [MWCN-I;y — BI‘]* Puwent ™ Na ™ Viwent

Eq. A4
a’ S d
substituting in equation A.4 the equations A.2 Argl
[ y ]* * * ml\%IWCNT
o _ MWCNT = Br|* Oywent * Na 4 Iwonr Eq. A5
a2 mMWCNT * IMWCNT
and eliminating the common variables, one obtaimelf
o _ |_MWCN'|;Y - BrJ* Puwent * Na ™ dywent Eqg. A.6

a’ 4

The grafting chain density is then independenheflength of the carbon nanotubes.
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