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ABSTRACT

Polymer nanocomposites have garnered incrediblaipsoin the field of material
science due to the excellent mechanical strengémtal and electrical conductivities of
the nanoparticles and the extension of these piiepeto the processing flexibility
inherent to plastics. However, practical realizataj these nanoparticle-based materials
has been hindered by the tendency of these nampsrto aggregate as a result of
strong inter-particle forces. In this dissertatiove investigate the formation of non-
covalent charge transfer interactions between petgmand single-walled carbon
nanotubes (SWNTSs) with the goal of optimizing ifderal adhesion and homogeneity of

nanocomposites without modifying the SWNT nativeae.

Nanocomposites of SWNTs and three sets of polymatrices with varying
composition of electron donating or electron adogptunctional groups were prepared.
In the first part of this dissertation, quantitaticharacterization by optical microscopy
and Raman spectroscopy and qualitative resultsugirothick film composite
visualization show that the existence of a modeaateunt of interacting moieties along
the polymer chain results in an enhanced internutdednteraction with SWNT, which

translates to an optimum nanoparticle homogeneity.

Calculations from density functional theory and rizidéluggins theory correlate
with the experimental results, which illustrate tthdhain connectivity is critical in
controlling the accessibility of the functional gps to form intermolecular interactions.

Thus, controlling the amount of interacting funotéb groups throughout the polymer

Vi



chain such that an adequate distance between theealized will direct the extent of

charge transfer interaction, which enables tuniegSWNT dispersion.

The second part of this dissertation focuses orethedation of the morphology
of these nanoparticle entities in a polymer matiihe observance of microphase-
separated peaks in the scattering patterns of polpmitrile (PAN) nanocomposites
indicate an ordering of the PAN polymer inducedthg carbon nanotube cage, which
could either be due to a thermodynamically boungedaaround the SWNT or the

occurrence of SWNT-induced PAN crystallization.

Finally, UV-Vis measurements were performed on S\AdIymer suspension in
order to comprehend the interactions that occuinguranocomposite fabrication. These
results demonstrate that SWNT dispersions in pyhedimethyl formamide (DMF) are

stabilized by the adsorption of polymers onto theNT's.
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CHAPTER 1: INTRODUCTION
1.1 Historical Background, Structure and Propertiesof Carbon Nanomaterials

Carbon-related materials have been used in arttecidhology since ancient
times. Charcoal, graphite and carbon black, altloith are a pure form of soot have long
been used as drawing, printing and writing materaadd coal has been a vital source of
energy for centuries Perhaps the inception of active carbon fiber neseaame in the
1950s, stimulated by the needs for stiff light-wetifibers that could be used in the space
and aircraft industries. Great advances in the gyegjpn of continuous carbon fibers
based on polymer precursors, for instance, polyawityile (PAN), and mesophase pitch-
based fibers were attainéd@he commercially available mesophase pitch-baibedsf are
exploited for their extremely high bulk modulus anigh thermal conductivity, while
PAN fibers are widely used for their high tensiteergth? The high modulus of the
mesophase pitch fibers is due to the high degreeafis orientation (i.e. mean angle
with respect to fiber axis) of the sheets, whiclyscally less than 3 The high strength
of PAN-based fibers is related to the defects endtiucture, which inhibit the slippage of
adjacent graphene planes relative to each othguicdlydiameters for these individual
commercial fibers are ~dm and they can be very long; therefore are typicaibven

into bundles called tows and wound up as a contisyarn on a spool.

In the 1960s and 1970s, efforts to develop nevwk Byhthetic carbon materials
with properties approaching single crystal graphée to the development of highly

oriented pyrolytic graphite (HOPG) by Moore and cokers®* When methane or other



hydrocarbon vapors are cracked onto a hot surfibee carbon formed nucleates and
grows as a compact deposited layer and not in @sepbase as soot. In the temperature
range of 1900 to 2300 °C, the deposits are highaplgtized, with the c-axis of the
crystallites roughly normal to the heated subsftatewever, it was soon realized that
new research directions were needed to reduce didfexcts and make progress towards
perfecting the structure of synthetic filamentargrbon materials. This led to the
development of vapor phase grown carbon fibers (F3€by a catalytic chemical vapor
deposition process (CVD). Studies by high resotutedectron microscopy reveal the
VGCEF structure to be a hollow tube with diametergiag from 20 A to 500 A. They are
arranged in a concentric sheet fashion resembhlieg‘dnnual ring structure of a tree”,

with the innermost hollow tube behaving like carlmamotube$.

During experiments aimed at understanding the am@sms by which long-chain
carbon molecules are formed, the remarkable disgowé Buckminster fullerene, a
stable cluster consisting of 60 carbon atoms bytd&Kemd Smalley occurred in 1988,
This 60-carbon atom structure resembles a truncatesahedron soccerball, which
consists of a polygon with 60 vertices and 32 faé@sof which are pentagonal and 20
hexagonal. However, the real breakthrough thatwuéitad the spur of nanotechnology
came in 1991 when multi-walled carbon nanotubes WYWwas discovered by Sumio
lima.X® The first synthesis of MWNT involved an arc-evam@n method, where
graphite electrodes were held at a short distapae a@uring arcing. The carbon, which
evaporated from the anode recondensed as a hamdrayhl deposit on the cathodic rod

and was found to contain both nanotubes and naticipal* Two years later, ljima and



Toshinari of NEG? and Bethune et &f.of IBM Almaden Research Center in California
independently reported the synthesis of singleedatiarbon nanotubes (SWNT). These
were produced using the same synthetic methodea®iWNTs discovered earlier but
with ferromagnetic transition metal-impregnatedcetedes:®*® In 1995, Smalley and
coworkers reported the laser evaporation methdMaNTs, where a cylindrical graphite
target doped with small amounts of metal catalggti¢ally 0.5-1.0 % each of Co and
Ni) is vaporized by a Nd: YAG laser. Neverthelesgnthesis by CVD technique has
become an increasingly favored commercial methadS//NT synthesis due to its
scalability, simple apparatus and production oktithat are of equal or higher structural
guality than arc-evaporated tubes. For MWNTs howetle arc-evaporation technique

remains the best method for the synthesis of higtlity tubes.

Structurally, a SWNT is a hollow cylinder formeg bolling a graphite sheet
whereas a MWNT is a group of coaxial SWNTs (Figlrg). A perfect SWNT has
essentially spbonding between the carbon atoms. Due to the Yrginived nature of a
SWNT, o-n rehybridization occurs, where threebonds distort slightly out of plane
causing ther orbital to be more delocalized outside the tulm. tRis reason, nanotubes
are mechanically stronger, electrically and thelynedore conductive and chemically
and biologically more active than graphiteAs shown in Figure 1.2, a SWNT can be
uniquely characterized in terms of a chiral vectOy,joining two crystallographically
equivalent points on the original 2-dimensionalpip@ne lattice. Mathematically, chiral
vector C is composed of a set of two integers (rconjesponding to graphite vectors a

and a where**



Figure 3.1.Single walled- and multi walled-carbon nanotubes
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Figure 1.4.The construction of unit cell in SWNT



C =na +ma, (Equation 1.1)
The diameter of the (n,m) SWNT is given by:

C [ 2 2
| |:a nrnmTm (Equation 1.2)

d, ==
7l 7l

where a=|g=|a|=0.246 nm is the lattice constant of the graphde, determined
experimentally and theoretically. Three distinct types of nanotube structures can be
generated by rolling up the graphene sheet intgliader, as shown in Figure 1.2. The
zigzag and armchair tubes correspond+6° and 6=30° respectively and chiral tubes

correspond to ®0<3C’. The chiral angl® is defined as®

(Equation 1.3)

H:tan‘l{ V3m }

m+2n

In the (n,m) notation from Equation 1.1, the vest@n,0) or (0,m) denote zigzag
nanotubes, vectors (n,n) denote armchair nanotwyes all other vectors (n,m)
correspond to chiral nanotubes. Both armchair agzhg tubes have a mirror plane and
are therefore considered as achiral. In princifhle, electronic structure of nanotubes is
strongly dependent on their chiral angle and a SWW\fhetallic when (n-m) = 3q, where

g is an integer, and is semiconducting otherwise.

Table 1.1° compares the size, shape, properties and appfcati traditional
fillers and newer cutting-edge nanoscale fillerd¢thdugh conventional fillers such as

carbon fiber and carbon graphite have good elastiduli as well as beneficial electrical



Table 2.1.Characteristics of traditional and nanoscale &tl&hape, size, properties, dimensions and uses

Approximate Smallest

Aspect

Elastic

Electrical

Thermal

@mmercial Uses

Shapé Dimension (nmf* Ratio”  Modulus (GPa) Conductivity (S/cm) Conductivity (W/m K)
Traditional Filers
Carbon black agglomerate  10-100 1-5 10-100 0.1-04 s,tiveses, shoes, elastomers
of spheres
Carbon fiber rods 5,000-20,000 10-50 300-800 0.1-10 11 aerospace, automative,
marine, sporting, medical
Carbon graphite plate 250-500 15-50 500-600 1-10 100-500 askegs, seals
E-glass rods 10,000-20,000 20-30 75 marine, automative
construction, filtration
Mineral: CaCQ sphere 45-70 ~1 35 35 paper, paint, rubber, plastics
platelet 600-4,000 1-30
Mineral: silica agglomerate
of spheres 8,000-30,000 5-10 30-200 1-10 reinforcestipk, thermal
insulator, paint, rubber
reinforcing agent
Mineral: talc, china platelet 5,000-20,000 5-10 1-70 10a1- paper, consumer goods,
clay construction
Nanoscale Fillers
Carbon nanofiber  rod 50-100 50-200 500 700-1000 10-20 sheszo space, ESD/EMI
shielding, adhesives
Carbon MWNT rod 5-50 100-10,000 1,000 500-10,000 100-1000 automative, sporting,
ESD/EMI shielding
Carbon SWNT rod 0.6-1.8 100-10,000 1,500 1000-10,000 1000 filters, ESD/EMI shielding
Aluminosilicate plate 1-10 50-1000 200-250 1-10 autorregtpackaging, sporting
nanoclay tires, aerospace
Nano-TiO, sphere 10-40 ~1 230,000 10t 10" 12 photocatalysis, gas sensors,
paint
Nano-ALO, sphere 300 ~1 50 o0 20-30 seal rings, furnace liner tubes,

gas laser tubs, wear pads




conductivity, they are mediocre compared to carlmamotubes. More specifically,
traditional carbon filler have elastic modulus twe brder of 300-800 GPa whereas the
elastic modulus of SWNT, which is independent difethirality but dependent on tube
diameter, can reach as high as 1 TPa for 1-2 nmetex tube, owing to its nanoscale
features and ultrahigh surface-to volume ratio. MMNYoung’s modulus is higher
(~1.1-1.3 TPa) since it will acquire the modulustioé highest value of a SWNT plus
contributions from coaxial intertube coupling omvder Waals force. While most hard
materials fail with a strain of 1% or less, CNT caustain up to 15% tensile strain before
fracture due to elastic buckling through which higtess can be releasédilthough the
electrical conductivity of carbon fiber or graphdan reach up to ~10 S/cm, it is inferior
compared to the electrical conductivity of SWNT/MWNwhich is on the order of
~10,000 S/cm (100 times greater than copp€r)Furthermore, the CNT also has
exceptional thermal conductivity (~6000 W™'nK™, exceeding diamond), thereby
providing tremendous promise for their potentigblagations. In fact, great progress has
been made towards their applications in chemica biwlogical separation, energy
storage such as fuel cells and lithium batteriesnposites for coating, filling and
structural materials, probes, sensors and fieldsion deviced?! The ‘ideal’ structure of
SWNTs has allowed it to gain an edge over exisfilgr materials in research and

incorporation in advanced materials with targetexpprties.



1.2 Polymer Nanocomposite
A. Covalent vs Noncovalent Functionalization

The outstanding properties of SWNT outlined abcae be effectively exploited
by incorporating the nanotubes into a matrix. Theéicorporation in polymer
nanocomposites can extend the function and utlitthese carbon based nanoparticles
while maintaining the manufacturing and processilexibility inherent to plastics,
thermosets and resins. However, practical reatimatif nanotube-based materials has
been hindered by a number of problems, such asn#esl to separate the carbon
nanotubes (CNT) from the bundles formed during @ssing® the underlying problems
that researchers encounter during purification gsses or characterizatibhand the
existence of strong interparticle forces between@NT that impede uniform dispersion
of these nanofillers. Polymer-based nanocomposires one avenue that has been
extensively investigated in an attempt to achiewgtigle spatial dispersion, where
intermolecular interactions between polymer masriaad CNTs can be achieved either
by covalent attachment of polymers onto CR¥fSor non-covalent interactions between
polymers and CNTs such as charge trarféfemisorption of polymers with large
system& or nonspecific CHe interaction® Figure 1.3 is a schematic showing the
methods commonly used to chemically modify theate$ of carbon nanotubes in order

to achieve solubility.

Covalent attachment of polymers to functionalize @NT surface can increase

the degree of interfacial adhesion relative to tiatnfunctionalized CNTs. For instance,



MNon-covalent
polymer wrapping

Covalent

Figure 1.5.Methods to achieve nanopatrticle dispersion inpelymatrix. (a)-n
interactions (b) Non-covalent interactions (c) @lewt functionalization. Figure adapted

from Reference 26.
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polystyrene (PS) nanocomposites with PS-functiaedli single-walled nanotubes
(SWNTs) form a percolated filler network structungth 1.5 wt% SWNT whereas
pristine SWNTs, when mixed with the same polystgranatrix, do not exhibit the
formation of a network superstructure for loadimgshigh as 3 wt% Mclintosh et al.
synthesized benzoyl peroxide initiated, in situclionalized SWNT with polypropylene
(PP) and the resulting composite, which were spua 2.5, 5.0, 7.5 and 10.0 wt%
SWNT/PP fibers demonstrated improved mechanicapepties, in tensile strength by
82.9, 89.8, 72.3 and 173.1 percent respectively@dsethe elastic modulus increased by
69.2, 99.7, 137.2 and 133.7 percent respectivelgy that of the neat polypropylene
fibers?® In addition, Zhu and coworkers have noted sigaificimprovement in the
mechanical properties of epoxy polymer composited has been covalently bound to
the SWNTS’ Such improvement in mechanical behavior is alsagreement in theory.
For example, molecular dynamics and statics sinwuaif nanotubes functionalized with
hydrocarbon chains show an increase in the lodahesds of the functionalized SWNT
with respect to the nonfunctionalized form. The haucal strength is also found to
increase with the increase in the number of chdraitachment$® These results indicate
improved compatibility between functionalized SWNihd polymer matrix and the
resulting better dispersion of SWNT, and consedudrgtter mechanical properties of

the polymer nanocomposite.

However, the oxidative treatment of SWNTs durirayalent functionalization
results in shortened tubes and a more detrimeffeadtas the increase in the number of

structural defects. The introduction of'dgybridized defects in the graphitic framework
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of the nanotube walls is detrimental to the therarad electronic properties of the CNT
due to the disruption of theconjugated system of the nanotube network. Trasvdack
has been reported by Bergeret and coworkers, whesebctroscopic evidence from x-
ray photoelectron spectroscopy and Raman specpgssoggests the loss of CNT's
metallic character upon covalent functionalizatieia nitric acid purificatiorf® In
addition, Bahr et al. also observed the disappearaf the features in the UV/vis/NIR
absorption spectra of derivatized tube via eletieotical reduction of a variety of aryl
diazonium salts when compared to the pristine S\WNThe features found in the
spectrum of pristine SWNT are due to the singuésiin the density of states and are
attributed to the band gap transitions in the named. Similarly, the featureless NIR
spectrum of SWNTSs functionalized based on the ip8ldr cycloaddition of azomethine
ylides, generated by condensation c@amino acid and aldehydé' and a separate
experiment based on diazonium functionalized SWNalso indicates significant
electronic perturbation of the nanotubes and dissopf the extended network. These
authors also claim that these reactions can bentdibr reversed, cleaving the functional
groups from the SWNT sidewalls, thereby restorimeg properties of the pristine metallic
or semiconducting nanotub&s®® This postulation was made based on the similarfty
the disorder induced D band from Raman spectrosobpyistine SWNT and thermally
annealed functionalized-SWNT. This band represéhes conversion of $pto sp
character due to the introduction of defect dufimgctionalization®*** However, to the

best of our knowledge, experimental investigatithad compare the electronic properties

12



of non-functionalized SWNT and thermally annealedctionalized-SWNT have not

been fully studied nor understood.

As such, in many cases, non-covalent modificailom more preferable route for
achieving CNT spatial uniformity in polymer matricePoly(methyl methacrylatéy,

aromatic/aliphatic ~ polyimide¥;®

conjugated polymers such as poly(arylene
ethynylenes¥® nonconjugated poly(acrylic acit polystyrene and poly(ethylene oxide)
dimethyl ethef® are a few host polymer matrices among the plethbsaudies that have
adopted a non-covalent approach as a pathway tevaclCNT dispersion. We have
taken this approach in our investigation and qdpantihe extent of non-covalent
interfacial interaction and correlate it to dispensin polymer-based nanocomposites in
order to reproducibly tune the material propertiegjerstand the interfacial phenomenon

in polymer nanocomposites and most importantlysgmee the intrinsic properties of the

carbon nanotubes.
B. Interfacial Adhesion

It has been well-established that the performarica polymer nanocomposite
depends critically on the interfacial adhesion lestw the nanofiller and the matrix
material:®?2243%-°2 Nanofillers such as CNTs, fullerenes and graphesfésr great
advantage in comparison with traditional microredifillers due to its small size and the
accompanying increase in surface area. Since thynpo chains in close proximity to
the filler is perturbed with respect to those ia tulk, the importance of polymer-particle

interactions is amplified in polymer nanocompositeother words, due to the existence
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of a large fraction of polymers in the interface feanoscale fillers, the strength of
interaction between the filler surface and polymegitrix dominate the macroscopic
properties and it is imperative to understand thpact of interface on the ultimate
macroscopic properties of polymer nanocomposites.aA example to reiterate this
further, for a mixture of a mere 1 vol% of a spbakinanopatrticle (radius ~2nm) with a
polymer matrix (interfacial thickness ~6 nm), thelume fraction occupied by the
interfacial region is ~63 vol%, where more thanf loélthe composite is affected by the

presence of the second-phase partities.

Before attempting to determine the macroscopicpgmies of polymer
nanocomposites, one of the most difficult challengeat needs to be overcome is the
guantitative assessment of the extent and effigierfcadhesion through the interface
between nanotubes and polymers. Devising an expatifor this study is difficult due to
the heterogeneity of CNT diameter and chiralitynadl as the limited reproducibility of
polymer nanocomposite’s behavior. Thus, moleculadefing or simulations serves as
an invaluable tool to investigate the extent ofeifdgcial interaction in these multi-

component systems.

A combination of an atomistic molecular dynamicsnputer simulatiott
and experimental work has been performed to elucidate the nature of SVENT
conjugated polyt-phenylenevinyleneo-2,5-dioctyloxyp-phenylenevinylene) (PmPV)
interaction. Simulation suggests that the polymeckbone provides the strongest
binding (123 kJ/mol per PmPV repeat unit) to the NSWand not the octoloxy side
groups. At a binding energy of 36 kJ/mol per PmRpeat unit, the side chains have a
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greater freedom of movement to wrap around the toéeon an ordered fashion. These
results were supported by TEM results showing a IWidtwork coated in PmPV,
consisting of a large amount of intertwined PmP¥Vted ropes. Furthermore, the
absorption spectrum of the composite indicates gmifssant reduction in electron
delocalization relative to the pure PmPV, suggestangnificant alteration of chain

conformation due to nanotube interaction.

The influence of nanotube chirality, temperatunel hemical modification on
the interfacial adhesion of SWNT with polyphenylgtene (PPA) has also been
investigated theoreticalf. The influence of temperature on the interactiorergn
between the SWNT and PPA is considered negligithigewchirality plays an important
role in the interaction, with the armchair tube ingvthe best structure to interact with
PPA. PPA also stretches and wraps around unmoddiedl methyl- and phenyl-
functionalized SWNT but not around tubes with hygte and fluorine- moieties. The
authors suggest that the reason for the prefetenteaction is due to the similarity of

methyl and phenyl electronic structures to tha®BA.

A single nanotube fragmentation under tensile ss#e within a nanotube-
containing thin polymeric film has also been obsdrin an effort to probe the efficiency
and quality of the polymer-SWNT interfate.Assuming that the applied stress is
transferred to the nanotube via a nanotube-matrigrfacial shear mechanism at the
molecular level, a force balance of the SWNT-polyragstem is expanded from the
classical version of the Kelly-Tyson model, progbfer a fiber-polymer systeff.These
calculation results by Wagner et al. suggests ititatfacial shear strength values are
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influenced by nanotube diameter and tensile streafya nanotube segment. In addition,
they found that the presence of defects in the tiberease the tube strength and
consequently results in a variability of interfdg&rength. In another set of experiments,
Liao and Li used molecular mechanics to simulatgul-out test using a SWNT and
polystyrene. These studies predict an interfadiglas stress value of about 160 MPa.
These computer studies, calculations, simulatiolsnaodeling provide an important tool
for the prediction of filler-matrix interaction, wth is a key in designing effective

polymer nanocomposites.

Experimentally, charge transfer interaction betwdanctional groups on a
polymer chain and SWNT has been detected by ndiieeshifts in the vibrational
spectra of SWNTs and/or polymers. For instance SWNT-nitrile functionalized
polyimide nanocomposite, a 4 ¢ropshift in the tangential G band signature of SWaIT
observed by Raman spectroscopy and a downshif2oérs' in the nitrile stretching
mode (~2232 cif) is detected by Infrared spectroscdpyn addition, the transparent
films containing nanotubes were deep green in culbile pristine films were pale
yellow. These quantitative and qualitative obseovet were attributed to the formation
of electron donor-acceptor complex between SWNTktha polymer matrix via the 2,6-
bis(3-aminophenoxy) benzonitrile monomers, whicted@s Lewis acids (withdrawing
electron density from SWNT). Small molecife¥ and alkafi® have also been
employed as donor or acceptor groups. Collins aadodkers demonstrated that
exposure of SWNT to air or oxygen dramatically uefhces the nanotubes’ electrical

resistance, thermoelectric power and local derditgtates as determined by transport
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measurements and scanning tunneling spectrosctps/oXygen-induced charge transfer
in SWNTs could indicate the presence of on-tubeasf making oxygen sensitivity an
ideal way to determine the concentration of defectsCNTs>® Charge transfer
interaction between gaseous molecules such asraieetcepting N@ and electron
donating NH have also been reported to dramatically increasteorease the electrical
resistance of a semiconducting SWNT. In additiofgy€ et al. observed an 8 ¢m

downshift in the tangential G mode of SWNT dopethv{- and Li-doped SWNT&

Although Raman spectroscopy has been extensisy to study the extent of
charge transfer interaction in polymer nanocompasystems, these studies are limited to
the measurement of an ensemble of heterogenous SWBtiim et af! utilized resonant
microRaman measurements to examine the charge fdranmteraction of
polyethyleneimine adsorption onto SWNT. This chegazation technique is exploited to
ensure that only one SWNT contributes to the olegksignal. They observed an upshift
in both the lower and higher frequency tangentidda®ds (Gand G) upon PEI doping,
consistent with C-C bond length expansion in theNSWipon electron injection and as
observed in alkali metal doping of nanotube angblgita systems. Furthermore, there is a
strong diameter dependence of the magnitude ofdthenshift for both peaks. An
investigation by Wood and coworkers demonstrateshifts in the frequency of the
second order disorder-induced D* band of SWNTs wielecular pressure is applied to
the nanotube’s sidewalls by immersing them in waidiquids of varying cohesive
energy density (CED) or macroscopic pressure thapplied by a diamond anvil cé&f.

® The authors have systematically attributed thetipespeak shift of the D* band
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frequency of carbon nanotubes embedded in a polymaénix relative to that of the pure
SWNTs to (I) CED or internal pressure of a polyrpbase?®*°8(il) compression of
SWNT C-C bonds from the shrinkage of polymer méitixIll) the temperature
dependence of SWNT structure in°&mnd (IV) the shift produced by the stress induced
from the temperature dependence of cohesive endeggity’® The aforementioned
factors were eliminated as the cause for variatiothe magnitude of D* peak shift
observed in our Raman spectra and will be discussggeater detail in Chapter 3. In
our study, the shift is interpreted to originatenfrthe variation of compressive stress due
to polymer-SWNT interactions. It is worth notingatior these spectroscopic techniques,

it is important to ensure that measurements arental the interface of polymer and

particle and not on the bundled nanoparticle.

Thus far, research work to understand the roléhefstructure of the polymer-
nanopatrticle interface as a vehicle to optimizepghaperties of polymer nanocomposite
has been mostly focused on qualitative investigati®®22**>%n this dissertation, we
will move beyond the qualitative investigation armpiantitatively determine the
relationship between intermolecular charge trangfiéeractions (i.e. electron donor-
acceptor interactions) and SWNT dispersion in p@ymanocomposites. In this study,
the amount of electron donating 2-(dimethylaminayketmethacrylate (DMAEMA) or
electron accepting acrylonitrile (AN) and cyanoste (CNSt) moieties in three sets of
copolymers was varied between ~10 and 50 mol% mtralthe extent of electron donor-

acceptor complex formation with the SWNT and theuling particle dispersion in the
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polymer nanocomposites were characterized by Rasgctroscopy and optical

microscopy.
C. Morphology and Dispersion

Due to the emergence of increasingly complex foneti materials in
nanoscience, control over particle spatial disperén polymer matrix and development
of practical approaches for characterizing theircgtires needs to be rigorously explored.
Having this knowledge is a prerequisite for furtbhederstanding the structure-property-
function relationships. Examples include nanopksicembedded in polymer matrix,
16.222441- 345 nacies encapsulated in mesoporous Ho$tand bulk crystals with intrinsic
nanoscale ord€r:’* For the case of crystals, x-ray diffraction isohust and quantitative
method to retrieve the average atomic positionthénsample. For amorphous polymer

nanocomposite however, an x-ray diffractometer ggre a broad and continuous

intensity distribution that is not amenable to gstallographic solutiof?

In attempts to solve this problem, imaging andcspscopic techniques have
been commonly used to determine the dispersion asbonn nanotube in polymer
matrices”>’’ However, it needs to be emphasized that strueudation is not a trivial
challenge due to the complexity of the nanostrecthat display multiple size scales on
length scales ranging from Angstroms to millimetefsster and coworkers utilized
atomic force microscopy (AFM) to study the nanoscdistribution of SWNT in
polyurethane composite films. Although the authd@med that the diameter of the

bundled tubes measured were on the order of 7.174twas questionable as to whether
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they were measuring SWNT bundles or excess polyateund a single SWNT
Another disadvantage of this technique is thatrdtdimensions measured are often
overestimated due to the limited sharpness of théMAip and its mathematical
convolution with surface features during imagffigiransmission electron microscopy
(TEM) has also been utilized to study the nanogartidispersion in polyimide
nanocomposites, revealing fine features with 0.84 spacing in the bundle contrast
regions. This is thinner than the average diamatéine 1.4 nm individual tubes and the
authors stated that reason is unclear. It needg faointed out that structure elucidation
of a polymer nanocomposite by TEM is a complex thsk to the extremely low contrast
between SWNT and polymer matfhand is also dependent on nonstructural factors suc
as sample thickness, lens aberrations and imagomglitions’* In addition, the
requirement of ultra-thin sectioning of bulk sangpby microtome to obtain morphology
of “as-processed” samples adds ambiguity to therpnétation of 3-D organization of
filler in polymer matrices because the size of 3aB structure exceeds the thickness of

ultrathin sections.

Small angle x-ray, neutron or light scatteringhti@ques have also been proven to
be a valuable tool for quantitative measures of SVdiépersion in suspensidig? and
polymer matrice¥® for wave vectors Q ~1910* A, which corresponds to a real
space length scale of 1-1000 nm. In a scatterirgntevthe term Q correlates the
scattering event to the spatial properties of tbattering sample and is inversely
proportional to the real space length scale. A nmorepth discussion on the basics of a

scattering experiment is presented in Chapter B ddncept of “fractal dimension” or
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self-similarity, which stems from a purely matheivalt sense from the study of certain
geometrical objects, can be applied SWRT¥. To illustrate this in a physical sense,
consider a stretched string, which clearly resemblene-dimensional object. When this
string is placed on a surface and looped back amth fso it covers the surface
completely, a two-dimensional object is obtainea & it is folded up in a tight ball, it
begins to look three-dimensional. Since this i®atiouous process, the dimensionality
of the object evolves continuously from 1 to 3. fanhy, in the case of SWNTSs, it would
be expected that the scattered intensity from tedlaigid rods with diameter D and
length L follows a @ law for wave vectors @L<Q<21/D, where the exponent -1
corresponds to fractal dimension of 1. Althougrerasolated SWNT has been observed
in the scattering pattern of dilute suspensionguwified SWNTs in DO with added
sodium dodecylbenzene sulfonate ionic surfacdtaMost studies however observed a
fractal dimension between 2 and 3, characteridte wetwork of carbon “ropes”, which
is interpreted to be side-by-side aggregates of 8RN Schaefer and coworkers
determined the morphology of SWNT suspension irygdettrolyte solutions using a
combination of small- and ultrasmall-angle X-raytsering and light scatterifg. The
scattering curve consists of three power-law regiseparated by breaks, which fix the
relevant length scales and the intervening powss ldoat reveal the morphology of the
nanopatrticle entities. The slope of -2.2 over aemsive region of the largest length scale
(0.22-28um) corresponds to the mean radius of the swollpesoThe slope of -4 over
the length scale of 722 A and 0.2& was interpreted to arise from the smooth surédice

the ropes whereas the third power law regime (60782 A) with a power-law exponent
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of -2.1 is interpreted to arise from the small-ecalesh-like network present inside the
highly swollen ropes. The swollen morphology imgligat the suspended ropes were
close to full dispersion and when sonication wagopmed on the suspension, rod-like

morphology was gradually observed at a length safa5©00 A -30000 A.

Raman spectroscopy is another valuable probeeotottal structure of composite
material. Utilizing this spectroscopic techniquasReed et af-*?developed a method to

quantify SWNT dispersion by using the ratio of aage-G band intensity in the clear

region (1S..) of the composite to the average G-band intensithe aggregated region

clear

(1g,)- A homogeneously dispersed sample exhibits @ maiti| S, /1 approaching 1,

clear agg

whereas poorly dispersed SWNTs will exhibit gy /1¢_ that will approach 0. In the

Raman spectra of a SWNT, the G band is derived trargraphite-like in-plane mode,
and therefore can be readily used to determindottad relative concentration of SWNT
in nanocomposite samples. Similarly, Du et al.izé¢d the Raman imaging method to
guantitatively characterize the SWNT dispersionailPMMA matrix by obtaining a
Raman mapping intensity map over a @ x 40 um domain:’ The quantitative
dispersion level of the composite was characterigethe mean standard deviation of the
Raman scattering intensity. In another experimesttady, utilizing similar concept, laser
scanning confocal microscopy (LSCM) has been efilito evaluate the degree of mixing
of MWNT in a polystyrene matrix on the meso and nonceter scales. This method
requires the presence of a fluorescent dye, Nile B perchlorate (NB), in the polymer
nanocomposite, where low fluorescence corresporidetdIWNT particles as a result of
guenching by the tube. The corresponding intengtgus-distance profile, taken from
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the data along the horizontal center line in eachge, gives a quantitative indication of

the level of particle distribution in each sampie.
1.3.  Application of Flory-Huggins Theory to PolymerNanocomposite

It is the premise of this dissertation that, imlearto gain full insight into the
interfacial properties in polymer nanocompositeduadamental understanding of the
factors that control the material behavior mustob&éined. One must therefore take a
closer look at the basic thermodynamics of polybiends developed by Josiah Gibbs in

1875, generally defined by the Gibbs free energyiaing, AG:
AG,, =AH -TAS (Equation 1.4)
which consists of both the enthalpic componakht,and entropic componemtS.

Polymer blending is a convenient route for theelilgyment of new polymeric

materials, which combines the excellent propentfesiore than one existing polym&t.

% Generally speaking, in homogenous blends, bothdot®mponents lose part of their
identity and the final properties are usually thé@hanetical average of both blend
components whereas in heterogenous blends, thentiespof all blend components are
present. Therefore, the advantage of this stratediie attainment of a wide range of
material properties by simply changing the blenthgosition. In addition, it is usually a
cheaper and less time consuming method than thelafeaent of new monomers or

polymerization routes as the basis for an entinely polymeric materiaf
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In order for a multicomponent system to be misgild negative free energy
change of mixing (Equation 1.4) is necessary. Hamewnost polymer pairs phase
separate when mixed due to the low entropy of mgiximo polymer chains and the fact
that enthalpy of mixing is often positive. Due b tdegree of disorder in a long polymer
chain, the addition of a second component doepmaiice a substantial gain in entropy.
It is therefore crucial to achieve efficient interiecular interaction between the two
components in the system to attain a favorableadmithinteraction and consequently a
negative free energy of mixing. These interactioay range from strongly ionic to weak
and nonbonding interactions, such as hydrogen bgndon-dipole, dipole-dipole and

donor-acceptor interactions.

From Flory-Huggins theory, a natural extensionegular solution theory to the

case where at least one of the components is palyntiee free energy of mixing can be

written as:
AG, @ (0} .
T :N_:\m >, +N_:|n D, + Y DDy (Equation 1.5)

where®, , @5 and Na and N; are the volume fractions and number of moleculatsun
component A and component B respectively, R theagastant, T the temperature in
Kelvin and yxag is the Flory-Huggins interaction parameter. Thestfitwo terms in
Equation 1.5 denotes the configurational entropynofing the two components and the
third term denotes the enthalpic component. As ¢bmbinatorial entropy term is

negligible for polymeric systems, the free enerfiynixing, and thus the miscibility is
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dominated by the enthalpy of mixing. Strictly speak SWNTs are not polymers in the
conventional sense and the question arises whettsetheory, which is conventionally
used to predict miscibility behavior of polymer idks, can be applied analogously to
polymer nanocomposite systems. Although the disongsresented was focused solely
on the physical interpretation of this theory tdypmer blend system, its application

mathematically to our multi-component system i€aésed in detail in Section 3.3C.

Due to the remarkable simplicity of the Flory Huggtheory, it remains widely
popular among investigators dealing with experiraemata treatment. However, as
evidenced experimentally in subsequent chaptersdauissed briefly here, this theory
falls short in providing an adequate explanatianrafmumber of experimental resuft6*®
Geometrical constraint due to polymer chain conwiggtis a crucial parameter that is
not taken into account in this theory. This entcoparameter controls the formation of
non-covalent interactions in polymeric mixturés® because the mobility of a given
functional group along a chain is influenced bypteximity to other functional groups.
More specifically, the participation of one functad group in an intermolecular
interaction will inhibit the mobility of a neighbioig group and limit its ability to access
and orient itself correctly to form an additionaldrfacial interaction. This effect is
mitigated if the functional groups are adequat@lgced out along the polymer chain, so
that they are dynamically independent and the fdonaof one intermolecular
interaction does not inhibit the formation of ardéidnal interaction with the SWNT.

Therefore, this exemplifies the importance of theeiiplay between chain connectivity
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effects, steric shielding and spacing between §ipeaiteraction sites, which limit the
number of inter-component bonding formation.

In fact, this has been thoroughly investigatedatymer blends and solutions. For
instance, examination of the extent of hydrogen dbwgi® in blends of 2,3-
dimethylbutadienestat4-vinylphenol (DMBVPh) and ethylersgtatvinyl acetate (EVA)
copolymers of varying compositiof§ and a separate study on solutions of 4-
ethylphenol (Eph) and poly(n-alkyl methacrylatéf®\MA) of varying alkyl side chain
lengths® provide insight into the formation of intermoleaulinteractions in polymer
blends. In these studies, the inter-associatiasilibum constant, K determined
from infrared spectroscopy by Coleman and Painteantffies the extent of
intermolecular hydrogen bonding between ester etoxy carbonyl group on EVA or
PAMA and the phenolic hydroxyl group on DMBVPh oPlE”*® The authors
interpreted their results as a direct consequefickan connectivity on the formation of
intermolecular hydrogen bonds, whereby the fornmatd one hydrogen bond restricts
the mobility of a nearby functional group to form mtermolecular interaction with the
corresponding group, a consequence of rotationald bangle restrictions found in
polymer chains. These effects are insignificant éav, if the amount of interacting
phenol or carbonyl groups in the copolymer is se luch that the intermolecular
interaction cannot be formed. Therefore, there texes certain composition of the

copolymer whereby optimal intermolecular adhesiocues.
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1.4 Conclusions and Proposed Experiments

This dissertation focuses on developing a proté@amprove the dispersion of
SWNT in polymers while keeping the native surfa¢esiogle-walled carbon nanotube
(SWNT) intact. Our previous experience in this ate®'°*is exploited to explore the
effect of controlling the extent of intermoleculelnarge transfer interactions (electron
donor-acceptor interactions) on the extent of SVWdatial uniformity, by systematically
varying the composition of the copolymer matrixttese studies, the amount of electron
donating 2-(dimethylamino) ethyl methacrylate (DMME) or electron accepting
acrylonitrile (AN) and cyanostyrene (CNSt) moietiasthree sets of copolymers were
varied between ~10 to 50 mol% to control the extérdlectron-donor-acceptor complex
formation with the SWNT. Density functional thed®FT) calculations were completed
to provide additional insight into the extent of lewular interaction between an
interacting monomeric or oligomeric unit and SWN@&s well as the optimized
geometries for the formation of the underlying fatgions. The results were found to
correlate very well with our experimental data aebrly indicate that controlling the
extent of intermolecular electron-donor-acceptanmptex formation between a polymer
matrix and SWNT, which is governed by chain coninégt provides a method to

optimize the SWNT spatial dispersion.

In Chapter 3, the use of Raman spectroscopy terstahd and obtain a measure
of the level of charge transfer between the copelgnand SWNTs is describddensity
functional theory (DFT) calculations are also praed to provide additional insight into the

extent of molecular interaction between an int@éngcmonomeric or oligomeric unit and
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SWNTs as well as the optimized geometries for tmméation of the underlying interactions.
The discussion in Chapter 4 focuses on the queatidin of dispersion of these polymer
nanocomposites by optical microscopy and Ramantgseopy. In Chapter 5, the
utilization of small angle neutron scattering teigue to evaluate the morphology of
nanoadditive in the composite materials is presenteChapter 6, we seek to understand
the system parameters that govern SWNT particlgedsson in suspension in the context

of colloid science.
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CHAPTER 2: EXPERIMENTAL TECHNIQUES

The purpose of this chapter is to describe the timacprocedures and
experimental details used in this study, includiolgemical purification, polymer
synthesis, nanocomposite preparation and charzatiem of the composites. The
characterization results of the polymers used feerye experimental technique are

presented in the following chapters preceding éselts and discussion.

2.1  Commercially Purchased Materials

A. Chemicals

Methyl methacrylate (MMA), 4-cyanostyrene (CNStxdastyrene (St) monomers were
purchased from Acros Organics and 2-(dimethylamatbyl methacrylate (DMAEMA)
from Sigma Aldrich. Deuterated styrene (d-St) aedtdrated acrylonitrile (d-AN) were
purchased from Polymer Source Inc. and Cambridgeope Laboratories Inc.
respectively. p-toluenesulfonyl chloride (p-TsCR,2-bypyridine (bpy), copper(l)
chloride (CuCl), copper (I) bromide (CuBr), dimethfjormamide (DMF), N,N-
dimethylacetamide (anhydrous, 99.8%) (DMAc), tejibfuran (THF), methanol,
anhydrous anisole, anhydrous p-xylene, anhydrobhyleste carbonate, 1-methyl-2-
pyrrolidinone (NMP, Chromasolv Plus HPLC grade, %992,2’-azobisisobutyronitrile
(AIBN), 2-bromopropionitrile (BPN), 4/4Dinonyl-2,2-dipyridyl (dnBpy) and ethyb-
bromoisobutyrate (Ebib) were purchased from Signrigh. n-hexane (99.7% purity,
HPLC grade) and glacial acetic acid were purchdsad Fisher Scientific. Propylene
glycol monomethyl ether acetate hexamethyldisilazésommercial name: Microprime

Primer P-20) was purchased from Shin-Etsu Micro§i |
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B. Polymers

Poly-2-(dimethylamino) ethyl methacrylate (PDMAENAoolystyrene (PS) and
polyacrylonitrile (PAN) were obtained from SciertifPolymer Products, Inc. Styrene-
ran-acrylonitrile (SAN) copolymers with 29.5, 36.8,.8548.8, 56.2 mol% AN were

obtained from an industrial source.

C. Carbon Materials

The single-walled nanotubes (SWNTs) were usedowittiurther treatment and
were purchased from Bucky USA for MMmn-DMAEMA Raman composites and
Nano-C Inc. (purified by nitric acid treatment) fall others. Hydrochloric acid treated
SWNT, purchased from Nano-C Inc. was utilized im threparation of composite
suspension for UV-Vis spectroscopy measurement.ri&eufacturer’'s specifications of

the single walled carbon nanotubes are listed bielra.1.

Table 2.1.SWNT manufacturer’s specifications

SWNT Supplier Bucky USA Nano-C (HNG; treatment) Nano-C (HCI treatment)

Length 0.5-4.Qum 500-700 nm 700-900 nm
Diameter 1-2 nm 0.9-1.3 nm
Purity >95% >95.5% >93%
Iron metal residue 2.19% 3.34%

2.2 Purification of Reagents
A. Monomers
The monomers were passed through a column of aetlvaluminum oxide

(Neutral, Brockmann |, standard grade, ~150 mesHs®s, A, Sigma Aldrich)
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gravimetrically before use to remove impuritiestsas water and inhibitor. Inhibitors
include 4-methoxyphenol in deuterated acrylonitrilnonomer, 3,5-diert-4-
butylhydroxytoluene (BHT) in deuterated styrene, nomethyl ether hydroquinone
(MEHQ) in acrylonitrile and para tert-butyl catednlstyrene. Each has methoxy and/or
hydroxyl group that have selective affinities ftwetoxide group on the alumina, thus

allowing the purification of the monomers throughabsorption process.
B. Copper (1) Bromide and Copper (1) Chloride

Copper (I) bromide and copper () chloride wereifprd by stirring over glacial
acetic acid for 4 hours, followed by filtration. @nemaining solid on the filter paper was
washed twice with diethyl ether before drying ie tracuum oven for 1 dd{? The CuBr
and CuCl prepared is a light green, almost whitgstatline powder that remains
unchanged for an indefinite period if kept dry. Btoair converts it into a dark-green
material and can be re-purified by grinding the emiat with sulfuric acid into a paste-

like mixture, followed by washing and drying aslmed above'®®
2.3  Synthesis of Polymers
A. Atom Transfer Radical Polymerization (ATRP)

The production of well-defined functional polymevgh controlled architecture,
molecular weight distribution and composition hasd been of interest to polymer
chemists. While living polymerization techniqueglsas anionic and cationic techniques
have the advantage of tailoring polymers with thdesirable architectures, room for

improvement still exists mainly due to their laloars synthetic procedures and sensitivity
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to impurities. The development of a “living” radiceechnique, atom transfer radical
polymerization (ATRP), in the early 90’s proved lte a significant advancement in
polymer synthesis because of its tolerance to prefgecies and less stringent reaction
conditions while still retaining the advantage bt tability to produce well-defined

polymers.

For the purpose of describing the reaction medmaniof ATRP, the
polymerization of polyacrylonitrile (PAN) via thiechnique is outlined below. ATRP is
a multicomponent system which consists of the marésnan initiator with transferrable
pseudohalogen and a catalyst which consists ofamasition metal species with an
appropriate ligand. In some cases however, addittam be included to accelerate the
reaction. The reaction schemes for the initiationd apropagation of PAN
homopolymerization are shown in Schemes 2.1 andr@&spectively. The initiation
mechanism involves the transfer of a bromide atoeomfthe 2-bromopropionitrile
initiator to the copper bromide/2,2’-bipyridine misation metal complex generating an
initiator radical. This initiator radical is able tnitiate the vinyl monomer, in this case,
acrylonitrile, to produce a monomer radical. Thedicals, or the active species, are
generated through a reversible redox process eatllgy the transition metal complex,
which undergoes a one-electron oxidation with acoapanying abstraction of a

pseudohalogen atom from the dormant species.

The propagation mechanism is also facilitated bg topper bromide/2,2’-
bipyridine complex, which can activate the dormaitiator to generate growing chain

radicals. To obtain well-defined polymers with mayrmolecular weight distributions,
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Scheme 2.1Schematic of the initiation mechanism of PAN polyin&tion
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Scheme 2.2Schematic of the initiation mechanism of PAN polyin&tion

the transfer of halide must occur back and forghidig between the transition-metal
catalyst complex and the growing chain ends to kbepconcentration of radicals low
while keeping the concentration of growing chaingch higher. The generated free
radicals propagate and terminate, as in converitioea radical polymerization through
radical coupling and disproportionation. Howevesere though terminations occur, their
contribution is small. Therefore, the control o eFRP are due to (ll) fast initiation,

thereby providing a constant concentration of graypolymer chains and (ll) persistent
radical effect, where rapid and reversible deatitwaof propagating radicals allow low

concentration or radicals, which minimizes termimat®

For a successful ATRP synthesis, the proper chofcenonomers, initiators,
catalysts, solvents temperature and additives @itant. However, the choice of ligand
is of utmost importance in ATRP synthesis sincelldgium of the radical and dormant
species and solubility of the transition metal ctexpn the reaction medium is governed

by the ligand.
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() Random Copolymer of MMA and DMAEMA

MMA and four MMA-ran-DMAEMA polymers (Table 3.1, Chapter 3) were
synthesized by atom transfer radical polymerizatiBrt® using CuCl complexed by
bipyridine (bpy) as the catalyst and p-TsCl asittigator. The monomers ([M]: 6.0 M),
bpy, p-xylene and p-TsCl were introduced, in thideo, into a 250 ml 2-necked round-
bottom flask that was equipped with a reflux corsggrand a stir bar. The molar ratio of
p-TsCl initiator, CuCl, and bpy ligand used was:126 The mixture was immediately
degassed by three freeze-pump-thaw cycles to rertrage impurities. The flask was
heated in an oil bath at 90 °C for 18 hours undeogen flow with continuous stirring.
The resulting copolymers and homopolymer was dilwtéh tetrahydrofuran (THF) and
passed through an alumina column twice to elimir@ipper residues before it was
precipitated in a ten-fold excess of cold n-hexarese samples were then dried under
vacuum at 70 °C for 2 days. Hereinafter, DMA(x) oz MMA+an-DMAEMA
copolymer with x mol% of DMAEMA. The plot of moledction of DMAEMA in the
copolymer, buaema a@s a function of mole faction of DMAEMA in comonemfeed,

fomaema is shown in Figure 2.1.

(I Random Copolymer of Styrene and Acrylonitrile

The specially-constructed setup for the polymeigrat of styrenean-
acrylonitrile (SAN) is illustrated in Figure 2.2h b typical polymerization procedure for
SAN consisting of 23.7 mol% acrylonitrile, the ligh 4,4-Dinonyl-2,2-dipyridyl
(dnBpy) (0.417 g, 1.024 mmol) and anisole were ghdrinto a Schlenk flask that is
equipped with a flow adaptet’” The contents were then stirred until a homogenous

solution is achieved, followed by the addition tfrene (10.954 g, 0.105 mol),
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Figure 2.2.Polymerization setup for the copolymerization gfshe-ran-acrylonitrile
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acrylonitrile (1.143 g, 0.022 mol) and etlwdbromoisobutyrate (Ebib) initiator (0.0365
g, 0.128 mmol). The total monomer concentration W& M and the ratio of [EbiB]:
[CuBr]: [dnBpy] was 1:4:8. The entire solution washjected to three freeze-pump-thaw
cycles and immersed in liquid nitrogen again uintizen. While frozen, the seal between
the Schlenk flask and flow adapter was carefullgrogd and 0.512 mmol (0.0753 Q)
CuBr was added before pumping it again for anoliwer. After filling it with nitrogen,
the reaction was thawed and the sealed flask wag@lin an oil bath at 80 °C for 51
hours. The polymerization was terminated by opgtie flask and exposing the catalyst
to air. The resulting copolymers were diluted witHF and passed through an alumina
column twice to eliminate copper residues befoneas precipitated in an excess of cold
methanol. These samples were then dried under wacatu70 °C for 2 days. For
simplicity, SAN copolymer with x mol% AN will be ferred to as SAN(x). The plot of
mole fraction of AN in copolymer, Az as a function of mole fraction of AN in the

comonomer feedaf, is shown in Figure 2.3.

(1) Polyacrylonitrile

A typical synthetic procedure for polyacrylonitrilsses a free radical technique,
although polymers with predefined molecular weigatgl narrow polydispersities are
difficult to achieve using this method. Thereforee have adopted the atom transfer
radical polymerization (ATRP), a controlled/ “lingh radical technique, to take
advantage of the tolerance to water, impurities @r/enience of temperature range (~0

to 100 °C) while still having control over the polgr structure.

Although narrow polydispersities were achieve@ polymerization of PAN via

ATRP has a molecular weight limit of 30,000 g.thdDuring reaction, it can be observed
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that the reaction steadily turns green indicatimg generation of the deactivating Cu Il
species. Although several reasons for this behdasrbeen proposed by Matyjaszewski
et al.}°® the most probable is the reduction of the radigaCu | to form an anion and Cu

Il species (Scheme 2.3). Therefore, the presenemyproton source such as water will

terminate the reaction.

H : H )
SN C—CH,—CH + ! SN C—CH,—CH + (!l

CN CN CN CN

HS

H
SN C——CHy—CH, ¢©

CN CN
Scheme 2.3Proposed mechanisof the reduction of a radical by Cu I to form Cu I

species

The polymerization procedure for polyacrylonitrigeas follows'®® CuBr (0.087
mmol), ethylene carbonate (solid at room tempeejfwacrylonitrile (0.081 mol) and 2-
bromopropionitrile (BPN) initiator (0.115 mmol) weladded into a Schlenk flask. The
total monomer concentration was 6.4 M. The entg&ction was frozen, pumped and
thawed once. It was then subjected to a liquidogén bath again and bpy ligand was
added before pumping the reaction mixture for agotime hour. After filling it with
nitrogen, the reaction mixture was thawed and #adesl flask was placed in an oil bath
at 45 °C for 22 hours. The resulting homopolymes wlduted with DMF, purified by

passing through alumina column to remove coppédwesconcentrated, and precipitated

40



in an excess of cold methanol. After filtration tbe polymer, the samples were dried

under vacuum without heat for 2 days.

B. Free Radical Polymerization

Free radical polymerization is an important tegei due to its versatility with
respect to reaction conditions and its compatibiitth many monomers. However, there
is little or no control over chain topology, tadycor molar mass distribution. High-
molecular-weight polymers are formed immediatelycsi the production of a radical
center adds many monomer units in a chain reaetohgrow rapidly to a large size. As
the polymerization proceeds, the monomer conceotraiecreases and the concentration
of high-molecular weight polymers increase. In caneral application, the reaction is
typically carried out to high or complete conversidherefore, polymerization processes
often involve the addition of multiple charges aftiator and/or monomer during the
course of reaction to minimize the molecular weigtdadening due to high or complete

conversion reactioH”®

For the purpose of describing the reaction medmaniof free radical
polymerization, the polymerization of styrene Jmsttechnique is outlined below. The
polymerization consists of a sequence of threesstepinitiation, propagation and
termination. The first part of the initiation stegpthe homolytic dissociation of the AIBN
initiator species, yielding a pair of 2-cyanopropgticals and nitrogen (Scheme 2.4).

AIBN is a common free radical thermal initiator thecommonly used at 50-70.
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H,C——C——N— C CHg » H,C—C- + N,

CHs CHs CHs

Scheme 2.4Dissociation of AIBN

The second part of the initiation involves theiatibn of a styrene monomer by the 2-
cyanopropyl initiator radical to produce the chaiitiating species, shown in Scheme
2.5. Once the radical initiator is produced, thymer chain grows rapidly to high molar
mass. Therefore, as the polymerization progresbesmolecular weight is relatively

constant while the percent conversion increases.

Scheme 2.5Initiation of monomer by 2-cyanopropyl radical

In the propagation step, a chain initiating speeiss itself to another monomer and this

successive addition continues until terminatioruog¢Scheme 2.6).
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HeC——C——CH,—CH" + XH,c=—=CH —> ch—c

‘ CHy— CH2
CHS CH3 % {:

Scheme 2.6Propagation step of polystyrene reaction

Termination occurs either by a more common coupliegction (Scheme 2.7) or
disproportionation (Scheme 2.8), in which a hydrogadical that i} to one radical
center is transferred to another radical centayltieg in the formation of one saturated

and one unsaturated polymer molecule.

CN

2 H3C—C CHZ—CH CHZ—CH —_—

<

3C—C CHg—_CH CH,—CH CHZ—CH C—C 3

Scheme 2.7Termination by coupling for polystyryl radical

CN
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2H c—c CHZ—CH CHZ—CH —_—

H3C—C<7CH2—CH97CH2—CH2 + C*C%CHZ—‘CH%C—C 3
‘ X

f CH3

Scheme 2.8Termination by disproportionation of polystyryl reals

() Random Copolymer of Styrene and Cyanostyrene

Five copolymers of St and CNSt were synthesized foge radical
polymerization:'®** In a typical polymerization procedure, St, CNSitdt monomer
concentration: 4.5 M), DMA and AIBN initiator wenetroduced into a 100 ml 2-necked
round-bottom flask equipped with a reflux conderes®t a stir bar. This was subjected to
three freeze-pump-thaw cycles and heated in arbaith at 65 °C for 20 hours with
continuous stirring and nitrogen flow. The resultpalymers were precipitated in a ten-
fold excess of cold methanol and dried in the vatwayven at 75 °C for 2 days. For
simplicity, Stran-CNSt with x mol% CNSt would be referred to as CXptThe plot of
cyanostyrene mole fraction in the random copolyrfets: as a function of cyanostyrene

mole fraction in the comonomer feegyd:is shown in Figure 2.4. The experimental

44



1| -@—ExperimentalF_ -
% [1 calculated FCNST from copolymerization equation '/ i
LL L / -
5 08[ /]
e I P i
= /s

o 5 7 -
S 06} - ]
£ [ -7 fenst Fenst ’
7 [ o 000 000 |
c 04F » 0.03 013 -
S . / 0.10  0.24 ]
[ - 0.12  0.30 .
= 02F ?D' 020 040 ]
E - 030 050
Ole 1.00 1.00 i

L 3 3 1 5 5 5 1 4 5 5 1 . 2 3 1 3 4 ;1

0 0.2 0.4 0.6 0.8 1

Mole Fraction CNSt in comonomer feed, fCNSt

Figure 2.4.Mole fraction of CNSt in copolymer vs mole fractiohCNSt in comonome

feed

45



Fcenst was found to agree well the calculatedyds which was determined from

copolymerization equation and reactivity ratios&fs=1.2; k=0.191

C. Microwave Assisted Polymerization

The fundamentals of microwave radiation and litg@tsurvey of polymer
synthesis can be found in the cited review artit{€5™In this section, a brief overview
of the interaction of microwave radiation with cheah components and their benefits is

discussed.

The utilization of microwave radiation as oppogedconventional heating in
polymer chemistry is a rapidly growing field of eesch. Some of the advantages of
microwave-assisted polymerizations are (I) non-aontheating (reduction of over
heating of material surfaces), (ll) penetrativeiatidn, enabling energy transfer directly
to the reactive species, (lll) material selectind &V) rapid thermal and cooling effect,
eliminating thermal degradatid®® This technique has rendered itself attractive to

chemists mainly due to a significant reductione#ation time.

Microwave radiation, which is a form of electromatic energy, is composed of
magnetic and electric fields. In chemical synthémisrever, magnetic field interactions
do not commonly occur. The electric field componesuises molecular motion either by
() dipole rotation, where polar molecules try tbga themselves with the rapidly
changing microwave electric field or (I) ionic aturction, where energy is transferred
through free ions or ionic species in the heatds$tsnce. Since the reaction vessel wall
is transparent to the microwave energy, dipolapnic chemical components experience

instantaneous, homogenous and localized heatirsgytirey in the reduction of side
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reactions. Thus, the choice of chemical constimentth high microwave energy
absorbance level, i.e. high polarity or ionic coctibin, is a crucial parameter before
attempting a reaction. On the other hand, therraatihg is inefficient because transfer of
energy is dependent upon the thermal conductivitytree bulk materials. The
achievement of thermal equilibrium in this casea igery slow process, which can cause
polymerization within the same vessel to startifi¢ibnt times, increasing the molecular

weight distribution.

The field of microwave-assisted polymerizationstid in its infancy and rapid
growth of investigations is expected. Neverthelgb® ability to perform uniform
processing with commercial microwave reactors aulyeavailable has proven to be a
potential benefit to neutron scatters that takeaathge of the deuterium labeling, where
polymers with similar characteristics (e.g. molaculveight and tacticity) but varying

chemical isotopes are needed.

() Free Radical Polymerization of Styreneran-cyanostyrene

Random copolymers of styrene and cyanostyrene wmskymerized by
microwave assisted polymerization using a CEM MARScrowave. A typical
polymerization procedure is as follows: Styrene,armstyrene (total monomer
concentration: 4.5 M), DMA and AIBN initiator weratroduced into 100 ml CEM
GreenChem glass vessel equipped with a stir bar vEbsel was then sealed tightly with
a rubber stopper and the reaction mixture was stdgjeo three freeze-pump-thaw cycles
through a needle injected into the rubber stoppéer removing the rubber stopper
while in a glove box that is purged with nitrogehe glass vessel was attached to the

vessel holder that allows an airtight closure awbssel. This reaction mixture was then
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subjected to microwave radiation for 30 minutesa aémperature of 68 and power of
300 Watts. The microwave reactor is equipped withtdn magnetic stirrers, fiber-optic
temperature sensor and continuous feed-back comtfoth avoids thermal runaways.
The resultant polymers were precipitated in an exad cold methanol and dried in the

vacuum oven.

(I  ATRP of St and MMA Random Copolymer

Microwave-assisted polymerization was also used simthesize random
copolymers of styrene and methyl methacrylate ofimg compositions. For a typical
bulk polymerization, copper (I) chloride (0.2532355 mmol) and 2,2-bipyridine (1.20
g, 7.66 mmol) were introduced into a 100 ml CEM &w€hem glass vessel and the
solids were stirred to achieve homogeneity. Thgmese monomer (18.2 g, 0.175 mol),
MMA monomer (17.5 g, 0.175 mol) and p-TsClI initia{®.244 g, 1.27 mmol) were
added. The vessel was then sealed tightly withbheustopper and the reaction mixture
was subjected to three freeze-pump-thaw cyclesithr@ needle injected into the rubber
stopper. After removing the rubber stopper whileairglove box that is purged with
nitrogen, the glass vessel was attached to theelbekler that allows an airtight closure
on the vessel. This reaction mixture was then sudjeto microwave radiation for 45
minutes at a temperature of 95 °C and power of\&8@€s (5 reaction vessels). The molar
ratios of [p-TsCI]: [CuCl]: [2,2-bipyridine] werd.:2:6. The microwave reactor (CEM
MARS Microwave) is equipped with built-in magnesurrers, fiber-optic temperature
sensor and continuous feed-back control, which ielites thermal runaways. The

resultant polymers were precipitated in an excdssold methanol and dried in the
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vacuum oven. The plot of mole fraction of the MMAdopolymer, kva as a function of

mole fraction of MMA in the comonomer feegwfa is shown in Figure 2.5.
2.4 Polymer Characterization
A.  HNMR

() Random Copolymer of MMA and DMAEMA

The incorporation of monomers and copolymer contipos for MMA-ran-
DMAEMA copolymers were determined B NMR Spectroscopy (Varian 300 MHz).
Sample concentrations were 7 mg/ml in deuteratédraiorm and the chemical shift
scale was referenced to the tetramethylsilane pe@kppm. The composition in MMA-
ran-DMAEMA copolymers were calculated by integratirng tthree methoxy protons of
the MMA units $=3.6 ppm) and the aliphatic protons of the six dingamino protons
of DMAEMA units (=2.3 ppm). A typicalH NMR spectrum of MMAran-DMAEMA
is depicted in Figure 2.6. More specifically, thea per proton of the methoxy group

corresponding to MMA is given by:

_ Areapeaka(118)

= =039
Anetnory 3 protons

The normalized area per proton of the DMAEMA uistsletermined as:

_ Areapeakd (100)

= =017
MAEMA 6 protons
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Therefore, the mole percentage of DMAEMA monomaetsuin the random copolymer is

calculated as:

mol% DMAEMA= Aownes (017) x100% = 3036%
Amethoxy+ ADMAEMA (017 + 0'39)

(1)  Polyacrylonitrile (PAN)

Structures of synthesized PAN were verified'Bly NMR Spectroscopy (Varian
300 MHz). Sample concentrations were 7 mg/ml inteleted dimethyl sulfoxide (d-
DMSO) and the chemical shift scale was referenodti¢ tetramethylsilane (TMS) peak
at 0 ppm. The yellow, orange or brown coloratioattivas observed in some of the
synthesized polyacrylonitrile could either be ineldcby exposure to heat during
synthesis or drying or it may be a result of polyizegion in a high dielectric constant
solvent, in this instance, DME’ Figure 2.7 illustrates 8 NMR spectrum of a colored
(i.e. orange) PAN. Peaks at 2.1 ppm and 3.2 ppmespond top-methylene andx-
methine protons respectively. The extra peak atppm in colored PAN, but absent in
commercial free radical synthesized PAN (Figure s&ht be attributed to Hand H’

in branched and/or cyclized structures (Scheme th&) are proposed by Verneker et

al .117

The methine protons (marked b’) on both the bradcred cyclized structure are
more shielded and move upfield while the methylgnarked a’) move downfield due to
deshielding therefore giving rise to a single paaR.7 ppm. If this hypothesis is valid,
the amount of intracyclization or branching thantcibutes to the coloration of the

polyacrylonitrile is only 0.68 mol% as determinedrn the integration of the methylene
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(1) Random Copolymer of Styrene and MMA

The copolymer composition for styreren-MMA copolymers were determined
by '"H NMR Spectroscopy (Varian 300 MHz). Sample coneitns were 7 mg/ml in
deuterated chloroform and the chemical shift scalas referenced to the
tetramethylsilane (TMS) peak at O ppm. The averagk fraction of styrene gf and
molar ratio of styrene to MMA (F) incorporated intbe random copolymer can be
calculated by the following equations, whekgun represents the area per proton of
styrene monomer andyvaan) represents the area per proton corresponding to MMA

unit.

F. = ASt(lH)
St T
ASt(lH) + AMMA(lH)

(Equation 2.1)
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FSt(lH) _ ASt(lH )

F= (Equation 2.2)
FMMA(lH) AMMA(lH)
where:
3
{A0.4—3.7 - (5] X A6.5—7.0j|
Aumaany = 3 (Equation 2.3)
Asigny = (Asso) (Equation 2.4)

5

The peaks betweeb=0.4 and 3.7 ppm corresponds to the protons inMMA unit
(protons d-f depicted in Figure 2.9) and the methgland methyne groups on the styrene
monomer (protons b and c). Therefore, the 3/5 terfBquation 2.3 denotes the relative

number of styrene protons that appear in the 03lZgpm region to those appearing at

the chemical shift range other than 0.4-3.4 ppime number 5 in Equation 2iddicates

the number of aromatic protons that appear in tieenical shift between 6.5-7.0 ppm.
B. “CNMR

() Random Copolymer of Styrene and Cyanostyrene

3C NMR spectroscopy was performed onr&t-CNSt samples to confirm the
incorporation of the nitrile groupd£119.1 ppm, Figure 2.10) into the copolymer.
Sampleconcentrations were 7 mg/ml in deuteratedrofdrm and the chemical shift

scale was referenced to the tetramethylsilane pe@lppm.

56



aH Ha (|):O
OCHs f
H Hay o
a
H a
.5-7.0 ppm

10.5 9.5 8.5 7.5 6.5

12.5 11.5

Figure 2.9."H NMR spectra of Stan-MMA

57

5.5 45
f1 (ppm)



2080CNStSt#208
13C OBSERVE S
h

—131.9
~128.2
—126.2
—118.9
—110.0

—43.3
—40.6

d d-CHCI3 H, H H,
¢’ —cC ¢ —cC
a b X a b y
h c

h f a

150 140 130 120 110 100 90

80 70
f1 (ppm)

Figure 2.10.5°C NMR spectra of styrenen-cyanostyrene with 24 mol% cyanostyrene

58



C. Elemental Analysis

The composition of Stan-CNSt and Stan-AN copolymers were determined by
elemental analysis, completed by Atlantic Microlaborporated, Norcross GA. The C,

H, N analyses were performed by combustion usirigraatic analyzers and the values

obtained are percent by weight determinations \aitherror limit of £0.3% for both

accuracy and precision. A sample calculation of @l nitrile in Stran-CNSt is

determined as follows:
If, a: % nitrile/cyanostyrene in copolymer
b: % nitrogen in copolymer (determined from eletakanalysis)

Averagemolecularweightmonomem copolymerMW, , = ax MW, + (1—a) MW,

_ Atomicmasshitrogenx a
MW,

ave

b

Therefore, mol % cyanostyrene in the random copelym, is determined as:

bx MW,
atomicmassiitrogen

From error analysis, an error limit of 0.3 massPaitrogen can translate up to an error

of £3.5 mol% of nitrile.
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D. Differential Scanning Calorimetry

DSC (Mettler Toledo DSC 82lmeasurements were carried out to determine the
thermal properties of the polymers and were rua i@te of 10 °C/min and nitrogen flow
rate of 200 ml/min. In order to ensure completeaeah of the samples’ thermal history,
the midpoint of the heat capacity change of theorsgcconsecutively identical

measurement was recorded as the glass transitigetature.

E. Gel Permeation Chromatography

GPC analyses for MMA&an-DMAEMA, commercially purchased $&n-AN

and Stran-CNSt were performed at room temperature (20 °Gh wi flow rate of 1
mi/min to determine the molecular weights and mal@c weight distributions of
polymer samples with respect to polystyrene statsddvleasurements were carried out
on a Polymer Labs GPC-20 instrument equipped with 300 mm x 7.5 mm Polymer
Labs 5pm Mixed C columns and a 50 mm x 7.5 mm Polymer L&pm guard column
and a Knauer K-2301 differential refractometer aetector. Samples (filtered through a
0.45um syringe filter prior to injection) were at 1 md/ooncentration and HPLC grade

THF (100 ppm BHT stabilized) was used as the mqiikese.

GPC analysis for PCNSt, synthesized by our cotiaioo, was carried out at
ambient temperature using a PL-GPC 50 Plus (Polybadyoratories, Inc) with a
differential refractive index detector, one PSS GRAiard column (50 x 8 mm, 1dm
particles, Polymer Standards Service-USA, Inc.)j amo PSS GRAL linear columns

(each 300 x 8 mm, 1@m, molecular weight range from 500 to 1,000,0000&tdiag to
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Polymer Standards Service-USA, Inc.). DMF was uaedhe carrier solvent at a flow

rate of 1.0 mL/min.

GPC analyses for the synthesized SAN and PAN palgrwere carried out on a
Waters GPC system consisting of a Waters modelpbh@p, a Rheodyne model 7725 (i)
manual injector with a 20Ql loop, and a Knauer Smartline model 2300 diffeisdnt
refractive index detector. Measurements were peor at room temperature (20°C)
with DMF+0.1 M LiBr as the mobile phase, tolueneaalfow rate marker and flow rate
of 1 ml/min. The columns, four PSS (Polymer Stadd&ervice) GRAM; 8x300 mm; 10
um, 100, 1000, and 3000 A along with an 8x50ufdguard, were calibrated with a set
of polystyrene standards in the molecular weighgeaof 600 to 7,500,000 Daltons prior

to use.

F. Intrinsic Viscometry

The molecular weight of SAN and PAN polymers obgdinfrom GPC
measurement gave an abnormally high molecular weigé to dipole-dipole interaction
between nitrile groups along the polymer chainseré&fore, to further clarify their
molecular weight, intrinsic viscometry measuremewntsre performed on a Schott
Instruments ViscoSystems AVS 370 dilute solutioscemeter. The initial concentrated
polymer solution (10 mg/ml) in DMF was placed ire thiscometer and series dilutions
were completed automatically utilizing the DiluD4oftware. The capillary of type 531-
10 (overall length: 290 m, 0.64 mm capillary) waed. The viscometer is equipped with
optical sensors for starting and stopping the tjragneater/cooling bath for temperature

regulation, a built-in magnetic stirrer to assum@mibgeneity of the solution and an
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automatic burette for solvent dispensing accurdgasurements were carried out at 30
°C (ty DMF: 84.77 seconds) and 25 °G @MF: 89.3 seconds) for SAN and PAN
polymers respectively. The viscosity average mdécweights, M of the polymers

were calculated using the following equation:

log[n] =alog M, + log K

[n]: intrinsic viscosity in dl/g

To obtain viscosity average molecular weight,,, Mpolydispersity index (PDI)
information obtained from GPC measurement waszetiliPDI=M/M,). K and a values

for SAN and PAN were as follows®

Ksan: 17.2 x 10-5 dl/g aw: 0.73

Kpan: 39.2 X 10-5 dl/g @, 0.75

2.5 Preparation of Polymer Nanocomposite

A. Raman Spectroscopy and Optical microscopy

SWNT (2.5 mg, 1 wt %) in DMF was sonicated for duhin a sonicator bath
(Branson 3510, 40 kHz). Appropriate amount of paywas added to the DMF/SWNT
suspension and stirred abovg dntil the solution was reduced in volume, and was
sonicated again for 15 minutes before spin-coatwegpolymer/SWNT/DMF dispersion
on a glass substrate (10 sec at 300 rpm and 9at<€®0 rpm). For CNSt samples, the

glass substrate was coated with a primer before gpating the polymer/SWNT/DMF
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suspension to limit dewetting. The samples werét ladyove T, under vacuum for 15

hours to remove traces of solvent and to thernaailyeal the sample.

B. Small Angle Neutron/X-ray Scattering/X-ray Diffraction

In a typical preparation procedure, SWNT (0.625 thd, wt%) was sonicated in
5 m DMF for 1 hour in a Cole Parmer 8891 sonicat¢d7 kHz).
Homopolymer/copolymer (0.624 g) was added to theNSY®WMF suspension and
concentrated down to 2.5 ml at a temperature abdw@olymer’s J. The solution was
stirred and a steady flow of air is blown at thagiof the vials to aid in concentrating the
solution. Thereatfter, this thick suspension is sofucast into a Teflon mold (1cm x 3cm
X 1cm) and put in the vacuum oven for 3-5 dayswisil@amping it up to above the, Df
the polymer in a period of a couple of hours. The fdm is removed from the Teflon
mold and compression molded on an aluminum molkir{Xx 3cm x 0.1 cm) with Kapton
sheets sandwiching the plate. These samples aneression molded above thg af the

polymer at a pressure of ~10,000 Ibs for a duratifcstbout 5 minutes.

C. UV-Vis Spectroscopy

SWNT (6.8 mg, 1.0 wt%) was sonicated in 5.0 ml DMiFone hour. Appropriate
amounts of polymer (i.e. SAN of varying nitrile ¢ent, PS and PAN) was added and
further sonicated for two additional hours. Thepamsions were then stirred with heat
(100 °C) for one hour and transferred to 50 ml- centefugbes (Thermo Scientific*
Nalgene* Oak Ridge High-Speed FEP) that containn25DMF. The empty vial
containing the suspension was rinsed with 5 ml Davi#t the contents were transferred to

the 50 ml centrifuge tubes. The final suspensioesewshaken continuously for ~10
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minutes to ensure homogeneity and allow the forwnatif charge transfer complex. This
is centrifuged for 30 minutes at 6000 rpm. The sogkant was poured off carefully to
avoid disturbing the excess free SWNTs at the bottd the centrifuge. UV-Visible

spectroscopic measurement of the supernatant wag#rformed.

D. Wide Angle Neutron Diffraction Samples

Appropriate amount of Buckminster fullerenegyG41.6 mg, 4.0 wt%) was
sonicated in anisole (concentration: 5.6 mg/ml) fao hours. In a separate vial,
appropriate amount of polymer (1.0 grams) was tirssbin NMP. The concentration of
polystyrene, SAN20 and SAN45 in NMP was 0.15 g/mhilev polyacrylonitrile has a
concentration of 0.1 g/ml (Note: PAN was dissolweth the aid of heat). While under
sonication, the fullerene-anisole solution was tlaelded dropwise to polymer-NMP
suspension followed by sonication for another hdtis is followed by precipitation of
the solution in 250 ml cold diethyl ether for PANdBSAN45, and 250 ml cold methanol
for PS and SAN20 with consistent stirring. Aftesiteng in the freezer overnight (~12
hours), the solution is filtered using a MillipdféiLP type 0.45um filter membrane. The
brown powdered composites were then dried undanuracat room temperature for 12

hours.

2.6  Polymer Nanocomposite Characterization and Angkis

A. Optical Microscopy and Image Analysis

Optical microscopy (Nikon Microphot-FXA Microscop&as performed using

10x objectives to visualize the microscopic feasuoé the composite films. Each image
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has a domain size of 750n x 1000um. SIMAGIS Research 3.0, an image analysis
program was utilized to quantify the average anmec @éameter of the aggregates. All
visible aggregated regions on the nanocomposite dile included in the calculation of
the average area of aggregates and the maximuandéstvithin each aggregate is used
as the diameter of aggregates. The results pegbémthis study are averaged over five

optical micrographs.
B. Raman Spectroscopy

To monitor the extent of polymer interaction betweearbon nanotube and
polymer matrix, Raman spectroscopy was performeshgus JY-Horiba T64000
spectrometer with 514.5 nm edge filter, 600 gr/nratigg, 514.5 nm laser excitation and
CCD detector. Laser output power is kept low (AW rmeasured at the sample position)
and constant to avoid sample degradation and pegkdéncy downshift due to increasing
laser powel*'? The incident laser beam was focused onto the syecisurface
through an 80x long working distance objective figna laser spot size of ~1ubn. For
each sample, ten spectra with 20 seconds acquisdmmd 10 accumulations were
collected and the D* band shift presented in Chraptare averaged over 10 spectra. The

resolution of the spectrometer is ~2'tm

Raman mapping was performed on a Renishaw 10Q@frepeeter with 632.8 nm
excitation wavelength, 50x long objective for corsip® visualization and a laser spot
size of 2.0um. About 100 spectral acquisitions are acquiredeach nanocomposite

sample in the Raman mapping analysis and intessifiehe G band are averaged. The
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Raman peak values stated throughout this dissertatere derived by fitting the raw

data obtained from the spectrometer to a Lorentzian
C. Small Angle X-ray Scattering

The SAXS patterns for the thick film composites eveecorded on a Molecular
Metrology small angle x-ray machine using Cyrdiation {=1.5418 A) equipped with
a two-dimensional position sensitive proportionaledtor of circular shape (radius = 2.5
cm). A monochromatic x-ray source from the x-ragled tube is focused by a pair of
Kirkpatrick-Baez microfocusing mirrors. The sampdedetector distance was 1.5 m with
the q range 0.01 Ato 0.15 A'. The x-ray operating voltage was 45 kV with a eatrof

0.66 mA. The exposure time for measuring each sampt 1 hour.
D. Small Angle Neutron Scattering

Small angle neutron scattering experiments were @sformed on the thick film
composites to determine their structure and attemaptstudy the bound-layer
conformation of the polymer surrounding the SWNXpé&riments were conducted using
the General-Purpose SANS Diffractometer (CG-2)hat High Flux Isotope Reactor
(HFIR) in Oak Ridge National Laboratory (ORNL). Rbe SANS measurements, a cold
neutron wavelength of= 6 A and sample to detector positions of 0.3 m @nd were
used (0.01 A < q < 0.3 AY). Scattered intensities were reduced and correfced
transmission, background and detector efficienay emmverted to an absolute scale by

calibration with a known standard using Igor Pi@ &avemetrics, Inc.).
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E. UV-Vis Spectroscopy

UV-Vis absorption spectroscopy (Evolution 600 TherScientific) was utilized
to determine the concentration of SWNT in solutimgtovered using the method stated
in Section 2.5C. The absorption spectra were sctigilafrom absorbance of the solvent.

From Beer’'s Law, the absorbance of the suspensinrbe written as:

A=c¢lc

wheree is the molar absorptivity, | is the cell path lémgnd ¢ the SWNT concentration.
From a previously determined valuieat 500 nmis 0.0286 lcmi'mg* *?* allowing the

determination of SWNT concentration in the SWNTypoér complex.
F. X-ray Diffraction (XRD)

Diffracted X-rays from the polymers and composites were ctdbbausing an
XRD Instrument (Rigaku Inc.) to evaluate the sditplimit of Cgg in the polymer. The
x-ray source is a Bede Scientific Instruments LéaitMicrosource X-ray Generator,
operated at 45kV and 0.66 mA. From Figure 2.11, XR® pattern from the pure¢e
clearly shows peaks ab2 11.0, 17.9, 21.1, 21.9, 27.5, 28.3, 31.1, 3arid the pure
PAN polymer shows peaks at 16.9, 17.6, 23.9, Z8&. PAN composite witte 5 wt%
Cso show distinct diffraction peak at 1%,0consistent with peaks for puresCWe

therefore estimate the solubility limit ogg&In PAN polymer to be ~4 wt%.
G. Wide Angle Neutron Diffraction

Diffraction data of the fullerene-polymer compesitwere collected on the small

angle neutron diffractometer for liquids and amayshsamples (SANDALS) instrument
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at the ISIS spallation neutron source, Rutherforppléton Laboratory, U.K. The
composites were loaded into a flat plate titaniurodnium null scatterer cell that has an
internal sample thickness of 2 mm and wall thicknes1 mm. Scattering data was also
obtained for an incoherent scatterer vanadium @abcm x 5.0 cm) of thickness 3.48
mm for data normalization. Data reduction and adioe for background, multiple
scattering, absorption and normalization was peréat using GudrunGUI program
(Release date: 20 Oct 2009) to give total statiuctire factors, S(Q). Fourier
Transformation of S(Q) generate pair distributiondtions, g(r) that provide an insight

into the intra- and inter-molecular relative deysiistributions of the system.
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CHAPTER 3: EVIDENCE OF CHARGE TRANSFER INTERACTION IN

POLYMER NANOCOMPOSITES

3.1 Introduction

The work presented in this chapter seeks to utatetsand obtain a measure of
the level of charge transfer between the copolynmsrd SWNTs utilizing Raman
spectroscopy, discussed in Section 3.3&nsity functional theory (DFT) calculations,
described in Section 3.3.B, also provides additiansight into the extent of molecular
interaction between an interacting monomeric ogashieric unit and SWNTs as well as the
optimized geometries for the formation of the uhdeg interactions. In addition, the chi)(
interaction parameter between the polymer matrit 8WNT was calculated from Flory-
Huggins theory (Section 3.3.C) to verify that th@ymer chain connectivity plays a very

fundamental role in controlling the extent of im@decular charge transfer interaction.

3.2 Materials

Tables 3.1, 3.2 and 3.3 list all the polymers usdtlis study along with pertinent
functional group composition (i.e. DMAEMA, acryldnie and cyanostyrene) and
molecular weight characteristics. The MMAAR-DMAEMA and styrenean-
cyanostyrene copolymers were synthesized as odtlimeSection 2.3.A.1 and Section
2.3.B.l respectively. All the nanocomposite samples Raman spectroscopy were

prepared according to the procedure describeddhdde2.5A.
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Table 3.1.Characteristics of PMMA, PDMAEMA and MMAan-DMAEMA polymers
used in this study

Polymer mol% DMAEMA ° M, (g/mol) PDI
PMMA 0 61,000 1.27
DMA10 12.2 44,000 1.52
DMAZ20 26.3 54,000 1.15
DMA30 30.4 46,000 1.08
DMAS50 49.2 49,000 1.12
PDMAEMA 100 39,000 1.35

a: determined fromH NMR

Table 3.2.Characteristics of PS, PAN and styreae-acrylonitrile polymers used in this
study

Polymer mMol% acrylonitrile * M, (g/mol)  PDI

PS 0.0 43,000 1.04
SAN30 29.5 83,000 2.28
SAN37 36.8 79,000 2.35
SAN45 45.0 55,000 2.04
SAN49 48.8 67,000 2.12
SANS6 56.2 55,000 2.37

PAN 100.0 39,000 1.35

a: determined by elemental analysis

Table 3.3.Characteristics of PS, PCNSt and styresmecyanostyrene polymers used in
this study

Polymer Mol% cyanostyrené M, (g/mol)  PDI

PS 0.0 41,000 1.07
CNSt13 12.6 46,000 1.70
CNSt24 23.6 58,000 1.62
CNSt30 29.8 55,000 1.73
CNSt40 40.2 72,000 2.15
CNSt50 49.8 60,000 2.00
PCNSt 100.0° 59,000 1.05

a: determined by elemental analysis

b: synthesized by our collaborator, Paraskevi Bffva
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3.3 Results and Discussion
A. Raman Spectroscopy
() Origin of Raman Scattering and its Applicationto SWNT

Since the discovery of the Raman effect by Sir.(R¥man in 192&3'**Raman
spectroscopy has become a powerful tool for motectiucture determination. In these
studies, it was demonstrated that when light istexad by molecules in dust-free liquids
or gases, a diffuse radiation that is the same leagth as the incident beam is
accompanied by a modified scattered radiation gfatted frequency, called the Raman
scattering. In Raman spectroscopy technique, alsaspradiated with a powerful laser
source of visible or near-infrared monochromatidiaion and the scattered light is
typically observed perpendicular to the incidenarbe The scattered light results from
elastic Rayleigh scattering, characteristic of tecatg from particles much smaller than
the incident beam wavelength, and inelastic Rancattesing, which is very weak (£0
of the incident beam}>

The origin of Rayleigh and Raman scattering isstiated in Figure 3.%*° When
a molecule interacts with a photon from a lasercs®uhe increase in its energy is equal
to the energy of the photon,irepresented by Figure 3.1 (a), where h is Plancthstant
and v is the frequency of the electromagnetic radiati®mce this process is not
guantized, the energy of the molecule can fallng af the virtual states, between the

ground state and the first electronic excited ss&i@wvn in the upper part of Figure 3.1.
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Figure 3.1 (b) shows the energy change if the nubdethat is impinged by the photon
resides in the first vibrational level of the electic ground state. At room temperature,
transition (a) occurs in greater abundance thansitian (b) since the ground state
abundance is higher than the excited state. Axtepby arrows (c) and (d), no loss of
energy occur in Rayleigh scattering. Raman scatierdepicted by arrows (e) and (f),
consists of Stokes and anti-Stokes scattering.eSteknission occur when molecules re-
emit a photon of energy Es\E and anti-stokes when energy re-emittedvisAE. The
lower-frequency Stokes scattering is more commardgd than the higher-frequency
anti-Stokes scattering since it gives a more irgegignal. However, in instances where
fluorescing samples are encountered, the lesdenter anti-Stokes shift can be used
despite its lower intensity. Another way to reddle®rescence is to take advantage of
higher wavelength lasers that are not energetiagimto produce fluorescence-producing
excited electronic energy states in most molectifels.is important to note that Stokes,
anti-Stokes and Rayleigh lines all appear in a Raspectrum even though the Stokes
part of the spectrum is usually generated.

Despite being similar in application to infraredesposcopy (IR), Raman
spectroscopy offers unique advantages that cheroets benefit from. In general,
chemical species with covalent bonds have stromgaRasignatures. It also offers a great
platform for biological research since water is@Ww Raman scatterer. Aqueous samples
can be probed without major interference from waibrations. In addition, molecular
vibrations of hygroscopic and air-sensitive compmisican be conveniently measured
using Raman spectroscopy since they can be placedealed glass tube. In IR however,

the glass tube absorbs the IR radiation. Somehef disadvantages of Raman
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spectroscopy are the possibility of the samplecslltveating, occurrence of fluorescence
in some compounds, and the cost of the spectrortféter

Since the discovery of carbon nanotubes, as malied nanotubes in 1981and
as single-walled nanotubes in 19§3Raman spectroscopy has been used to identify the
properties (e.g. diameter, chirality) of nanotulfs?°probe the quality of dispersivhr?
and evaluate polymer matrix-nanotube interactf3i61*°However, the power of Raman
spectroscopy for characterizing carbon nanotubes e fully appreciated until 1997
when Rao first showed that the Raman excitatiogueacy can be chosen to selectively
excite nanotubes of particular diameter for sttidy.One vyear later, Pimenta
demonstrated that metallic and semiconducting carmBmotubes can be differentiated
from the resonant behavior of the Raman mddfes.

In the Raman spectra of SWNT, a prominent feautbe radial breathing mode
(RBM), appearing between 120 ¢mand 250 crit wavenumber, attributed to the
symmetric movement of all carbon atoms in the dadigection. A number of studies
have yielded results for assigning RBM modes taifipgn,m) indices, which allow the
determination of diameter and chirality of an iseta SWNT-*® From the relationship
wrem = Ald, + B, where A = 234 cihand B = 10 crl, the diameter distribution, ¢br
the Nano-CPT tubes used in this study that is somance with the laser line is between
0.9 to 1.3 nnt*® The D Raman band of SWNTs, which is observed beivi250 and
1450 cnm* wavenumber, is due to the defects which lower tigstalline symmetry of the
quasi-infinite lattice. Therefore, the intensity die D mode peak gives a direct
correlation to the degree of disorder in SWNTSs. plak in the region 1500-1605 ¢ris

denoted the tangential G band. In isolated semistinty nanotubes, two prominent

75



Lorentzian features of this band are the higheguemcy G (og’) band, which is
associated with atomic C-C stretching displacemaldag the nanotube axis and the
lower frequency Gog) band attributed to vibrations along the circurafgral direction.

In contrast, metallic tubes also have two domir@mponents with similar origins, but
the lower frequencyg is a broad Breit-Wigner Fano lineshdpéSince the G band is
derived from the graphite-like in-plane mode, theemsity of the G band can readily be
used to determine the relative concentration of SWIN nanocomposite samples,
regardless of whether the nanotube bundles araliysobvious with a microscope or
not. Figure 3.2 is a schematic showing the G and/RBode atomic vibrations. The
second-order overtone of the D band, the D* baraigcin the region of 2550-2800 tm
! This mode is sensitive to any perturbation toeleetronic structure of SWNT, such as
from charge transfer effect®** Therefore, shifts in the frequency of the D* baramh

be monitored to experimentally detect the presefcharge transfer processes.
(I Polymer-SWNT Interaction Probed Using Raman sgctroscopy

In our study, the extent of intermolecular intel@ctwithin the nanocomposite is
guantified by monitoring the frequency of the D*nblain a Raman spectrum, which
provides a measure of the compressive or tensit$oimposed by the polymer matrix
onto the nanotubes. As the diameter of the laserlium, which is three orders of
magnitude larger than the diameter of the nanofubesRaman signal that is analyzed is
an average response from a population of SWNTs ¢kt in the Raman beam.
Therefore, the D* band is a very practical peakécanalyzed since this mode is weakly

dependent on nanotube diameter variatfon.
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Figure 3.2. Schematic of the (a) G band atomic vibrations aldhg nanotube
circumference and along the nanotube axis and BW Ribrational mode, attributed to

the symmetric movement of all carbon atoms in #ukal direction

77



This analysis builds off of a previous investigatioy Wood and coworkers that
demonstrated upshifts in the frequency of the Rhd of SWNTs when molecular
pressure is applied to the nanotube’s sidewallgriigersing them in various liquids of
varying cohesive energy density (CED) or macroscqpessure that is applied by a
diamond anvil celf? In this study, the authors conclude that a pasifieak shift of the
D* band frequency of carbon nanotubes embeddecdwiyamer matrix relative to that of
the pure SWNTSs arises due to (I) CED or internakpure of a polymer phae* (i)
compression of SWNT C-C bonds from the shrinkagepaiymer matrixX® (Ill) the
temperature dependence of SWNT structure in airctwlis small and considered
negligible ® and (IV) the shift produced by the stress indufredn the temperature
dependence of cohesive energy density, which s @ssidered negligible since it has
been shown that for sufficiently long polymer clsgirthe change in CED with
temperature is negligibl®. Therefore, we focus on the first and second factbat
contribute to the upshift in the D* band in our naamposites.

In condensed liquid or solid phases, the cohesnargy, Eon, Of a substance is
defined as the increase in internal energy, Unpae if all the intermolecular forces are
eliminated®’

Econ= AU (J/mol) (Equation 3.1)

On the molecular level, the cohesive energy inhgreprovides a measure of the
attractive forces holding the presumably non-irdeng molecules together. In a two-
phase system however, the presence of a second phiase, SWNT aggregates in our
case, interferes with the balance of attractive repdisive molecular forces in the matrix

and thus generates compressive stresses from tteeisding medium to the nanofiller.
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If the matrix is a liquid, the magnitude of thisests can be experimentally obtained from
the relationship:

AU AH - RT .
CED = Eeon _ 0% = P~ vap (Equation 3.2)
\% \% \%

wheres is the solubility parameter ((J/&?), V the molecular volume (cttmol), AHyap

the enthalpy of vaporization (J/mol), R the unsatrgas constant (J/mol K) and T is the
temperature (K). For polymers however, indirect hods must be used for the
determination of the CED as they do not vaporiz&n@) the group contribution method

developed by Small, such that;

F2

CED=¢°= V7 (Equation 3.3)

where F is Small's molar attraction constétitthe CED of the polymers used in this
study were calculated. For example, from Equatié BMMA and PDMAEMA have a
CED of 357.1 MPa and 306.2 MPa respectively andetbee, DMA50 has a CED of
331.6 MPa.

With this value of the CED of the MMAan-DMAEMA polymer matrix, Wood'’s
results estimate that the expected shift in thebBfd will be 13.8 cih This value is
determined for all MMAran-DMAEMA copolymers and presented in Figure 3.2, ahhi
shows the expected shift in the D* band as a foncof % DMAEMA from the
compressive force of the surrounding polymer matag well as the experimentally
determined D* shift of our nanocomposites. FigBir2 clearly demonstrates that the D*
shift obtained in our studies is higher (except Dd3@Ananocomposite, discussed later)
than the shifts that would be expected from the GERhe polymer, i.e. the shift that

would be expected if the interaction between polyara nanotube is due solely to the
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internal pressure of non-interacting polymers. Aexr¢ is very little correlation between
these two data sets, there must exist other fathatscontribute to the observed upshift
in the D* band in the DMA polymer-nanocomposites.

Lourie et al. also used Raman spectroscopy to toonhe cooling-induced
compressive deformation of carbon nanotubes emideitdan epoxy matrif’ a second
factor that must be considered in interpreting Dairband frequency shifts. When the
epoxy-SWNT composite is cooled, the epoxy resintremts, and the transfer of
compressive and thermal stresses from the surrognmtilymer to the SWNT results in a
shortening of the C-C bond length in the nanotuiel sand an upshift in the D* band.
Based on a concentric cylinder model for a longetalmbedded into an isotropic matrix,
Wagner demonstrates that the axial tube stress tdueooling can be calculated
theoretically and is directly proportional to th&fetence in the thermal expansion
coefficients of the matrix and the nanotube, if ttmperature gradient (i.e. difference
between  of polymer and ambient temperature), volume foactnd Young's moduli
of the tube and matrix are constant, which is timeour casé®'* Therefore, any
contribution of polymer’s contraction upon coolitigthe D* band upshift is expected to
be constant for all DMA copolymer nanocompositesligtd. The thermal histories of all
the samples are also identical, therefore elinmggtiansfer of thermal stress to nanotube
as the cause of the variation in D* band upshifthwgopolymer composition. The
variation in the magnitude of the D* peak shift eb®d in these Raman spectra is thus
interpreted to originate from the variation of copgsive stress due to polymer-SWNT

interactions.
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One issue that also needs to be addressed rtaeeaffect of molecular weight on
the level of dispersion. The molecular weight a¢ fiolymers used in this study ranges
from 39,000 to 83,000 g.nial While molecular weight does play a role in thief@cing
effect of polymer nanocomposites, Winey et. al dahe that the molecular weight of an
amorphous polymer matrix has no significant effeat SWNT dispersion in their
investigation of PMMA nanocomposites with polymeoletular weight ranging from
25K and 100K

As shown in Figure 3.3, the PMMA and DMA10 compesihave a D* peak
upshift of 16.1 crit and 16.8 cril respectively, indicating a very high molecular pree
induced upon the nanotube sidewalls and an abs#Ensignificant complex formation.
This implies that at only 10 mol% DMAEMA, the exteof EDA complex formation
between SWNTs and the tertiary amino group is insaht to overcome the Van der
Waals attraction between adjacent tubes. The maigidf the D* band upshift decreases
as the % DMAEMA in the copolymer increases, an dation that charge transfer
formation increases, thereby, relieving the intenqm@ssure within the SWNT. This
increases the inter-tube spacing, relieving thekipgcbetween the SWNTs, and can
consequently improve dispersion. Among this serieg, DMA30 composite has the
smallest positive shift of 9.7 ¢ implying that the DMA30 copolymer minimally
compresses the nanotube, subsequently providingmib& optimum charge transfer
interaction between the copolymer and nanofillenoag its series. When the mol%
DMAEMA in the copolymer increases further, the Darlgl shift increases, up to 18.5

cm™ for the neat PDMAEMA homopolymer composite. Thidicates that the degree of
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compressive forces induced upon the SWNT is lacgesing a decrease of tube-tube
spacing, and potentially causing SWNT kinking,téatng or deformation’®

In order to provide insight into the extent of ED#Aeraction between the SWNT
and SAN copolymers, the shift in the frequencyhef D* band was also monitored. As
shown in Figure 3.4, the composites exhibit negali¥ peak shifts, in sharp contrast to
the positive D* band shifts of the MMAan-DMAEMA nanocomposites. Kao and
coworkers have investigated the effect of straipliagd to SWNT-epoxy composites and
observed positive D* band shifts in compression astight shift to lower wavenumbers
in tension*?® Ajayan and coworkers performed similar studiesj afso found similar
downshift in the D* band with tension, but no sfgrant shifts under compression. They
argue that the D* downshift in tension is a resdila reduction in the radial stresses due
to debundling of the nanotubes, which causes aease in the inter-tube spacing within
the nanocomposité! It is unclear however, whether these carbon némstiexist as
isolates.

In our results, an upshift in the D* band, as bkbd in the MMAfan-
DMAEMA composites, is interpreted as compressiveds that are transferred from the
polymer to the SWNTs while negative shifts, as wiad for SAN composites indicate
that the internal pressure within the carbon ndmtuwndles is relieved by the formation
of EDA complex between SAN copolymer and SWNT. F&gB8.4 shows the comparison
between the Raman D* shift obtained in our studies the D* band shifts that would be
expected from purely CED forces by correlation tod/s results, as discussed in the
DMA results above. If the Raman shift obtainedthis study were due to only the

cohesive forces existing between the non-intergcpolymer matrix and SWNT, a
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positive Raman shift similar to the DMA copolymesisould be observed. However,
clearly the D* band peak shift is not due to thenpeessive stress induced upon SWNT,
but is a result of forces that can result in SWNbuhdling.

As shown in Figure 3.4, the polystyrene compositews the smallest negative
shift of ~3.8 cnl, suggesting that polystyrene has a weak intemaetith SWNTSs, in the
form of n-n interactions between the aromatic rings on pofgsty and the nanotube
surface. As AN is incorporated into the copolynstronger interfacial cohesion or EDA
interaction is realized as evidenced by a larggatiee shift, to a maximum value of
~ - 8.5 cni for the 45% AN. However, as the percent AN incesafsirther, the extent of
the D* band shift decreases. This may be explaazedue to the proximity between AN
moieties along the polymer chain, leading to thardation of AN accessibility to form
EDA interaction with the SWNT. Surprisingly, the RAcomposite has a negative D*
shift of ~8.1 cnif, comparable to that of SAN45, which is the begtatgmer in this
system. This anomaly will be discussed more fullfsection 3.3.B.

Similar experiments were performed onr&tCNSt nanocomposite to provide
insight into the intermolecular charge transfer mdmena occurring between these
polymer matrices and SWNT. The D* peak shift refatio that of pure SWNT in air is
monitored and shown in Figure 3.5. As was found tftg SAN composites, CNSt
composites also show a negative D* shift suggegtiagthe internal pressure within the
carbon nanotube is relieved by the formation of EBAmplexes between CNSt
copolymer and SWNT. As expected, the shift atéhibg PS is relatively small (~3.8
cm™) owing to the wealt-n interaction between polymer and tubes. As therjmm@tion

of CNSt increases from 12.6 mol% to 23.6 mol%,dakent of D* band shift increases
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from negative ~7.6 cihto a maximum of negative ~11.8 ¢pan indication that CNSt23
has the highest extent of intermolecular chargestea among all three copolymer
systems. A mere increase of 6.2 mol% of CNSt (CBBtcontent above the optimum
composition (CNSt 23) indicates a dramatic decredsgtermolecular interaction, where
a negative shift of only ~3.3 ¢his observed. CNSt 40 and CNSt 50 show larger nesjati
shifts than CNSt30, but the extent of this dowrigkiEmall relative to CNSt 23. The neat
homopolymer PCNSt has a positive D* band shift df éni’, indicating relatively poor
interfacial interaction between the matrix and SWNTaken as a whole, these results
indicate that the St@an-CNSt copolymer forms the most robust charge tensf

interaction with the nanofillers, followed by &tn-AN and MMA-ran-DMAEMA.
B. Density Functional Theory Calculations (DFT)

Density functional theory was used to provide ihsigto the formation of EDA
interactions between monomers and SWNT and inastitipe role of chain connectivity
on the formation of EDA interactions. The optimizgdometries for the monomer-
SWNT systems and the binding energies were obtafrmd the DFT calculations
completed by Dr. Bobby Sumpt¥f: and are illustrated in Figure 3.6. For the sake of
completion, the details of the simulation are lyiediscussed here. Three different
single-walled carbon nanotubes (SWNTs) were consilg8,0) semi-conducting and
(9,0) quasi-metallic zigzag nanotubes and a (5,8balic armchair nanotube. For each
case, the length of the nanotubes was at least a@dithe ends were passivated with

hydrogen. All-electron density functional theoryHD calculations of the hydrogen
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terminated SWNTSs interacting with monomers and kolagomers (up to 12 monomers
were considered) were performed using NWCHémwith the local density
approximation (LDA) and generalized gradient appr@tion (GGA). The atom
centered, contracted Gaussian basis sets, 3*2amd 6-31 + G¥° were used during the
calculation of the self-consistent solution. Thatia#h geometries for the different
nanotube-based systems were obtained by first gtighithe geometry of the nanotube-
monomer/oligomers using molecular mechanics andvth8 potential**® From these
MM3 optimized geometries, full geometry optimizatiosing DFT (LDA) with the 3-
21G basis set was used to generate the final gepfiet*’ In order to validate the
relative strength and trends of the intermolecutéeractions as computed from DFT-
LDA, the addition of a damped, empirical dispersierm, DFT-D method was utilized in
this study.

These results from the DFT calculations agree witlh experimental results,
where CNSt has the highest binding energy, 10 kd)/which results in the highest
extent of interfacial adhesion with SWNT, as disagsin Section 3.3.A.ll. Due to the
aromatic structure of CNSt, the preferred orientatnf the CNSt monomer interacting
with SWNT lies flat, with its spresonance facing the network structure of SWNT.
Acrylonitrile has an intermolecular binding energfy4.5 kcal/mole, half that of CNSt.
This information qualitatively agrees with the espeental shifts of the D* band,
indicating that the extent of intermolecular int#r@n of SAN copolymers with SWNT is
not as great as that of the CNSt copolymers. A Ismirmolecular binding energy of
only 0.31 kcal/mol for the DMAEMA monomer implies weak charge transfer

interaction with SWNTSs.
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The binding energies of the monomers, illustrated=igure 3.6 elucidates the
extent of interaction achieved by 18-CNSt, Stran-AN, and MMA-+an-DMAEMA,
but it does not however, explain the occurrencarobptimal EDA interaction when the
minority of the monomers are the interacting fumcéil groups in the matrix (i.e.
DMA30, SAN45, CNSt23). The optimized geometry ofcganostyrene trimer as
determined by DFT provides some additional insigtd this result. Figure 3.7 shows an
optimized geometry of a cyanostyrene trimer inghesence of an (8,0) semi-conducting
single walled nanotube. This illustrates how thyper must adopt a conformation that
differs from the monomer optimized geometry in FggB8.6 due to chain connectivity. In
this system, the middle cyanostyrene monomer doemteract with the SWNT, while
the monomers at the ends contribute a binding g§nefg2.72 kcal/mol each (total
binding energy of 5.44 kcal/mole for the trimer).

In polymer-nanocomposite systems, geometrical tcainés are very important
parameters that limit the formation of non-covalet¢ractions by polymers on the walls
of nanotubes. For example, Yang and coworkers ka®med a molecular dynamics
(MD) simulation, which demonstrates that the plafethe aromatic rings of a PS
homopolymer tends to be vertical to the surfachefSWNT. Parallel alignment of the
aromatic rings on PS chain is more energeticayptable, however, not entropically,
possibly due to chain connectivity effects (sigrafit twisting of bonds occur if aromatic
rings of PS were to align along SWNT surface), sathe aromatic rings to rotate away
from the SWNT surface and align parallel to eacheptto optimize their mutual

interaction®®
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Figure 3.7. Optimized binding orientation between cyanostyrdrimer and (8,0)

semiconducting SWNT as determined by DFT calcutatio
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By the same token, polymer chain flexibility aldays a role in the formation of
non-covalent interaction since this affects theitgtof a polymer chain to conform itself
favorably to the curved nanotube surface. MD sitmhs show that the intermolecular
interaction between a polymer and SWNT changes1f}0% for the more flexible PS
and ~50% for a stiff poly(p-phenylenevinylene) (AR6lymer chain when the SWNT
diameter increasé$® This helps to explain why polyacrylonitrile showsomalously
good intermolecular interaction. The loss of thenaatic rings of the styrene leads to a
significantly more flexible chain that can wrap marasily around the SWNT, creating
more nitrile-SWNT EDA interactions.

In the case of a copolymer-SWNT system, the fdonaof the nitrile-SWNT
interaction is not as trivial, as our results shitat an increase in the distance between
interacting functional groups along a polymer ché&ads to higher occurrence of
intermolecular charge transfer interaction with tB&/NTs. This allows efficient
formation of EDA complex since rotational freedofrtlee various interacting functional
groups are increased as they are separated alergplolymer chain. However, too large
of a separation of functional groups in a polyméaio is also unfavorable since
intermolecular interaction would be hindered by timaited amount of interacting
functional moiety.

C. Calculation of Free Energy of Mixing,AG

To provide further insight into the role of chaionmectivity in governing the

extent of interaction in nanotube-polymer compasitdory-Huggins theory is applied to

these systems. Flory-Huggins theory is a well-kn@xtension of the regular solutions
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theory to both polymer solutions and bleffdsind provides a useful expression for the

change of Gibbs free energy of mixing for binarynpmnents A and B:

AG, ® o) .
— =N_:\|n D, +N_§|n OIS O NOR (Equation 3.4)

where, in this case®a , g and Na and N; are the volume fractions and number of
molecular units in SWNT and polymer respectively, tie gas constant, T the
temperature in Kelvin angag is the Flory-Huggins interaction parameter. Thistfiwo
terms in Equation 3.4 denotes the configurationatropy of mixing for the two
components. For long chain polymers, the entropymbfing, AS, is quantitatively
negative and small (Nis large). Hence, unlike low molecular weight miie, the
entropy of mixing does not contribute significantty the overall Gibbs free energy of
mixing, AG to promote miscibility. Strictly speaking, SWN&se not polymers in the
conventional sense and therefore, the number oéeatdr units in SWNT, Nhas never
been theoretically or experimentally determinedvéitheless, in our attempt to use the
Flory-Huggins theory in this polymer-nanocomposystem, we have taken a value of
5000 as the Ml This arbitrary value was taken from the horizbatymptote in the plot
of Gibbs free energy of mixing (J/mol) vs the numbérepeat units in SWNT, Min
Figure 3.8.

To justify the usage of this arbitrary number, MNPA molecule with molecular
weight of 50,000 g/mol, which will have a degree pdlymerization of 500, is
considered. The radius of gyration, mass-weightedame distance of all the monomers
from the center of mass, is a measure of the palysize’™° It can be calculated as

follows:
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where < h* >_ denotes the mean-square end-to-end distance of thetunbgel polymer
chain. From the experimentally determined chain dimensyosmall angle neutron
scattering,< h? >_ /M for PMMA is 0.425 K.mol/g'®"* Therefore, for a PMMA chain

with chain length of 50,000 g/mol,

R, = = 59.5A

g
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On the other hand, the length of a SWNT rod w@dizn this study ranges from
500 nm to 4um, which are orders of magnitude longer than arpelychain. Thus, a
choice of the number of SWNT molecular units, s 5000, is reasonable as it is an
order of magnitude larger than the polymer’s degifgalymerization.

The last term in Equation 3.4 denotes the matspactific enthalpic contribution
to the free energy of mixing and consists of theryFIHuggins parametey, In 1997,
Groot and Warreli? established useful parameter ranges for the p=fiEsed
Dissipative Particle Dynamics (DPD) simulation oésoscopic systems and made a link
between those parameters ap@arameters in Flory-Huggins model. Based on their
theoretical work,y can be calculated using the following equatitfii>?

_Va

= (0, -9,) (Equation 3.5)

XAB

where \4 denotes the polymer molar volume adl and 6g represents the solubility
parameter of SWNT and polymer respectively. In gaingerms,y is the fraction of
thermal energy (kT) needed to extract molecule & Brfrom their pure state, and then

exchanging them. When A and B components do natrfaentact, thegps value is
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positive and when they favor each other over AA BBdcontactsyug is negative. The
solubility parameters of the polymers can be caled using the additive group
contribution theory as outlined in Section 3.3A,ugtion 3.3. The solubility parameter
for carbon nanotube utilized in this study, whicslan average diameter of 1.1 nm was
taken as 22.5 (J/IcH? from Maiti's'™>® particle-based dissipative particle dynamics
simulation (DPD). In the simulation, the cohesiveergy density (CED), which is the
square of the solubility parameter, was obtainethfthe debundling energy of the close-
packed CNT bundles, i.e. the energy cost of isudgéi CNT from a bundle. The above
approach for calculating works reasonable well for non-polar interacticarsd does not
work in mixtures with strong polar or specific iraetions, such as hydrogen bonds.

The question that arises however, as to whethé& theory, which is
conventionally used to predict miscibility behavioir polymer blends, can be applied
analogously to polymer nanocomposite systems. 8egéorts have been made to apply
this theory to a variety of multi-component systetdsrey et al. have experimentally
determined SWNT solubility after covalent functibmation with aryl carboxylic acid or
aryl hydroxyl groups in aqueous solution by using/-Ws-nIR photoabsorption
spectroscopy and compared it to the calculatedbg8ibyu parameter from polymer
solubility theory. It was found that the solubiliparameter calculated from the Maiti-
RSP modéf? best describes the increasing solubility with éasing functionalization. In
this model, they interaction parameter is calculated using thelsliiy parameter that
takes into account the polar group effects and dgen bonding, in addition to the
dispersion interactions between molecdfésMaiti et al. have also mapped out the

solubility parameter of carbon nanotubes (CNT) afuraction of the CNT diameter,
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which has provided a tool for predicting polymer-Cholubility.**® In conjunction with
this, their simulation results have been furthestified by an experimental study by
Dalton et al., where poly(m-phenylenevinylene) (RmB ~ 18.5 (J/cr)*’?) polymers
have selective affinity to CNTs of diameters raggirom 1.35 nm to 1.55 nm, which has
similar solubility parameter to PmPV, determinednir Maiti’'s dissipative particle
dynamics simulation>® It is worth noting that components with similarluglity
parameters generate miscibility whereas disparalgbility parameters yield limited
miscibility. One major challenge that hampers tfferts to establish the applicability of
Flory-Huggins theory to polymer nanocompositeshet the state of equilibrium, which
is required for this thermodynamic analysis, isale/ questionable for multicomponent
systems such as polymer nanocomposites. Howewueliestin the development of Flory-
Huggins theory to polymer nanocomposite system stih provide guidelines to
rationally design miscible systems.

In our effort to apply this mean-field, lattice nedheory to our system, we have
calculated the configurational entropy of mixiag of the polymer-SWNT blend and the
x interaction parameter that contribute to the dveraange in Gibbs free energy of
mixing, AG of the nanocomposite. These values are showatte$ 3.4, 3.5 and 3.6 for
MMA-ran-DMAEMA,  styrenefan-acrylonitrile  and  styrenean-cyanostyrene
nanocomposite, respectively. As expected, the pwtrof mixing for all sets of
nanocomposites is similar and quantitatively sraatl negative, indicating its negligible
contribution to the overall free energy of mixindg the polymer nanocomposite.
Therefore, we focus our attention to the enthalmatribution to the free energy of

mixing in the form ofy interaction parameter. In general, the valued@fnteraction
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Table 3.4.MMA-ran-DMAEMA polymer nanocomposite’s (containing 1.0 wiS®WNT) Gibbs fee energy of mixingG,

entropic contributiodS and Chi interaction parametecalculated from Flory-Huggins theory

Polymer mol %  Density Avg monomer MW polymer Molar Volume Solubility, 8 AG/KT AS /KT  Chi
DMAEMA  (g/cn?) molar mass (g/mol)  (g/mol) (cm’) (3¥1em™)  (3imol) ( I/mol)

PMMA 0.00 1.19 100.12 61000 1.40E-22 14.86 0.017 -0.0000®7 1.

DMA12 0.12 1.18 107.09 44000 1.51E-22 14.91 0.019 -0.000030 2

DMA26 0.26 1.16 115.14 54000 1.65E-22 14.96 0.020 -0.000026 2

DMA30 0.30 1.15 117.48 46000 1.69E-22 14.98 0.020 -0.000031 2

DMA49 0.49 1.13 128.21 49000 1.88E-22 15.05 0.022 -0.000032 2
PDMAEMA 1.00 1.07 157.22 39000 2.44E-22 15.24 0.027 -0.4008.10
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Table 3.5.Styreneran-acrylonitrile polymer nanocomposite’s (containib® wt% SWNT) Gibbs fee energy of mixings,

entropic contributiodS and Chi interaction parametecalculated from Flory-Huggins theory

Polymer mol % Density Avg monomel MW Polymer Molar Volume Solubility, 8 AG/KT AS/KT Chi
AN (9/em®)  molar mass (g/mol)  (g/mol) (cm’) @em*)  (I/mol)  (I/mol)

P< 0.0C 1.0t 104.1¢ 4300( 1.65E-2: 15.9¢ 0.01t -0.0000: 1.7C
SAN3C 0.3C 1.0¢ 89.0¢ 8300( 1.36E-2: 16.51 0.01C -0.0000: 1.1¢
SAN37 0.37 1.1C 85.3¢ 7900( 1.29E-2: 16.6¢ 0.00¢ -0.0000: 1.07%
SAN4E 0.4t 1.11 81.1¢ 5500( 1.22E-2: 16.8( 0.00¢ -0.0000: 0.9t
SANA4¢C 0.4¢ 1.11 79.22 6700( 1.18E-2: 16.87 0.00¢ -0.0000: 0.9C
SAN5E 0.5€ 1.1z 75.4¢4 5500( 1.12E-2: 16.92 0.007 -0.0000: 0.8¢
PAN 1.0C 1.1¢€ 53.0¢ 3900( 7.47E-2: 17.8: 0.00: -0.0000: 0.3¢
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Table 3.6.Styreneran-cyanostyrene polymer nanocomposite’s (containifignt% SWNT) Gibbs fee energy of mixinds,

entropic contributiod\S and Chi interaction parametecalculated from Flory-Huggins theory

Polymer mol %  Density Avg monomer MW Polymer Molar Volume Solubility, 8 AG/KT AS/KT Chi
CNST  (g/en™) molar mass (g/mol)  (g/mol) (cm’) (3*4em™)  (/mol)  (I/mol)

P< 0.0C 1.0t 104.1¢ 4300( 1.65E-2: 15.9¢ 0.01f -0.0000: 1.7C
CNSt1: 0.1% 1.0€ 107.3( 4600( 1.68E-2: 16.3- 0.01¢ -0.0000: 1.5t
CNSt24 0.24 1.07 110.0¢ 5800( 1.71E-2: 16.6: 0.01: -0.0000: 1.4:
CNSt3( 0.3C 1.07 111.6( 5500( 1.73E-2: 16.8( 0.01z -0.0000: 1.3¢
CNSt4( 0.4C 1.0¢ 114.2( 7200( 1.76E-2: 17.0¢ 0.011 -0.0000: 1.2¢
CNSt5! 0.51 1.0¢ 116.7¢ 6000( 1.79E-2: 17.3¢ 0.01C -0.0000: 1.1%
PCNS 1.0C 1.12 129.1¢ 5900( 1.91E-2: 18.7¢ 0.00¢ -0.0000: 0.64
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parameters order agpmaema > ¥san =~ Ycnss Which indicates preferential enthalpic
interaction between styreman-acrylonitrile or styren@an-cyanostyrene and the
SWNTs relative to MMAran-DMAEMA with SWNTs, corroborating the

aforementioned Raman spectroscopy data. However,y tiparameters within each

copolymer series vary monotonically with copolynesemposition, and do not correlate
with our experimental evidence that indicates ttie# existence of a minority of

interacting functional group within a polymer chdemads to an optimum interfacial
adhesion. For example, within SAN composites, (@&bb) they parameter decreases as
the nitrile content in the copolymer increases, gesting that interfacial adhesion
between the polymer matrix and SWNT increases. Weweour Raman spectroscopy
results shows that the extent of charge transfesrantion between the matrix and
nanoparticle is the highest for PAN, followed by Ne#5, SAN37, SAN49, SAN3O0,

SAN56 and PS, which clearly does not correlate with computational result.

The discrepancy between our experimental resulistla@ calculation presented
above, which indicates that the extent of EDA iat&ion will vary monotonically with
the composition of interacting functional groupsrag the polymer chain, implies that the
extent of intermolecular interaction is modified &yarameter that is not included in the
calculation of free energy of mixing from Flory-Hyigs theory. In fact, this effect has
previously been investigated by Coleman and Paiimtethe prediction of the phase
behavior of hydrogen bonded polymer bleAd& In these studies, the experimentally

determined fraction of hydrogen-bonded carbonyl ugs fS5.°, from infrared

spectroscopy can be used to determing®K which quantifies the extent of

intermolecular hydrogen bonding. The authors fotlnad the extent of hydrogen bonding
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in blends of polyvinyl phenol (PVPh) and phestdtethyl methacrylate (PEMA) is far

less than their low molecular weight analogues. ®hservance of a higher extent of
hydrogen bonding in the lower molecular weight agak led the authors to conclude
that due to polymer chain connectivity, the polynsbains in a blend, PVPh/PEMA
mixture, has more steric restrictions on its bacikbbond rotations, thereby limiting their
ability to orient themselves appropriately for e#int hydrogen bonding formation.

Therefore, the hydrogen-bonding functional grouged to be ‘spaced’ with non-

hydrogen-bonding functional groups in order tocintly enable the interacting moiety
to orient themselves appropriately to form a hyeérodond with another functional

group.

To account for this entropic factor, the authorgpmsed to add a term afGL/RT

to the classic Flory-Huggins equation to accountlie free energy of hydrogen bonding

formation:
AG ®, (0] AG .

m=| AN, +—Bnd, |[+P, P y+—" Equation 3.6
RT (MA M, Bj AP X TRy (Eq )

where® ,, ®_, and My, Mg are the volume fractions and degrees of polymtoizaf

components A and B, respectively. The first twongiare the combinatorial entropy
whereas the third term represents the contribdtimm ‘physical’ or nonspecific forces
and contains the classic Flory parametérhe final term is the contribution from
‘chemical’ forces representing the ordering of fogdm bond formation in the mixture
relative to the pure state of the two componenit® Pphysical’ force can be calculated
from solubility parameters (Equation 3.5) ak@y may be determined by "“from the

infrared analysis. By taking this entropic effgttb consideration, they have successfully
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predicted the miscibility maps of the overall phséavior for blends of two copolymers
in which the copolymer composition is systematicaHried in both>° In addition, a
separate experiment by Rasheed et al. has alsghatva moderate amount of vinyl
phenol content along a polymer chain allows thetrapsmum hydrogen bonding
formation with a carboxyl-functionalized SWN:>>**"Therefore, these previous
studies further validate our claim that polymerint@nnectivity is an additional and
crucial entropic parameter, not taken into consitien in the classic Flory-Huggins
theory, that governs the extent of intermoleculacteon-donor-acceptor (EDA) complex

formation between a polymer matrix and SWNT.
3.4 Conclusion

Experimental and theoretical studies indicate thaltymer chain connectivity
governs the susceptibility of individual functiongdoups on a polymer chain to form
electron donor-acceptor interactions with the SWAM@ that the extent of this interaction
can be systematically controlled by varying copaymomposition. The formation of
the interaction is optimal when a minority of irdeting functional groups is present in a
copolymer matrix, as supported by Raman spectrgsd&p band shift. Among the
DMAEMA series, the smallest positive D* band shifs obtained for the DMA30
nanocomposite, suggesting that the least compee$siees are exerted by the DMA30
polymer matrix onto the SWNT. In contrast, negafeband shifts indicate a level of
debundling of the carbon nanotubes for SAN and I$&systems, with SAN45, PAN
and CNSt23 being the most efficient at relieving thternal pressure induced upon the
carbon nanotubes. Good interfacial adhesion betwééh and SWNT also indicates that

the effect of spacing along the polymer chain anektent of intermolecular interaction
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is less significant if the polymer chain is flexablBinding energies of the interacting
monomers with SWNT obtained from density functiotieory calculations corroborates
our experimental data, by demonstrating that cyignese forms the strongest
intermolecular interaction with the SWNT, followég acrylonitrile and DMAEMA. In
addition, the fully optimized structure of a cyatyosne trimer interacting with a SWNT
provides direct evidence that only a fraction e interacting moieties along a polymer
chain form an electon-donor-acceptor complex with$WNT due to chain connectivity.
Calculations ofg interaction parameter from Flory-Huggins theorglso consistent with
this interpretation. These results suggest thatispahe interacting functional groups
along a polymer chain improves the efficiency oéctlon-donor-acceptor complex
formation with the carbon nanotubes. The presemtystherefore proposes a pathway by
which desired material properties can be achieweceproducibly controlling the extent

of intermolecular interaction and dispersion inypoér nanocomposites.
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CHAPTER 4: OPTIMIZATION OF NANOPARTICLE DISPERSION USING

NON-COVALENT CHARGE TRANSFER INTERACTION
4.1 Introduction

Raman spectroscopy results (D* Band shifts), derfsinctional theory (DFT)
calculation and calculation of the chi interactmarametery from Flory Huggins Theory
presented in Chapter 3 provide evidence of the atnmd altering the copolymer
composition on the extent of intermolecular electdmnor-acceptor complex formation
between a polymer matrix and SWNT. Through this kot was found that chain
connectivity is a crucial parameter that govermsektent of interfacial adhesion between
the SWNT nanoparticle and polymer matrix. Howewgre underlying question that still
pervades and becomes the central theme of thisteshep Does an optimum charge
transfer interaction translate to improved SWNToparticle spatial dispersion?

In our group’s previous work, a systematic studyestigating the extent of
miscibility between a liquid crystalline polyuretiea and an amorphous polymer,
poly(styreneran-vinylphenol) blend was performédf By varying the composition of
vinyl phenol in the copolymer, the extent of intetecular interaction, i.e. hydrogen
bonding between the two polymers can be finely dut@ develop materials with
improved dispersion. The concept of optimizing theermolecular hydrogen bonding
between two polymers has proven effective in ingregathe miscibility window of this
system. Would the same concept be applicable to ctiveent study of polymer
nanocomposites? In other words, can the extemtefaction and dispersion of single-
walled nanotubes be systematically controlled hyinm the extent of electron-donor

acceptor interaction through varying the copolyntemposition in the copolymer
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system? Section 4.3A describes a qualitative Ingesessment of this study through
visualization of thick film composites. To gain iigist into the dispersion level of these
polymer nanocomposites quantitatively, optical msécopy and Raman spectroscopy was

utilized, as addressed in Section 4.3.B and 4.8spactively.

4.2 Materials

The polymers used in this study are listed in &ald.1, 3.2 and 3.3 (Chapter 3).
The MMA-ran-DMAEMA and styreneran-cyanostyrene copolymers were synthesized
as outlined in Section 2.3.A.1 and Section 2.3.Bekpectively. All the polymer
nanocomposite samples for optical microscopy anehd®aspectroscopy were prepared
as described in Section 2.5.A whereas the thiok bmposites were made as outlined in
Section 2.5.B. Aggregate analysis was performedguSiIMAGIS 3.0 Research software

according to the procedure outlined in Section®.6.

4.3 Results and Discussion

A. Dispersion Quality Determination by Thick Film Composite Visualization

As a first assessment in this study, thick filmh®d wt% SWNT nanocomposites
containing polymers with varying copolymer compiasit were made to qualitatively
visualize the range of dispersions obtained. Aslaiseen in Figure 4.1, a variation of
dispersion quality can be readily observed, ashenthick film composites of PMMA,
PDMAEMA and DMA30 nanocomposites. It is clearly @smt that the DMA30
nanocomposite attains optical homogeneity and paesicy throughout the entire film,

indicative of good dispersion and interfacial adtvedetween DMA30 copolymer and

106



(@) (b) (©)

Figure 4.1. Photographs of (a) PMMA, (b) PDMAEMA and (c) DMA38ick film

composites with 0.1 wt % content of SWNT
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SWNT. Although some variation in the DMA30 compedilim exists, this is primarily
due to the difference in the local thickness of fihm. On the other hand, the PMMA
nanocomposite appears dark and opaque indicating gispersion, attributed to the
minimal interaction realized between the ester treseon PMMA chains and SWNTSs.
Even though PDMAEMA has an abundance of tertiaryinaminteracting moieties
compared to DMA30, the dispersion of SWNT in PDMAEManocomposite is far
more heterogeneous than the composite containingd@® DMAEMA, implying that
controlling the amount of non-covalent interactibbetween a copolymer and an
anisotropic filler through the variation of copolgmcomposition provides a mechanism
to improve SWNT dispersion.

In order to assess the effect of an electron wétlwirg acrylonitrile (AN) on the
formation of electron donor acceptor interactiond #@s correlation to the dispersion of
SWNT in a polymer matrix, the same evaluation wasfggmed on the thick film
composites of Stan-AN. Photographs of PS, PAN and SAN45 thick filmmymsites
with 0.1 wt% SWNT are shown in Figure 4.2. QuaMally, it is evident that PS
composite lacks homogeneity, indicated by the nealiké feature throughout the
sample. The fact that poor dispersion is visuafiparent for the PS composite indicates
that the non-covaleni—r interactions between polystyrene and SVif\&re insufficient
to overcome the strong interparticle forces thastelxetween the nanotubes. When the
electron withdrawing acrylonitrile moiety is incamated into the polymer matrix
however, a dramatic enhancement of the nanoconegosiispersion is observed, as

shown in Figure 4.2.
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Figure 4.2. Photographs of (a) PS, (b) PAN and (c) SAN45 thiltk composites with

0.1 wt% SWNT
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A similar evaluation was performed on compositeStaran-CNSt copolymers to
investigate more fully the ability to tune the nomwalent interaction and its impact on
dispersion by modifying the chemical structureh@ functional monomer. The
cyanostyrene monomer has a nitrile functional groughe para position of the phenyl
ring, which should allow the distribution of elemtis across a larger area, providing a
stronger interaction. Thick film composites of PBdaCNSt 23 with 0.1% SWNT
depicted in Figure 4.3 shows that ther&1-CNSt copolymers are excellent matrices for
SWNT dispersion. This is presumably due to thetexice of aromatic rings on both St
and CNSt monomeric moieties allowingr interactions with SWNTs as well as the
formation of EDA interactions between the nitrilogp and SWNT. Even though these
thick film composites give qualitative visualizatiof the level of dispersion, quantitative
analysis is needed to provide additional insighd iime effect of copolymer composition

on the extent of dispersion for all three systetudied.
B. Optical Microscopy and Aggregate Size Analysis

The combination of optical microscopy and imagelgsis provides a tool by
which material homogeneity can be quantified on thieron level. This approach
provides insight into how the spatial dispersiontltd SWNT in the polymer matrix
changes with the variation of copolymer compositfoifherefore, optical microscopy
was used to examine the SWNT dispersion in DMA1GVA30, PMMA and
PDMAEMA nanocomposites with 1.0 wt% SWNT loading shown in Figure 4.4,
where these images show numerous large agglomematée nanocomposite film. It is
worth noting that these images are representativall dhe images acquired for each

sample. The transparent areas on the film corresfmthat of the neat polymer matrix,

110



Figure 4.3. Photograph of SWNT nanocomposites with (a) polgstg (b) CNST23.6

and (c) PCNSt as the matrix containing 0.1wt% SWNT
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Figure 4.4. Optical micrographs of (a) DMA30 (b) DMA10 (c) PMMand (d)

PDMAEMA nanocomposites with 1.0 wt% SWNT loadingl®x magnification. Scale

bar scale shown is 5Q0n
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as verified by Raman spectroscopy, discussed befualitatively, one can visually
observe that the PMMA and PDMAEMA homopolymer cosifes have significantly
larger aggregates than the DMA10 and DMA30 compssito quantify this data and the
spatial distribution of aggregates on the filmse tAverage diameter and area of
aggregates are determined and are plotted in Figbrand Figure 4.6 as a function of
mol % DMAEMA in the copolymer. The average areaagfregates for the PMMA
nanocomposite is ~46Im?. The corresponding value for the diameter of apgiates in
the PMMA composite is 6.um, providing additional information on the quartiite
uniformity of SWNT bundles within the hanocomposiiée aggregate area decreases to
357 um? (diameter ~5.5um) as the composition of DMAEMA increases to 10%s the
composition of DMAEMA increases further, there isignificant increase in the level of
dispersion, as demonstrated by the decrease ofamckaiameter of aggregates for the
DMA10, DMA20 and DMA30 nanocomposites. Among thisriss, the DMA30
composite has the smallest bundle size, wheregheegate area (fh?) decreases by a
factor of ~10 and the aggregate size (81 decreases by a factor of ~2 relative to the
neat homopolymer composites. However, as the coigpof DMAEMA increases
even further, the agglomerate size increases, @asrshy the DMA50 nanocomposite
with aggregate area of ~26im? and diameter of ~5.im. The extent of dispersion is
even poorer for the PDMAEMA nanocomposite. Thisade demonstrates that the
presence of more interacting moieties on the potyoi@in does not correspond to
improved dispersion in the polymer nanocomposite.

Optical microscopy was also used to visualize diwall structure of the 1.0 wt%
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SWNT composites of all SAN and PAN polymers. Frdme ptical micrographs in
Figure 4.7, only minimal nanotube aggregates asemed, demonstrating that the SAN
composites are well dispersed. The extent of desperis confirmed by Raman
spectroscopy, where, Raman imaging scans were tikiea step size of im and every
spectrum shows clear SWNT signatures, indicatingt tiabes exist throughout the
samples, even in optically clear regions. Thisléardy exemplified in Figure 4.8, which
shows that the integrated area under the G-banclaively consistent along the
horizontal line of the PAN composite, indicatingnimmgeneously dispersed SWNT. In
contrast, the PS composite shows broad variatidhenntegrated area under the G-band
(Figure 4.9), consistent with poor nanoparticlepdrsion. Note that the thick black
horizontal streaks in the micrographs in Figur@ahd 4.9 are flaws originating from the
microscope.

Similar to the SAN composites, the CNSt compositese also so well dispersed
(Figure 4.10) that the resolution of the opticabrascopy was not able to differentiate
the level of dispersion of the nanocomposites efdifferent copolymers. In fact, optical
microscopy does not show any SWNT aggregates, amRapectroscopy indicates that
the dark spots in Figure 4.10 are defects, not SWAg@regates. This observation
indicates that the CNSt samples are more homogsheniixed than either the DMA or
SAN nanocomposites. Figure 4.11, which shows aramded map of the integrated area
under the G-band for the CNSt24 micrograph exeimglithe homogeneity that is

observed for the CNSt samples.
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Figure 4.7.Optical micrographs of (a) SAN29.5 (b) SAN 45 (AN656.2 (d) PAN

nanocomposites. Scale bar is 500

(b)

TEROE T mmm

(d)
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Figure 4.10.Optical Micrographs of (a) CNSt 12.6 (b) CNSt 2&pCNSt 40.2 and (d)

CNSt 50.0
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Figure 4.11. Color-coded map of the integrated area under thea@ for CNSt24
micrograph. The dark area corresponds to low SWHNiitent whereas the red area

corresponds to the highest SWNT content
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C. Nanotube Dispersion using Raman Spectroscopy

In addition to optical microscopy, Raman mappiagan effective technique to
guantify the level of dispersion among the copolssre smaller length scales ().
As shown earlier, an optical microscopy image & DMA SWNT nanocomposites
shows areas where nanotube aggregates exist sdedby areas that are optically clear.
However, the resolution of the optical microscomegl not indicate whether SWNTs
exist in the optically clear region, and if they, dbthey are individual tubes or small
aggregates. Raman mapping can be used to quamifgistribution of the SWNT in the
matrix, down to a resolution of ~|#n. To explain this procedure, Figure 4.12 shows an
optical micrograph and the typical Raman spectrar ke G band of an area of the
micrograph that clearly contains an aggregate andiraa of the micrograph that is
optically clear. The aggregated region undoubtextigsists of SWNT, and therefore
there exists a strong G band peak at 1500-1620. dm the optically clear region,
however, the presence of the G band peak is indecat SWNT that reside in the region
that are not visible optically. Therefore, the a#ion of the G band intensities spatially
throughout a nanocomposite sample provides a metihaguantify the dispersion of
nanotubes in the sample. To provide a quantiboatf this dispersion, the G band

intensity of optically clear (.., ) sections of the sample is measured over ~ 5G spst
is the G band intensity of 50 spots within the agated (¢ ) regions. The ratio of e
to 1 is then determined to quantify the dispersion igyidor every nanocomposite
sample. In this analysis, nanotubes that are honemyesly dispersed in the polymer

matrix will result in the ratio of¢_ /¢ approaching 1, whereas poorly dispersed

clear agg
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SWNTs will exhibit an1¢_/1¢ that will approach 0. Thickness variation in these

clear |  agg
samples have been determined by ellipsometry amdiatforce microscopy (% variation
<15%) as well as by normalization of thehly the intensity of the D Bandpjl all of

which verify that the quantification and interptéta of the reported results are not

impacted by any thickness variation within the sksp

For consistency, each Raman spectra is baselmeeted, smoothed by a 2-point
adjacent-average method, fitted to two Lorentziamcfions, and the G band intensity at
Xcenter Of the second Lorentzian curved; band) is averaged for about 50 regions of the
micrograph. The use abg" for this analysis is most practical since thiskpean be
easily fitted with a Lorentzian line shape, unlittee broadenedg feature, which is
usually fitted using a Breit-Wigner-Fano lineshape.

Figure 4.13 is a plot ofié_/1¢ as a function of mol% DMAEMA in the

agy
DMAEMA nanocomposites. Carbon nanotubes and PMMAntwolymer is very

immiscible, affirmed by a ratio of¢_/1¢ ~ 0.09. As the percentage of interacting

clear agg
moiety DMAEMA increases to 10 mol%, the ratio ireses to 0.14, indicating better
dispersion between the polymer matrix and SWNT3@&imol% DMAEMA, the ratio of

1 /16 increases to an optimal value of 0.31. Howevds titend does not continue

clear agg

beyond DMA30 composite, where the 50 mol% DMAEMAId?®DMAEMA composites

show ¢ /¢ that decrease to 0.13 and 0.15 respectively, atidig poor dispersion.

clear agg

The trend observed in this Raman mapping analysielates very well with both
optical microscopy (Section 4.3B) and Raman D* bahift results (Chapter 3) and can

be explained at the molecular level by the impdathain connectivity on the formation
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of attractive electron donor-acceptor interactidmedween the polymer chain and the
SWNT?® When an electron-donating tertiary amino groufD8AEMA on a polymer
chain is in close proximity to the carbon cage WNST, an EDA complex can be As
more DMAEMA moieties are added randomly onto théyper chain, an increase in
interfacial cohesion can occur as a result of tbenétion of more intermolecular
interactions between the polymer matrix and SWNdading to improved SWNT
dispersion. However, once an optimal amount of DMHKE groups has been
incorporated into the copolymer matrix, our resudteow that further increasing the
DMAEMA concentration results in a decrease of tkegrde of interfacial adhesion and
dispersion of SWNT in a polymer matrix dramaticallyne fundamental reason for this is
that the mobility of a given —NRyroup on the MMAran-DMAEMA chain is influenced
by its proximity to other —NRfunctional groups. More specifically, an —p&roup that

is participating in an EDA interaction will inhibithe mobility of neighboring —NR
groups and limit its ability to access and origself correctly at the carbon nanotube
sidewalls to optimally form an additional non-cam interaction. This effect is
mitigated if the —NR functional groups are adequately spaced out albegoolymer
chain, so that they are dynamically independent #rel formation of one EDA
interaction does not inhibit the formation of ardéidnal interaction with the SWNT.
Therefore, these results exemplify the importande cbain connectivity on the

optimization of this EDA interaction.

The exact mechanism by which the inclusion of Eib#eractions improves the
SWNT dispersion in these polymer matrices remainsopen question. Numerous

investigations have been conducted to determin@rtpertance of controlling interfacial
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tension as a method to improve the dispersion iliftomponent polymer systems, but
have been mainly dedicated to polymer blend syst&& The applicability of this
concept to polymer nanocomposites is much lesswnelérstood. However, based on our
interpretation of our results, a reduction of ifdaeral tension could be the reason for the
observed increase in dispersion. This would be ifrdbe interfacial adhesion/binding
between an interacting functional group (i.e. (Ba@thyl aminoethyl) methacrylate,
acrylonitrile and cyanostyrene) and SWNT leads pmlgmer chain conforming itself to
the nanotube sidewalls to increase enthalpic iotenas, creating more SWNT-polymer

interactions, thereby reducing interfacial tension.

However, without further investigation, this integfation cannot be verified, as
in polymer blends it has been shown that the prsseof a copolymer at the
polymer/polymer interface does not reduce the @topize by reducing the interfacial
tension, which would promote smaller droplets, sitice size is unaffected when the
volume fraction of the minority component is lowatRer, the copolymer is known to
sterically stabilize droplets and inhibit dropletatescencé®® Additionally, the presence
of electron donor-acceptor interaction in our systesults in a slight charging of the
SWNTs, which induces an electrostatic repulsiveeranttion between tubes, further
aiding in their dispersion. Therefore, whether doeninant mechanism for improvement
of dispersion is steric stabilization, lower intaial tension, or electrostatic repulsion is a

detail that will require further study.

Raman mapping was also performed on SAN compositésrther quantify the

dispersion of these samples. Figure 4.14 is a ploi¢_/1¢ as a function of %

clear agg
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acrylonitrile in the SAN copolymer. Inspectiontbis plot shows that the PS composite

has a relatively lowe_/j¢ ~ 0.13, indicating poor SWNT spatial distributiddpon

clear agg

increasing the AN content in the copolymer to 3@ 8@ mol%, the value of¢_ /¢

clear agg

increases to ~0.2. As the amount of AN increasdbtmol%, the magnitude ot _ /¢

tear ! 1 agg
increases to a maximum of ~0.6, a value that idbldothat of DMA30, the most well-
dispersed MMAran-DMAEMA nanocomposite. The level of dispersion f8AN 49
decreases slightly, and dropped dramatically foNS86. The PAN composite also
attains dispersion similar to that of the SAN45 posite. These results correlate well
with the analysis of the D* band of these nanocasitps, which reconfirms our
hypothesis that good intermolecular interactionweein SWNT and polymer matrix
translates to optimum particle dispersion. Theyp alearly demonstrate that there exists
an optimum amount of AN composition whereby polymanotube interaction is
optimal and translate to the best dispersion. heotvords, merely increasing the amount
of interacting moiety in the copolymer does notdlda a linear enhancement of the
SWNT dispersion. In addition, this Raman mappinglgsis has also demonstrated that
electron withdrawing acrylonitrile is more effeaithan electron donating DMAEMA in
the formation of EDA complex with the SWNT, as eanded by an increase in the

dispersion by a factor of ~2.

Because there do not exist visually obvious SWNTragates in the CNSt
nanocomposites, we were not able to use this Ranagping technique to quantify their
dispersion, however the absence of visually idexiti€ aggregates itself indicates that
the dispersion of SWNT in CNSt is superior to eaititbe DMAEMA or SAN

copolymers.
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4.4 Conclusion

The experiments described in this chapter havevshbat the level of dispersion
is optimal when a minority of non-covalent interagtfunctional groups is present in a
copolymer matrix. More specifically, optical micompy and Raman mapping
guantitatively indicate that DMA30 nanocomposites lthe smallest bundle among its
series. Qualitative observations from optical myeephs also indicate that SAN and St-
CNSt copolymers are better host matrices to dispe38/NTs relative to DMA.
Additionally, Raman mapping for SAN45 and PAN namoposites shows that the
dispersion of SWNT in these systems are better tit@aDMA series. This further affirms
our conclusion that polymer chain connectivity gogethe susceptibility of individual
functional groups on a polymer chain to form electdonor-acceptor interactions with
the SWNT and that the extent of this interacti@mnstates to SWNT particle dispersion,

and can be systematically controlled by varyingatpmer composition.
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CHAPTER 5: MORPHOLOGY OF POLYACRYLONITRILE

NANOCOMPOSITES BY SMALL ANGLE NEUTRON SCATTERING
51 Motivation

As discussed in Chapters 3 and 4, optimized nomdeav electron donor-acceptor
interactions between a copolymer matrix and arogadr filler provide a method to
reproducibly tune the nanoparticle dispersion inpaymer nanocomposite system.
However, in order to optimize the property enharneeimof the nanocomposite with
respect to the neat polymer, a precise controhefdispersion and morphology of these
nanoparticle entities is essential. Neverthelesgaueling the nature of the spatial
arrangement of the nanoparticles in the nanocortggogresents a challenge to material
scientists since the overlap of features on mangtlescales increases the complexity of
the interpretation of microstructural daf4A clear picture of the nanocomposite structure

demands both sophisticated experiments and cooediniaeoretical investigations.

Despite the significance and extensive use ottmle microscopy in the
elucidation of morphology and structure-propertyrrefations in multi-component
systems® image analysis using this technique brings a nurnbehallenges. Surface-
based methods such as atomic force microscopy (AdtNanning electron microscopy
(SEM) only shows the surface or a cross-sectiah®three-dimensional arrangement of
the SWNTs in the polymer matri® Brintlinger et al. has also shown that the meabure
diameter of SWNT embedded in polymer matrix fromVBEnages are overestimated
because the contrast stems from the differencearface electrostatic potential between

the conductive nanotube and insulating polymer imaif In transmission electron
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microscopy (TEM), structure elucidation is a comptask due to the extremely low
contrast between SWNT and polymer mdftiand the image contrast is also dependent
on nonstructural factors such as sample thicknémss aberrations and imaging
conditions’* Although it is possible to get good TEM imagesuliyathin sectioning of
bulk samples by microtome, which is necessary tainbmorphology of “as-processed”
samples, this process adds ambiguity to the irg&@apon of the 3-dimensional (3-D)
organization of the filler in polymer matrix becaube size of the 3-D structure exceeds
the thickness of ultrathin sectiotfé:**>*%®|n addition, Ajayan et al. have shown that the
microtoming can produce aligned arrays of carbonotges embedded in polymer
matrix, therefore altering the actual spatial distiion of SWNTX® Therefore, we have
utilized small angle neutron scattering to evaludake morphology of carbon
nanoparticles in polymer nanocomposites. In thiaptér, we focus on this simple,
unresolved question to provide insight into our enstanding of the structure of these
multi-component systems: How can material parametbe tuned to achieve
thermodynamically miscible polymer nanocomposit@$is will ultimately guide the
synthesis and/or formulation of novel thermodynaaitycstable polymer nanocomposites
and provide design rules that relate particle ceewi size and polymer-particle

interfacial interaction to the formation of mis@lgpolymer nanocomposite systems.

52 Materials

The molecular characteristic of polyacrylonitrileed in this study is listed in
Table 3.2. Thick film polymer nanocomposite samptgsneutron scattering experiments

are prepared as outlined in Section 2.5.B.
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5.3 Basics of Small Angle Neutron and X-ray Scatterg

Small angle scattering is a unique technique tcigfie both the structure and
dynamics of molecules. The underlying principlesxefay and neutron scattering are
very similar and the subtleties that exist betwdle@m are pointed out as deemed
necessary in the discussion below. Figure 5.1tifitiss the basic principle of a scattering
experiment. An incident beam of radiation with wawgth A, and wavevector Kk
impinges upon a sample and is scattered with d Wuaaevector, k The radiation is
scattered isotropically from each scattering centée term “scattering center” will be
used throughout this chapter to refer to the dartibat scatters x-rays or neutrons,
usually an atom. The terh defines the angle between the scattered beam hend t
incident beam. The scattered radiation is deteloyetthe detector, recording its intensity,
which is the square of the amplitude of the scattevave, as a function of scattering
angle 6. The wavevector change upon scattering, denotedQbyis given by:

Q =k, k| :j—fsin(gj (Equation 5.1)
Q is the length scale of the scattering event artdd fundamental variable that correlates
to the spatial properties of the scattering sanles also inversely proportional to a real

space length scale, d whéfe

Q=— (Equation 5.2)
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Figure 5.1. lllustration of scattering experiment and relatiopsbetween wavevectors

and momentum transfers
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Experimentally, the differential scattering crogst®on, (a/dQ) (Q), is the dependent
variable that is measured in a scattering expettink&r a neutron scattering experiment,
this represents the number of neutrons scattergtldogample into a solid angleQdas
illustrated in Figure 5.1. The functiom/dQ (Q) contains all the information on the size,

shape, and interactions between the scatteringseimt the sampl€'?

A generalized expression that relates differerdadttering cross section to the
structure of the sample 1&*

do

d_Q(Q) = NV2(8p)’ P(Q)S(Q)+ B (Equation 5.3)

where N is the number of scattering centers, Viésvolume of one scattering center and
B is the background signal. The contragtp)f, form factor P(Q) and structure factor

S(Q) also appear in this equation and will be dised in the following discussion.

From Equation 5.3, one can deduce that the féiagibif extracting structural
information from a neutron scattering experimess lin the contrast that exists in the
sample, from theAp)? term. (A\p)® quantifies the difference of the neutron scatterin

length densityp of the various components in the system studiéere:

53’* Db (Equation 5.4)

o=

For a polymeric system, in Equation 5.4, the patam& denotes the bulk polymer
density, M is Avagadro number, M is the monomer molar masst ans the neutron
scattering length of nucleai within the monomer. A compilation of nuclei scaitg

length values can be found readily in the literatudeutrons are especially suited to
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study soft materials, which consist mostly of liglibms such as carbons and hydrogens.
This is because b varies irregularly with nucleid anore specifically, deuterium has a
very different scattering length than hydrogen. isThllows experimentalists to
manipulatep by deuterium labeling, substituting hydrogem - 3.741x10° m) with
deuterium (b = +6.671x10° m). This results in significant contrast betwedre t
protonated and deuterated components, resultihggirer scattering intensity. This is not
feasible for x-rays as the x-ray scattering lengttiependent upon the electron density of
the sample and increases with atomic number. Tagesing length density of an atom
for x-rays is obtained by replacing the neutrondues in Equation 5.4 by Zmwhere g

= 2.81 x 10° cm is the classical radius of the electron, arisl the atomic number of the

i atom?"

The term P(Q) in Equation 5.3 is the single objemin factor, which is a
dimensionless function that describes ha#d®(Q) is modulated by interference effects
between neutrons scattered by various parts ofsHmae scattering object. This is
commonly referred to as “intramolecular interfer@havhich provides the size and shape
characteristics of the scattering object. Througinipulation of the contrast factor, for
example, in a mixture of identical deuterated aradgmated polymers with equal volume
of scattering units that differ only by coherenatsering length b and , P(Q) can be

obtained directly from scattering intensity, I(@)dacan be written &<

1(Q) = (b, —b,,)*X(L—X)NZ*P(Q) (Equation 5.5)

where N refers to the total number of moleculeshwN the fraction that are deuterated

and (1-x)N the fraction that are protonated. Hlso worth noting that coherent scattering
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refers to scattering events that carry informaabout the structural arrangement within
the sample. Incoherent scattering on the other ltanges no correlations between the
positions in the sample of a nucleus and arises fialmdom points in the sample, which

cannot contribute to the constructive interference.

Expressions for P(Q) have been developed for waristructures. Therefore,
another method for data interpretation is to shain well-established modéf§ and
fitting the model scattering to the properly rediices/dQ(Q) versus Q, the
experimentally determined scattering curve. Onthefmost challenging aspects of small
angle neutron scattering is the arsenal of datyysingprocedure that are available to be
directed at the data, depending on the region efsttattering curve. This is primarily
because different regions of a scattering curverigeoinformation about features on
different lengths scales within the system unded\stRecall from Equation 5.2 that Q is
inversely proportional to the real space lengtiesda general, in a dilute solution, zero
angle scattering (I(Q)=0) and analysis within theirfer domain (Q<<R{) provides
information on the molecular weight and radius gyfation (R) of the scattering
particle, respectively. If the scattering partide polymer chain, then the intermediate Q
domain, where 1/Q<1/l, provides information on the statistical semt or persistence
length of the polymer chain, I. If the polymer ama beyond the dilute limit, and is in
the semi-dilute or concentrated regime, the caimelalength, which is the distance
between contact points with other chains, may b&ioéd from the analysis of the
intermediate Q regime. The high Q regime represanéngth scale that approaches the
length scale of chemical bonds, therefore givinfprmation of the chain’s local

structure.
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On the other hand, the interparticle structuretdia S(Q) in Equation 5.3
describes the interference effects between neutsoastered by different scattering
objects in the sample and therefore gives inforomabn the relative positions of the

scattering objects. This parameter is given by:

47N
QVs

S(Q) =1+ I[g(r) —1]rsin(Qr)dr (Equation 5.6)

where g(r) is the density distribution of the seattg objects, r is the distance between
scattering objects ands¥s the sample volume. The function g(r) gives thabpbility of
finding two atoms separated by the distance, other words, it provides a measure of
the density distribution of the atoms in the scattesample. The discussion presented in
this section is meant to be an introduction to ittm@ortant aspects of small angle
scattering and not exhaustive. For a more thoradighussion, there exist excellent

reviews and textbookg?171173

5.4  Results and Discussion: Real Space Structure @rScattering Patterns of

Polyacrylonitrile (PAN) Composites

Small angle neutron scattering was utilized to mtewnsight into the morphology
of SWNTs in the PAN composite materials. In ourrkysmall angle neutron and x-ray
scattering curves of PAN/SWNT nanocomposites wétained and show a peak that is
reminiscent of the microphase-separation peak gietliby Schweizer et al. for polymer
nanocomposites. Figure 5.2 shows the small-angl&arescattering (SANS) patterns of
polyacrylonitrile polymer and its SWNT nanocompesitontaining 0.1, 0.2, 0.5, 1.0 and

2.0 wt% SWNT. The data was corrected for backgraoadtering and detector
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Figure 5.2. Small angle neutron scattering patterns of polyaaririle thick film
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efficiency, subtracted from polymer scattering cimttion and converted to an absolute

scale.

Interestingly, similar microphase separated-likaks were not observed for any
MMA- ran-DMAEMA or styreneran-acrylonitrile nanocomposites. As stated in Section
3.3.B, polyacrylonitrile shows anomalously goocemtolecular interaction with SWNT
and SWNT dispersion, as confirmed by Raman D* bahdt (Section 3.3.A.1l)
andRaman mapping (Section 4.3C.1I). This is imeer to indicate that the absence of
the aromatic rings of the styrene in PAN, as oppdaseSAN copolymers, leads to a
significantly more flexible chain that can more iBagrap around the SWNT, creating
more nitrile-SWNT EDA interactions. Therefore, theaks observed in the scattering
pattern of the polyacrylonitrile nanocomposite nb@ythe manifestation of the formation

of bound polymer layer wrapping around the carbamotubes (Figure 5.3).

These experimental results are initially interpdddg correlating to the theoretical
work of Schweizer et d**"" that uses the Polymer Reference Interaction SiveléVl
(PRISM) to predict the thermodynamic phase behaviquolymer nanocomposites. In
their work, they employed this microscopic polyrliguid state theory to determine the
real space pair correlation function and calcutlagecollective scattering structure factors
of melt polymer nanocomposites composed of harcergshand homopolymers over
length scales ranging from monomeric to macroscopiés work has identified four
general particle organizational behaviors (Figue®,51) contact aggregation, (ll) steric

stabilization (lll) tight-particle bridging and (Monger range ‘tele-bridging’ attraction,
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Figure 5.3. Schematic of the wrapping of a “bound-polymer” lay@ound SWNT
aggregates. Red polymer chains correspond to boljm@r matrix and blue chains

correspond to polymers that participate in EDAatgon with SWNT
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Figure 5.4. lllustrations of four states of particle organipatiin a dense polymer melt,
(I) contact aggregation, (ll) steric stabilizatiqhl]) local bridging attraction, and (IV)

longer range ‘tele-bridging’ attraction. Adaptedrfr Schweizer et af>
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all of which are dependent upon the strengtaind spatial range, of the intermolecular
attractions between the particle and polymer mafrixAt low polymer-nanoparticle
interfacial interactiong o, (¢ pc < 0.3-0.5kgT) the system adopts a direct nanoparticle
contact or aggregation due to the extremely largpledion attraction between the
particles, and is composed of polymer-rich and parnle-rich phases (case I, Figure
5.4). The location of this demixing boundary is Wigasensitive to the particle-monomer
size asymmetry ratio (D/d) and interfacial attractrangeg. The terms D and d denote
the particle and monomer diameter respectively. Whe. increases, the depletion
attraction is eventually dominated by the enthapain of placing polymer segments onto
the particle surface. For moderate valuesapthe particles are bridged and can be
enhanced with increasing chain length (case Ijufé 5.4). At largea but lowey, steric
stabilization of the nanoparticles is realized, vehthermodynamically stable adsorbed
layers of polymers act as cushions between théeclem(case Il, Figure 5.4). At highc,
(epc < 2-3kgT) the system exhibits a longer range “tele-bridgeakifiguration, which is
similar to case Il Figure 5.4, but has larger ip#eticle distances. This spinodal boundary
is more sensitive to D/d andand increases of either parameter results in @warg of
the miscibility window. In all cases, although tleatent may vary, the miscibility
window can ultimately disappear with the increaseanoparticle size since the increase
in particle size is directly proportional the magde of interparticle van der Waals
attraction. Similarly, polymer chain length alsasithe same consequence due to finite
size effect. As chains get larger and lose traioslat entropy, bridging between the

nanopatrticles is enhanced.
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Schweizer and coworkers extended this theoretatwracterization of the
statistical structure of the polymer nanocompodite calculating the corresponding
partial structure factors of the composite to pteva direct correlation to the result of a
scattering experiment! The Fourier space structure factor of the stdyicstabilized
structure displays a microphase separation-likétestrag peak, which is the result of a
bound polymer layer around the fillers (Case IgUfe 5.4). The specific structure of this
bound layer is dictated by (I) filler size, (IDll&r volume fraction @), (lll) contact
strength £,c) and spatial rangeu) of the interfacial cohesion. This thermodynaniical
stable “bound polymer layer” is a compromise stdterganization, in which a polymer
gains enough cohesive interaction energy to agsowigh a single filler, but not enough

to give up the additional entropy required for itdy with multiple particles’”

The theory predicts specific changes in the smmecfactor, & (k), and thus
changes in the bound layer, with increasing fllelume fraction. At a loweg,. (€ pc=1),
and constant particle to monomer size asymmetig, r@fd and spatial attraction range,
a, the peak shifts to smaller wavevector as fillelume fraction® increases from 0.12
to 0.36. The authors postulate that this behawaotdcceither be due to the expansion of
the bound polymer layer or a larger filler effeetivadius. On the contrary, for a more
attractive systeme(,c=2), the structure factor peak shifts to higher exaactor, indicating
a smaller mean nanoparticle separation, consistéhta tightly bridged configuration

(case lll, Figure 5.4).

The theory also predicts that the filler osmotmnpressibility, & (k=0), will
either increase or follow a non-monotonic dependenith particle volume fractionb,

depending on the proximity of the mixture to thanspal boundary. Qualitatively,
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similar trends are observed in the osmotic combiisg S (k=0) and bound layer
peak, & (k) for both a low ©=0.2) and very high filler volume fractionb€0.4). At
lower gy, the bound layer peak is clearly present angh@dacreases from 0.5 to 1.5, the
scattering peak and.§k=0) initially decreases in intensity. However, gsreaches 2,
S.(k=0) increases and the bound layer peak disapp&hes authors proposed that the
logical explanation for this trend is the evolutiisom a miscible structure with distinct
bound layers to a tightly bridged conformation, vehthe adsorbed polymers are shared
between multiple fillers, thereby masking the sty signature of the bound lay#éf.
From their work, it can be deduced that experimergalization of thermodynamic
dispersion in a polymer nanocomposite system thqaires both an intermediate value
of particle-monomer interfacial strength and spaai@raction rangeand modest sized

nanofillers and polymer.

In the scattering results shown in Figure 5.2, filker size, strength and spatial
range of the interfacial cohesion remains constanbng the samples and the only
variable is the SWNT volume fraction, which ran@esn 0.00088 vol % (0.1 wt%) to
0.01765 vol % (2.0 wt%). Please note the differeincéhe convention used hereinafter,
where the parameter k used in Schweizer's worlexaéained above, is equivalent to Q
in the following discussion. As shown in Figure Sricreasing filler volume fraction has
a profound effect on the low angle scattering, Whior these samples is taken as the
scattering intensity at the lowest measurable Qotil as 1(Qw). Based on Schweizer’s
work, the change in the filler osmotic compres#iil (Q=0) correlates to the

reorganization of the bulk polymer matrix, as schgaally illustrated in Figure 5.5. If
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Figure 5.5. Schematic representation of structural changesaheat the dimensionless
isothermal compressibility 1(Q=0) for (a) unpertadopolymer chain(b) a nanocomposite
with low filler concentration and (c) a nanocompeswvith high filler volume fraction. As
SWNT volume fraction increases, more voids aretetkéo accommodate the presence

of SWNTs!’®
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we assume that I(g) maps to [(Q=0), the dimensionless isothermal aasgbility, the
following discussion is valid. As shown in Figuré5l(Qoyw) for a polymer matrix is the
lowest (1(Qow)= 4.53), characteristic of an unperturbed polymeit (case I, Figure 5.5).
As the volume fraction of SWNT increases, (increases, possibly due to the creation
of voids in the polymer matrix by the inclusiontob SWNT, resulting in corresponding
long-range (relative to the monomer scale) polyowercentration fluctuations®*®One
likely explanation for the observed upturn in ti@d,) shown in the scattering patterns
of PAN nanocomposites (Figure 5.2) is the onséillef clustering, which is analogously
observed in the scattering pattern of high partiddelume fraction polymer
nanocomposites, composed of hard spheres and hynogrs, described in Schweizer's

theory.

Figure 5.7 shows the wavevector Q where the pgakmaximum, 1(Q)as as a
function of % SWNT in the polyacrylonitrile thickilfh composites. In Schweizer's
theory!’” the location of the peak in the scattering patisrdirectly correlated to the
bound polymer layer thickness, where Q scales roughly ag/@+A) and D is the
nanoparticle diameter. If we assume that the SWidioparticle diameter D remains
constant as SWNT volume fraction increases, thengxbf bound polymer layer

thickness among the PAN composites can be detedmiFeble 5.1 shows the value of

D+A for each sample from this calculation.

Theoretical investigations are underway to deteemuether an increase from 0.5 wt%
to 2.0 wt% SWNT is sufficient to alter the sizetloé nanoparticle bundle. However, with
the current assumptions, this data indicates th#te% SWNT increases from 0.1 to 0.5

wt%, the shift of the correlation peak to lower wagctor implies that the bound
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Table 5.1.Thickness of nanoparticle diameter and bound pohayer thickness (DA)

for polyacrylonitrile composites containing 0.1 wt02.0 wt% SWNT

% SWNT q (A-1) D+A (nm)
0.1 0.047447 13.2
0.2 0.040042 15.7
0.5 0.036502 17.2
1.0 0.040042 15.7
2.0 0.040664 15.5

polymer layer surrounding the nanofiller expands-BQ% (Figure 5.7). However, as the
% SWNT increases further to 2.0 wt%, the shift ighkr wavevector indicates that
further increasing the concentration of nanotubesehses the size of this bound layer,
possibly forming a tightly bound configuration. $himakes sense because as more
SWNT is present in the system, a smaller mean ratiole separation is realized,

thereby trapping the polymer layer between the pariizles.

The magnitude of the structure factor peak, i{§Q depicted in Figure 5.8 as a
function of SWNT concentration, is directly proportal to the amount of bound
polymer layer. A non-monotonic dependence of }{Qon SWNT concentration is
observed. As % SWNT increases to 1.0 wt%, }{increases, as does the thickness of
the bound layer as determined from{Q leading to a larger apparent volume of the
nanoparticle. However, contrary to the predictioofs Schweizer's theory, 1(Q@)x
decreases for the 2.0 wt% SWNT nanocomposite. g be due to a transition of this
system into the regime where the higher volumetifvtacof SWNT induces a tight-

particle bridging organization, resulting in a lovegparent volume of the nanoparticle.

150



30 F e ;
- @
25 @ =
z
EED_— 7
= o
15 | 2
10 | .
@
Ellllllllllllllllllll
0 0.5 1 1.5 2
% SWNT

Figure 5.8. Maximum scattering intensity (I(@3) at Xenter Of the observed correlation

peak in the scattering of PAN nanocomposites

151



It is also possible that the presence of the mitase-separation like scattering
peak is the manifestation SWNT-induced polymertaiiigation. Polymer crystallization
has also been shown to be induced by 2-dimensi@mahoplates/nanosheets), 1-
dimensional (nanotubes/nanowires/nanorods) and m@sional (nanoparticles)
nanopatrticles, creating a nanohybrid shish-kebdhSH), illustrated schematically in in
Figure 5.9 (a). In classical shish-kebab morphologly crystallization, polymer
solutions/entangled melts undergo a coil-to-stratemsition under extensional flow.
This transition was first postulated in a theoryealeped by de Gennes, where polymer
chains undergo a sharp transition from a random twia fully extended-chain
conformation in flow at a critical strain rate, hout an intermediate stable chain
conformation. For a chain larger than a criticallenalar weight, M*, the stretched
chains aggregate to form chain fibrillar crystat&l dhe remaining chain crystallize in a
folded, periodic fashion. This mechanism is ref@érte as linear nucleation. In NHSK
however, the nano fibrillar structure of CNT prawid 1-dimensional nucleation surface

and shear is not needed in the particle-inducestaitization'’9%

This superstructure formation is based on previgiudies that elucidated the formation
of polymer crystal superstructures by crystalliaati during flow'®'® This

superstructure is called ‘shish-kebab’ becauseoiitsists of a central threadlike fibril
(shish) and multiple disc-shaped, folded-chain l&amee(kebabs). Simulations of flow-
induced crystallization from a solution of shortdalong chains have shown that long
chains stretch and form the shish core aroundtbsg shains aggregate in a ke&b®

From small-angle neutron scattering patterns of teteun-labeled isotactic

polypropylene with different chain lengths, Kimatad coworkers confirmed the finding
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from those simulation¥’ In a general sense, the molecular structure ahdvier of
SWNTs are parallel with polymers, particularly dgiod polymers. Green et al.
compared the properties and applications of SWNTth whose of lyotropic liquid-
crystalline polymers (LCPs) and concluded that aNSWmeets the definition of a
polymer as a large molecule of repeating, convldminded unit$®® This perspective
therefore paved the way for the cross-applicatidnth®oretical and experimental

frameworks originally developed for conventionalymoers and applies it to SWNTSs.

Li et al. have extensively investigated the cijigation of polyethylene (PE) on
single-walled carbon nanotubes (SWNTSs), multiwalteshotubes (MWNTS) and vapor
grown carbon nanofibers (CNFs). From wide-anglea)X-experiments, they found that
the lateral dimension of the polyethylene kebab56-80 nm whereas average MWNT
periodicity is ~40-50 nm. They postulated that fi@ctors affect the NHSK growth that
leads to the parallel orientation of polymer chaiaosthe shish axis and orthogonal
orientation between the lamellar surface and shisis. First, strict crystallographic
registry is needed between the polymer chain aadythphitic lattice and second is the
geometric confinement by the CNT. Due to the srdaimeter of CNTs, they can be
considered as rigid macromolecules and polymernshprefer to align along the tube
axis regardless of the lattice matching betweenptiigmer chain and graphitic sheet, a
mechanism referred to as ‘soft epitaxy’, wherebigslattice matching is not required. In
contrast, larger diameter fibers such as CNFs twmwall surface curvature and the
polymer behaves as if it is on a flat surface, mgKkattice match and epitaxy the main
growth mechanism. Therefore, geometric confinenbecbmes more pronounced as the

fiber diameter decreases.
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Additionally, Zheng and coworkers compared the phoftogy and crystallization
behavior of polyethylene and poly(ethylene oxida) $SWNT nanocomposites by
transmission electron microscopy, scanning electnunroscopy, Fourier transform
infrared spectroscopy, Raman spectroscopy, wideatgay diffraction and differential
scanning calorimetry. Based on their results, thgpothesized that the formation
mechanism of PE on SWNT is as follows. Initiallgetrandom-coiled PE chains coexist
in the PE/SWNT suspension and are slowly adsorbed the SWNT surfaces. These
adsorbed chains wraps along the SWNT surface aagl migighboring chains onto the
nanotube cage. Thereafter, during polymer chaexegion, a subglobule forms and acts
as the crystal nucleus, which induces the epitagiaivth of PE chains into the lamellar
structure. In order to decrease the interfacialgnegrowth is realized perpendicular to
the SWNT axis. In contrast, the less favorableradion of PEO with SWNT causes the
formation of an initial distorted helix structureoand the SWNT and upon the increase
in the amount of PEO wrapping, all the SWNT surfasewrapped with a thin
homogenous coating of amorphous PEO. Therefore, etktent of intermolecular
interaction between a polymer matrix and nanogartiglays a major role in the

propensity of a particle to portray nucleation effe

Based on the discussion presented above, thevalsemall angle scattering peak
may be the manifestation of polymer crystallizatioduced by the SWNT patrticles. In
this case, the peak would correlate to the intéakedistance, ~16 nmK0)4,). This
unique hybrid structure has only recently been #(frand numerous questions have yet

to be answered. What is the role of CNT chirality@NT induced crystallization? What
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is the effect of particle curvature and surfacengise’y on NHSK formation? And, what

are the parameters that affect the periodicityhefinter-shish distance?

Although a definitive interpretation for the prase of the microphase
separated peak in PAN nanocomposites has not litsened at this point, its presence
indicates an ordering of the PAN polymer inducedHhsy/carbon nanotube cage. Whether
this indicates the existence of a (I) thermodynafiydound layer around the SWNT or
(1) the occurrence of SWNT-induced PAN crystaltina is a subject of an ongoing
research in our laboratory. In order to put these possible phenomena into perspective,
consider a typical polymer chain which has a radifigyration of ~10 nm® As it
diffuses near the surface of the filler, the diseneif the filler plays a critical role in the
formation of an ordered structure or crystal. Fdillar with diameter much larger than
the polymer size, ¥ >> D POY™ the surface curvature is small and the polymer
behaves as if it is on a flat surface, which regguistrict lattice matching for the crystal
growth . As the diameter of the filler reaches thder of the polymer size, the filler's
surface is molecularly curvy. If the polymer obélys strict lattice matching mechanism,
this would lead to the formation of polymer crystalith distorted lattice, which is
unstable. Therefore, for a filler possessing a éi@mless than a certain critical diameter,
Derit,, geometric confinement is the major factor thavel the crystalline formation
mechanism and are exclusively parallel to the SVEXi§, disregarding its chirality. As a
result, in our system, PAN lamellae would grow e&gticular to the nanotube axis and
consequently form the nanoshish-kebab supersteictithe case of B¢ >> periica jg
realized on the other hand, the structure of theN$Wolymer complex potentially

mimics that of a thermodynamically bound layer vmiag around the carbon nanotube
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cage. This postulation is made on the basis of wbsk,'®?

where SEM micrographs of
polyethylene (PE) crystallized on carbon nanofi@F), with an outer diameter of 100-
300 nm, generates randomly oriented PE lamellagn@CNF surface. In contrast, TEM
micrographs of the crystallization of PE near pdidally functionalized SWNTs and

MWNTs with diameters that range from 0.8 to 30 nhows the clear formation of

nanohybrid shish kebab superstructures.

Therefore, for larger diameter CNFs, where gedmemnfinement is weak,
lattice matching dictates the overall orientatidrth@ polymer chain wrapping around the
carbon nanotube cage. Since SWNTs contain defectts graphitic framework®® the
polymer crystals may grow with varying orientaticea®und the carbon nanotube cage,
resulting in the formation of a thermodynamicallpubd polymer layer. At this point,
since we are uncertain regarding the size of theNSWundles within the system and
what the critical diameter that dictates the growthchanism, we cannot be certain
whether the microphase-separation like scattereak priginates from a bound polymer
layer around the SWNT or the formation of a crystal superstructure. However,
experiments such as wide angle X-ray diffractionAXD) and differential scanning

calorimetry (DSC) will provide additional informat to clarify this uncertainty.
5.5  Conclusion

We have shown that a combination of computaticaties’’ and scattering
experiment offers insight into elucidating the reahce structure of a nanofiller in a

polymer matrix. The emergence of microphase sepauldte peaks in the small angle
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scattering pattern of PAN nanocomposites may benideifestation of the formation of a

polymer bound layer or nanoparticle induced polyorgstallization.

First, Schweizer's theoretical wdfR*"’ predicts the formation of a
thermodynamically stable bound polymer layer arotivednanopatrticle, which results in
the appearance of a microphase separated likeipghk& small angle scattering pattern.
The location of the peak provides insight into tmind polymer layer thickness. In
addition, increasing filler volume fraction alsosha profound effect on the low angle
scattering, (I(Q)w), possibly due to the reorganization to the budkymer matrix or the
onset of particle clastering. A second explanati@at may explain the emergence of this
peak is the occurrence of SWNT-induced polymer tatljgation. The nano fibrillar
structure of CNT provides a 1-dimensional nucleasorface and leads to the parallel
orientation of polymer chains to the tube axisul@sy in the formation of lamellae that
are oriented orthogonally to the tube surface. Tingstigation provides initial insight
into the key chemical and physical variables thavegn nanofiller dispersion and
morphology, and are ongoing, with the ultimate goflachieving rational control of

nanopatrticle dispersion in a polymer matrix.
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CHAPTER 6: DISSOLUTION OF SINGLE WALLED NANOTUBES B Y

POLYMERIC STERIC STABILIZATION

6.1 Introduction

The organization and interactions that occur duritige nanocomposite
preparation process are critical in developing #-dispersed polymer nanocomposite.
Therefore, an understanding and discussion of éim®ecomposite preparation procedure,
as is schematically presented in Figure 6.1, ad aslthe proposed mechanism for
nanoparticle stabilization during the nanocompoddbrication is needed. Initially,
suspensions of single-walled carbon nanotubes (SSYNihd the solvent dimethyl
formamide (DMF) are sonicated for one hour to ashidlomogenous nanoparticle
dispersion (Stage A, Figure 6.1). After the additiof an appropriate amount of
(co)polymer, the resulting suspension (Stage B,uréig6.1) is further sonicated,
concentrated and finally evaporated to produce fthal, dry-state SWNT-polymer
nanocomposite (Stage C, Figure 6.1). In the pregednapters, the discussion has been
limited to the thermodynamic behavior of this twagonent system, i.e. SWNT-
polymer charge transfer complex (Stage C), whiamsists of the free SWNT, SWNT-
polymer complexes and non-interacting bulk polymmatrix. However, one underlying
guestion that still pervades, and is the focus hoé thapter is the thermodynamic
behavior of the SWNT-polymer complex in solutiorridg composite fabrication (Stage
B, Figure 6.1). To study this complexation/stalilian process, schematically presented
in Stage B, Figure 6.1, the solution is furtherta@rged to remove the free SWNTSs that
do not participate in the formation of electron dpeacceptor interaction with the

polymer matrix. The goal of this process is toaselthe SWNTSs that have formed
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Figure 6.1.Schematic of sample preparation process for polyraeocomposites
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EDA interations with the polymer for further anat/sEven with this extraction, this
remains a complex system to be deciphered sineeactions that impact the SWNT-
polymer structure include the solvent-solvent, sotwolymer, and solvent-SWNT
interactions, in addition to the polymer-polymeMWST-SWNT and SWNT-polymer
interactions that exist in a two-component systBaveloping an understanding of the
thermodynamics of polymer stabilized SWNT dispersio a polymer solution is critical
in order to unravel the most effective way to ugtalSWNT bundles and attain control
of the bundle-sizes embedded in polymer matricesdiytion processing for optimal
device performance in optical applicatidi$Clearly, the adsorption of the polymer onto
the SWNT to stabilize the SWNT in solution is regdi to unbundle the SWNT and
more effectively disperse the SWNT in the finalymér nanocomposite. Therefore, we
must understand more thoroughly the polymer adsorgirocess in solution. Relevant
guestions become; Is the system thermodynamictdbles? If not, what is the nature of
the equilibrium state? Additionally, the solventayd a double role, affecting the
interactions between the adsorbate moleculesp@lgmer) and determining the effective
interaction between the surface (i.e. SWNT) anddaige. In this chapter, we seek to
provide insight into the system parameters thatgopolymer stabilized SWNT patrticle
dispersion in suspension in the context of colkxgknce in order to begin to develop this

level of understanding.

A colloidal dispersion consists of a dispersion med(i.e. the continuous phase)
where dispersed colloidal particles exist. Theiplad are called the dispersed phase and
the particles are colloidal in character if theysgess at least one dimension in the size

range of 1 to 1D nm!® Colloidal stability is a universal event that ocin many
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biological and daily phenomena, from the propenielslood, antigen-antibody reactions,
the nature of milk to even agricultural materialdyere the degree of dispersion of the
soil affects its crop bearing potenttdf.In science and technology, the stabilization of
colloidal particles by nonionic macromolecules ascin emulsion and suspension
polymerizations, detergent action in washing, thenilation of paints, pharmaceutical
emulsions and dispersions, the clarification oferaesidues and oil dispersants for use
on crude oil spills. The domain of colloid scieremecompasses a broad range of systems
where the particle can be in the form of microredizolloids, globular protein or self-

assembled micelles or SWNT nanoparticfels* %

The ability of a polymer in solution to act ashett a stabilizer or a destabilizer of
a particulate suspension has been known sincerdritiges. Gum Arabic, a natural gum
made of the hardened sap taken from two specidseddcacia tree, which is a complex
mixture of polysaccharides and glycoproteins, lwagyIbeen used for pigment particle
stabilization in the food industry, painting andnpmaking. The forces acting between
colloidal particles in dispersed systems may benglly modified by the adsorption of
polymeric or macromolecular layers onto the pastislirfaces. As an example, ancient
Egyptions used the aqueous carbon-black (formecdolybustion) dispersions stabilized
by adsorbed layers of natural steric stabilizechsas gum Arabic, egg albumin or casein

(from milk) to form stable ink°

In this chapter, the questions posed in conside®WNT dispersion in the
context of colloidal stability will be discussedder the following headings: First, what
are the strategies that can be employed to propenticle stability? Second, once the

strategy is established, what are the system paeasnihat affect the particle dispersion?
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And finally, how do the polymer solution thermodymas impact the stabilization

phenomena?
6.2 Materials

The characteristics of styreman-acrylonitrile polymers used in this study are
listed in Table 3.2 (Chapter 3). SWNT-polymer surgien samples for UV-Vis

spectroscopy measurement (Section 2.6E) were @@ @aroutlined in Section 2.5C.
6.3 Basic Theory of Colloid Science
A. Strategies for Imparting Colloidal Stability

Understanding the nature of the interactions thgiarts colloidal stability is
imperative in understanding the parameters thataagbarticle dispersion and enable the
fine-tuning of resulting material properties. Thenee two general ways of imparting

colloid stability: (1) electrostatic stabilizatiand (Il) polymeric stabilization.

Aerosols, a suspension of fine solid particlediguid droplets in gas, are an
example of a natural phenomenon that employs elettic stabilization. The Coulombic
repulsion between the colloidal particles in ael®$e.g. smog or fog) is of a long range
character and can impart stabifty.As shown in Figure 6.2, the mutual repulsion &f th
counterions in the dispersion medium surroundirgy ¢blloidal particles provides the
stability in electrostatic stabilization. The sudapotential of electrostatically stabilized
dispersions may arise in a variety of ways, fornegi®, by the adsorption of potential
determining ions (e.g. anionic or cationic surfatsq or by ionization of ionogenic

groups (e.g. carboxylic acid or sulfate half-eggeups) on the particfé? At room
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Figure 6.2. Diagram representing the origin of electrostatetbgization for negatively

charged particle¥
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temperature, the spatial extension or thicknesshefouter electrical layer @ is a

function of the ionic strength of the dispersiondien and can be written as follows:

1
k= os{lsz (Equation 6.1)

where ¢ denotes the dielectric constant and | is thecigirength of the dispersion
medium. For a 1:1 electrolyte in water af@5 (1k)/nm ~ 0.3/&?where c is the molar
concentratiort* It is therefore evident that in a dispersion madiof low ionic strength
(c<10° M, 1/x = 105nm), the thickness of the electrostatic layer edsabe range of
the van der Waals attraction, which is in the oroe6-10 nm, a value that has been
previously determined by Hamaker and is valid faanm colloidal systemS° By a
similar token, ionic strengths greater than, s, W generates an electrostatic layer of
less than 1 nm, in which case the electrostatizilsgg is of insufficient range to
overcome the van der Waals attraction betweendheidal particles. This accounts for
the occurrence of aggregation of electrostaticaifbilized dispersions when the ionic

strength of the dispersion medium is sufficientigth

On the other hand, in polymeric stabilization, spatial extension or thickness of
the stabilizing layer of polymer molecules are ggethan the range of the van der Waals
attraction between colloidal particlE€. This can be explained by the following
argument. The root mean square (r.m.s.) end-togestence of linear polymers can be

estimated to be a measure of their “diameter”. Asfly stated in Section 4.3C, the

actual mean-square end-to-end distance of an wmped polymer chains h? >0is:150

<h? >Y? /nm ~006M *? (Equation 6.2)
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where M is the polymer molecular weight. Thus, &polymer chain having molecular
weight of 10,000 g.mdl, the r.m.s. end-to-end distance is 6 nm. Althotigh precise
dimension of polymer chain can vary considerablyeseling on chain flexibility of the
polymer!*® it can be generally estimated that chains withemwalar weight greater than
~10,000 g.mét have chain dimensions commensurable to or in exokthe range of
van der Waals attraction between the colloidaligag. Therefore, adsorbed polymer

molecules are excellent candidates for impartingpictal stability as long as they can

generate repulsion between the nanoparticles.

In polymeric stabilization, there are two mechargsswhereby macromolecules
can impart colloidal stability: (I) depletion stabation and (ll) steric stabilization.
Depletion stabilization is generated by polymert tisafree in solution, in contrast to
steric stabilization where the adsorbed or attaghagmer (i.e. by grafting or physical
adsorption) causes the repulsion between collgdeicles'® In addition, stabilization
by the free polymer is an example of kinetic sigbibr thermodynamic metastablility
whereas steric stabilization is a phenomenon afitbdynamic stability. In depletion
stabilization, stability arises from the depletiohfree polymer between the surfaces of
the particles when they are in close proximity ataser approach of the particles can
only be achieved by a further depletion of the payic segment concentration between
particles'®” This type of stabilization occurs if the surfacketioe particle is inert or
repulsive to the polymer, or if all adsorption sitare occupie®® A schematic of

particles undergoing steric stabilization and demte stabilization is diagrammatically

presented in Figure 6.3.
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Figure 6.3.Schematic representation of (I) depletion andsti)yic stabilization
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Steric stabilization offers several advantages electrostatic stabilization. First,
it is rather insensitive to the presence of elégtes. As already mentioned above, in
electrostatic stabilization, the addition of elebtte compresses the spatial extension or
thickness of the stabilizing layer. If the layengmresses to an extent that the electrostatic
repulsion cannot overcome the van der Waals attrgcaggregation results. Polymer
chains however, are of sufficient dimension to dv&ich sensitivity. Only in the coil-
globule transition region willhie change of a flexible polymer chain from an edéshcoil in a
good solvent to a collapsed dense globule in a polwent sufficiently collapses the polymer to

impact its ability to sterically stabilize a colifail particle Second, steric stabilization is
equally efficient in agueous and non-aqueous dsspemedia. As can be inferred from
Equation 6.1 (i.e. the thickness of the electrostiayer is directly proportional to the
dispersion medium’s dielectric constant) electrioststabilization is not as efficient in
nonaqueous dispersion medium due to the low dratecbnstant of most nonaqueous
media. Third is the reversibility of flocculatiom isteric stabilization. Flocculation of
particles can simply be induced by the introductiminan incompatible dispersion
medium for the stabilizing moieties, and a merataih of the dispersion medium is
sufficient to induce spontaneous redispersiohe thermodynamic metastability of an
electrostatically stabilized system means thataba&gulated state is the lowest energy
state and therefore can only be reversed if worpjsied to the systefi’ For all these
reasons, steric stabilization is commonly a preférmethod of stabilization and is

exploited both industrially and biologically.
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B. Polymer Solution Thermodynamics — Flory Huggins'heory

Steric stabilization is a generic term that encosspa all aspects of the
stabilization of colloidal particles by nonionic aramolecules. On close approach of two
sterically stabilized particles, the change inftlee energyAGg, at constant temperature

and pressure can be written as:
AG. =AH_ —-TAS. (Equation 6.3)

where T is the temperature andHr and ASr are the enthalpy and entropy of close
approach or flocculation respectively. In ordeimpart particle stabilizatiol\Gg needs

to be positive and can be achieved in three wayspmmarized in Table 6'1:1921%n
the first case, called enthalpic stabilization, hodiHr and AS: are positive; which
inherently means that the enthalpic component ptesnetabilization and the entropic
component disfavors it. Therefore, the contributbdrthe enthalpy term needs to exceed
the entropic term in order to achieve posit&r The second case, termed entropic
stabilization, has bothHr andAS: negative. In contrast to the first case, the epthaf
close approach favors flocculation whereas theopgtterm opposes it. As long as the
entropic contribution exceeds the enthalpic teramigle stability can be attained. In the
third mechanism, both the enthalpic and entropiomanent promotes stabilization. This

is called combined enthalpic-entropic stabilization
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Table 6.1.Types of steric thermodynamic stabilization

AHE  AS: |AHE[/TI|ASH AG; Type
+ + >1 + enthalpic
- - <1 + entropic
+ - <lor=1 + combined enthalpic-entropic

6.4 Results and Discussion

Thus far, several investigations have reported $Wdispersions in aqueous
media with the aid of ionic and nonionic surfacsdit?°* water soluble polymef%2°3
and DNA?*2%|n aqueous media, SWNT aggregation is hamperedibglle formation
of surfactants around the SWN¥5.In the case of polymers, dispersion is achieved
through polymer wrapping around the nanotube sitlevea n-interaction between the
aromatic rings in the polymer matrix with the grdjghframework of SWNTSs. In
conjunction with these studies, the stability drgtally stabilized dispersions has also
been extensively investigated in order to proviaght into the thermodynamic factors
that control stability’’?°° The dispersions are taken to the brink of insigbénd the
factors that induce particle flocculation or ag@tsan are determined. More precisely,
the regions where a one-phase solution is stabdevdrere the mixture will undergo
phase separation were examined. In the discuskanfallows, the critical point on a
phase boundary that separates a two phase reglighatemperature from a one-phase
region at low temperature is called upper critiflakcculation temperature (UCFT)
whereas a critical point on a phase boundary thparates a two-phase region at low
temperature from a one-phase region at high termyeras called a lower critical

flocculation temperature (LCFT° In principle, the system parameters that influethee
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critical flocculation point (CFPT) are (I) solvenoy the dispersion medium, (Il) particle
number concentration, (lll) the nature of the amcpholymer and nanoparticle, (V)
particle size and (V) molecular weight of the siialsig moieties:®* Each of these factors

will be discussed accordingly in the following dission.

d?19211 and unmodified

Several investigations have utilized chemicallydifie
SWNTS'#2% with or without dispersants in different amidevesits in an attempt to
achieve nanoparticle homogeneity. Amongst the amsldvents, pure N,N-
dimethylformamide (DMF) and N-methyl-2-pyrrolido(dMP) are promising candidates
as solvents in which nanotubes are thermodynaryisaluble (i.e. negative free energy
of mixing), with a dispersion limit of 7 mg/L and Ing/L respectively**?*°It has been
suggested that solvents possessing high electrordpaating ability, a low hydrogen
bond donation parameter and high solvatochromiarpater are the characteristics of
good nanotube dispersing solvents. These are ragebat not sufficient conditions
since dimethylsulfoxide (DMSO), a poor SWNT solyenieets the aforementioned
criteria®*’ Although it is possible to prepare stable dismersiof unfunctionalized
SWNTs in pure organic solvents, only low concerdret can be attained. In order to
increase the SWNT loading in organic solvents, melis such as polyimid®sand
PMMA®® are codissolved in the solvent. Hasan et al. pmated polyvinylpyrrolidone
(PVP), a linear polymer, as a dispersant molecue stabilize SWNTs by a
thermodynamically driven wrapping process of SWNfsEven without further
ultrasonic treatment, spontaneous debundling of $¥Vid observed upon the addition of
PVP. This is evidenced by a significant increasthenphotoluminescence intensity upon

PVP addition. In contrast to the SWNT/NMP dispemsionvhich form obvious aggregates
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after two months in solution, the SWNT/NMP polynsetutions are stable even after one
year?!® The effect of dispersion medium (i.e. solvent)the extent of nanoparticle
dispersion is rather complicated since the solgeability to absorb strongly on the

SWNT surface enables polymer displacement by cangéir available surface sites.

Experimental works that both concur and contragith the assumption that the
CFPT depends significantly upon the number conasotr of particles have been
published:>#?2%Eyerett and Stageman investigated the dependéromoUCFT and
LCFT on the particle number concentration for poigthyl methacrylate) latex particles
(~200 nm in diameter) stabilized by poly(dimethiglsane) (molecular weight ~7000
g.mol) in a range of normal alkan&3.1t was found that the UCFT decreased with
increasing particle concentration whereas the L@f€feased as a function of latex
particle concentration. In a liquid state theomdtistudy of a dense mixture of hard
nanoparticles and flexible polymer chains, Schweiaed coworkers found that the
thermodynamically stable bound polymer layers ekisthe dilute nanoparticle limit
whereas phase separation occur at higher volurséidina’’® In contrast, Croucher and
Hair did not observe a particle concentration depece of the UCFT of
polyacrylonitrile lattices sterically stabilized Ipplyisobutylene (PIB) in 2-methylbutane
over the latex weight fraction range studied (0.0620.02)**° Note that in this
experiment, the molecular weight of the stabilizimgiety, PIB, was high (i.e.760,000
g.mol). It can therefore be deduced that CFPT is redftiinsensitive to the particle

number concentration for high molecular weight gitahg chains.

The third and most important factor that affedte solubility of SWNT in a

polymer suspension is the nature of the anchornpetyRefer to Figure 6.4). Polymers
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that are effective steric stabilizers by non-comtafenctionalizations include amphiphatic
block or graft copolymers. In these polymers, ofdghe blocks should be nominally
insoluble in the dispersion medium to promote d@saption to the particle surface, while
the other block should be soluble in the dispersimedium. Homopolymers are also
capable of imparting steric stabilization in SWNiBgkrsions, although its stability is
inferior to amphiphatic block copolymet¥.Random copolymers, as used in our studies,
usually exhibit inferior stabilization relative tdock or graft counterparts. However, the
utilization of random copolymers to impart stertatslization of nanoparticle remains
important due to its cost effectiveness and praktpplication in industry due to its easy
one-pot synthesis. For instance, Tadros et aliesdutie enchanced steric stabilization of
polystyrene lattices by partially hydrolysed (88W9ly(vinyl alcohol) containing on
average 2 ester groups for every 18 alcohol groUpge The resultant polymer is an
intermediate between a random and blocky structlines work confirmed that it was
possible to prepare PS dispersions in the presaingely(vinyl alcohol) that were stable
in 1 Molar KCI dispersion medium. On the other haNdpper concluded that the anchor
polymer does not affect the UCFT, from their inigetion of five different poly(vinyl
acetate) of varying hydrophobicity that is stal@itizby poly(oxyethylene) of molecular
weight 10,000 g.mdlin 0.39 M MgSQ.?* It can therefore be postulated that as long as
the anchor polymer is attached sufficiently strgriglthe colloidal particles, its chemical
nature has minimal effect on the CFPT. In our clatrgnsfer complex system (i.e.

poly(styreneran-acrylonitrile)-SWNT system), the extent of inteian between the
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anchor polymers with nanoparticle is crucial inedetining the extent of particle
dispersion since it is a relatively weak noncovaleteraction. By the same token, the
nature of the nanoparticle could also influenceahset of stability although this is not a

concern in our experiment since it is a paraméialris held constant.

It is foreseeable that an increase in particle s&sults in the increase in van der
Waals attraction between the particles, causingeeaggregation than for a smaller
particle. It has been shown from computational isiby Schweizer et al. that the
miscibility window narrows as the filler-monomerzsi asymmetry ratio grows>
However, if the stabilizing moieties are of suféistly high molecular weight and the
particle size is not too large, CFPT appears tindependent of the particle size. This
has been shown by Dawkins and Taylor in their ingaton of the LCFT of poly(methyl
methacrylate) lattices stabilized by monodispersh/(dimethylsiloxane) of molecular
weight 11,200 g.md! in n-heptane/ethanol (51/49 vol/vol) mixtures. Th8FT was
independent of the particle size over the rangeaoficle diameter studied (i.e. 96 nm to

480 nm)*#

Finally, as mentioned previously (Section 6.3A)e tCFPT is independent of
molecular weight if the size of the stabilizing malle is sufficiently high. For the sake
of completion, it is restated that the chain dimemseeds to be commensurable to or in
excess of the range of van der Waals attractiowdsst the colloidal particles to avoid
the attraction between particles. The moleculagtsi of the polymers utilized in this
study are greater than 39,000 g.thakhich corresponds to r.m.s. end-to-end distarfice o

12 nm. This exceeds the range of the nanopartiale der Waals attraction. Thus,
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molecular weight variation can be discounted as afnhe factors that affect the extent

of intermolecular interaction in the stericallylsteed SWNTs studied here.

Recall that our main objectives are to developtsties that can be employed to
promote particle stability, understand the systeamameters that govern the particle
dispersion as well as comprehend the thermodynathias impact the stabilization
phenomena. In our effort to accomplish these goais, have performed UV-Vis
measurements (Refer to Section 2.5E for detailsexjperiment) on the polymer
nanocomposite in solution after centrifugation, riveg in mind that this process is
designed to remove excess unstabilized SWNTs, wHmhnot form intermolecular
interaction with the polymer matrix. Figure 6.5 slsotheoptical absorbance at 500 nm
of the SWNT-polymer-DMF suspensions as a functionmol% acrylonitrile in the
random copolymer of styrene and acrylonitrile (SANhe extinction coefficients, of
SWNT in solution has been previously reported 8886 L.cm'mg®at 500 nnt2* With
this knowledge of the extinction coefficient, Be¢mw can be used to determine the
concentration of SWNT that remains in solution. Ufeg 6.6 represents the SWNT
concentration (mg/L) in suspension that participatethe formation of charge-transfer
complex as a function of mol% acrylonitrile in t8B&N copolymer. Since the specific
chemical characteristics of the dispersion mediuine. (DMF), particle number
concentration (i.e. 1.0 wt%), nature of the nantgar (i.,e. SWNT), and molecular
weight of the stabilizing moieties (~50,000 g.Ffjokre held constant, the two system
parameters that affect the extent of interactiofween polymer and SWNT are the (1)

nature of the anchor polymer and (1) the partsiiee.
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Initially, the absorbance of SWNT in DMF dispersigsra measured as a control.
As described in Section 2. 5 C, all the polymer atamposite suspensions were
subjected to heat (108C) during fabrication process. Additionally, onelystyrene
nanocomposite sample was also prepared at roometatape. Interestingly enough, as
shown in Figure 6.6, the PS nanocomposite showtsSWANT concentration increases
from ~39 mg/L to ~47 mg/L when the temperature myrcomposite preparation is
decreased from 10TC to room temperature. A more complete study isleddo more
thoroughly document the impact of temperature om ability of these polymers to
sterically stabilize SWNTSs, however, from theseitiegd results, it can be inferred that it
is worth constructing a phase diagram and locagerdigions where the suspension is

stable, and where the system undergoes nanopatjglegation.

At first glance, the results obtained in Figures &d 6.6, which show thaptical
absorbance at 500 nm and SWNT concentration, régelc as a function of mol%
acrylonitrile in the SAN copolymer, do not appearcbompletely agree with the optical
microscopy and Raman spectroscopy data present€tidpters 3 and 4 that document
the dispersion of SWNTs in the SAN copolymers. QOikely explanation for the
discrepancy of the result obtained in Figures &d &6 with our optical microscopy and
Raman spectroscopy data is that a correction fastaneeded to normalize across
particles of different size. The need for this ection factor stems from the fact that the
extent of electron donor acceptor interaction theturs between SWNT and polymer
matrix varies depending on the amount of AN in topolymer, thereby causing the
portion of polymer matrix under influence of SWNglled ‘zone of influence’ to differ.

Even though we assume that the excess SWNTs haverbmoved by the centrifugation
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process, it needs to be emphasized that due teatiee of the random copolymer, which
possess both interacting and noninteracting funatiggroups, the adsorption of the
polymer onto the SWNT occurs randomly. Strictly apeg, there exist some portion of

the polymer chains that do not interact with theNsW

Depending on the amount of the polymer that paites in the intermolecular
interaction with the SWNT or ‘zone of influencehet effective sizes in the nanotube
bundles or aggregates that are sterically stadillzg the polymer matrices will vary.
There exist a number of parameters that can infei¢ine effective sizes of the stabilized
nanoparticles. For discussion purposes, consteecally stabilized spherical particles,
each of radius a, coated by polymer layers of tieskd (Figure 6.7).The overall
nanoparticle-polymer complex diameter, H, is depe@bdupon the nature of the
anchoring polymer. More specifically, as schemdtiagdustrated in Figure 6.7 (a), if the
anchor polymer interacts efficiently with the naadjzle surfacethe thickness of the
sterically stabilized laye increases, and lhcreases. In contrast, poor intermolecular
interaction between the particle and polymer maitiik cause the thickness of the bound
polymer layer, to decrease, causing a decrease in the effeasineparticle diameter,
H. Recall from previous discussion that two criti€actors that affect thextent of
interaction in the system investigated are then&éijure of the anchor polymer and (ll)
particle sizeTherefore, correcting the data in Figure 6.6 f@r tariation in particle size ,
the nature of the anchor polymeecomes the dominant factoontrolling the amount of
SWNT that is stabilized by the charge transfer demprherefore, this analysis provides
insight into the effectiveness of the SAN copolysiat stabilizing SWNT in solution,

presumably by adsorbing onto the SWNT carbon cage.
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Therefore, the next step in this investigation as abtain the hydrodynamic
diameter of the nanoparticles (in nm) that partitgpin EDA interaction with polymer
matrix, using dynamic light scattering experimemid as shown in Figure 6.8 as a
function of AN composition in the SAN copolymer. & hesults indicate that accounting
for variation in dispersed nanoparticle size, tesuits more readily correlate to the
measured dispersion in the resultant nanocompositesinstance, the SWNTSs that are
stabilized by polystyrene, which is expected tothee weakest anchor polymer, has the
smallest hydrodynamic diameter, presumably duehi formation of a very thin
sterically stabilized layer around the nanopartialed results in a small effective
nanoparticle diameter, H (370 nm). The nanopartdi@neter increases as the %
acrylonitrile in the copolymer increases, which t@nattributed to an increase in the size
of the bound layer. Polyacrylonitrile, which is eqged to readily wrap around the
nanotubes or its bundles, forms a larger thermaacelly stable bound layer which
resists interpenetration or desorption. This caasespparent increase in the effective

nanoparticle diameter, H.

To correct for the variation in nanoparticle sigee concentration, in units of
mg/cnt, is multiplied by the hydrodynamic diameter, iritarof cm, which is considered
the correction factor, and the result gives the amhaf SWNT participating in the
polymer adsorption per unit area of the polymerauritle ‘zone of influence’ in mg/dm
Figure 6.9 shows a plot dWNT concentration x effective particle diameter aas
function of percent acrylonitrile in SAN copolymétiter the treatment of the data by the
correction factor, the polystyrene nanocompositetha smallest effective concentration

of SWNT in the suspension, which indicates its t@diability to efficiently stabilize the
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nanoparticle, presumably due poor interaction whila SWNTs. This suggests that the
weak n-n interaction between the aromatic rings on polystgr and the graphitic
framework of SWNT do not readily overcome the sgroran der Waals interparticle
forces that exist between the SWNTs. At such adatent of intermolecular attraction,
the system experiences nanoparticle aggregationtalube large depletion attraction
between the particles. As the mol% AN increases 26 mol% to 48.5 mol%, the extent
of attraction between SWNT and polymer increasedicated by the increase in the
amount of SWNT in the suspensidrhe depletion attraction now diminishes and steric
stabilization is realized due to the enthalpic gaipolymer segments adsorbing onto the
particle surface. However, further increasing tineoant of acrylonitrile to 56 mol%
results in a decrease in dispersed SWNT. This negxplained in that the entropic
component of steric stabilization now dominates tuthe close proximity between AN
monomers along the polymer chain, thereby causirg Hindrance of acrylonitrile
accessibility in forming the charge transfer comphith the SWNT. The PAN
composite very effectively sterically stabilizetBWNT in solution. Due to its chain
flexibility, wrapping of PAN polymer chains aroutite SWNT carbon cage is efficiently

realized, resulting in the formation of a very thgterically stabilized layer.

Without further experimental investigations and @ate evidence however, the
above explanation serves merely as a conjectutieetphysical events that take place in
the multi-component system. Nevertheless, it seg@a@l platform for devising future
experiments in an effort to more fully understane mechanism by which intermolecular
interaction in suspension forms and the underlyiatameters that govern it. Gathering

from the experiments that have been performed tAysnumerous questions can be
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raised. What is the effect of the solubility paréeneof the dispersion medium on the
competition between solvent and polymer for avé@amnchoring sites on the SWNT as
well as the resulting dispersion of the nanoparticl the suspension? Based on the

findings from previous experimeht;?*%22

we have also arrived upon the postulation
that the critical flocculation point (CFPT) is releely insensitive to the particle number
concentration for sufficiently high molecular weigiabilizing chains. Therefore, what is
the critical molecular weight that is commensurabler in excess of the range of van
der Waals attraction? Although a polymer chain mak weight of roughly above
~10,000 g.mct has been estimated to be sufficient for impartymeric colloidal
stability, this is contingent upon the ability dietpolymer to generate repulsion between
the nanoparticles. This leads to the need for thdysof the effect of the polymer’'s
surface chemistry and curvature of nanoparticlg @herical fullerene and planar
graphene) on the extent of charge-transfer compiesmation and polymeric
stabilization. It is also of great interest to istrgate the molecular architecture effect on
the thermodynamics of the polymer nanocompositpenuson. More specifically, will a
blocky SAN copolymer exhibit better SWNT dispersionDMF in comparison with a
random copolymer? Although it is challenging to stoact a phase diagram and relate it
to the aforestated factors that induce the onsdtootulation, the utilization of both

theoretical studies and experimental investigatisnmperative in order to articulate the

physical mechanism that occurs in the multi-composgstem.
6.5 Conclusion

In this chapter, we have presented results tha¢ legun the investigation of

steric stabilization of SWNT in solution by copolgrs that can form electron donor-
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acceptor interactions with the SWNT. These resigtnionstrate that SWNT dispersions
in pure N,N-dimethyl formamide (DMF) are stabilizég the adsorption of common
commodity polymers such as styrem@-acrylonitrile and polyacrylonitrile onto the
SWNTs. An interplay between the solvency of theeéision medium, particle number
concentration, the nature of anchor polymer andparticle, particle size and molecular
weight of the stabilizing moieties play a criticable in determining the SWNT
nanoparticle stability. Previous work in this arbas mostly focused on spherical
polymeric fillers. The presented results providefoandation from which a more
complete understanding of the fabrication procelsgaymer nanocomposites from
solution can be obtained. Ongoing research in aboratory will expand this work to

other copolymers and more complex fillers suchiskscand deformable microgels.
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CHAPTER 7: CONCLUSIONS AND FUTURE WORK
7.1 Final Conclusion

The scientific literature devoted to polymer namaposites (PNC) is both
immense and growing. However, due to difficulties the characterization of these
nanoscale fillers as a result of their structuetehogeneity, a complete understanding of
the influence of particle-polymer intermoleculateractions on particle dispersion in
PNC lags behind materials development. This leada tproliferation of conflicting
claims and little consensus on a global strategynémocomposite research or credible
end-use targets. It is therefore our ultimate gwalminimize the gap between the
fundamental understanding of PNC dispersion angctsire and progress in materials
development. Specifically, we are interested inefl@yng a universal strategy to
reproducibly tune the structure and material prigerby control of the interfacial

phenomenon in PNC, which dictate the ultimate attarsstics of the material.

The extensive experimental and theoretical WBrkhat is presented in this
dissertation demonstrates that we have successtiglyeloped a protocol for the
optimization of a non-covalent (i.e. charge transfietermolecular interaction between
polymer matrix and single-walled carbon nanotul#8/KT), which serves to improve
ultimate nanoparticle dispersion while still preseg the intrinsic properties of the
pristine SWNTs. From the D* band peak shift in Rarspectroscopy results presented in
Chapter 3, it is clearly evident that the preseoica minority of interacting functional
group (i.e. DMA30, SAN45, CNSt24) within a polymehain leads to an optimum

interfacial adhesion. In our results, an upshiftia D* band is interpreted to originate
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from compressive forces that are transferred from polymer to the SWNTs while
negative shifts indicate that the internal presswitbin the carbon nanotube bundles is
relieved by the formation of EDA complex betweea golymer matrix and SWNT. The
D* band downshifts for nanocomposite samples tlattain polymers with electron
withdrawing acrylonitrile (AN) and cyanostyrene (St) indicates that they are more
effective in forming the electron-donor-acceptomgpdex relative to polymers containing
the electron donating 2-(dimethylamino) ethyl metiglate (DMAEMA), which shows
D* band upshifts. In contrast to homopolymers oflyptyrene (PS), poly (methyl
methacrylate) (PMMA) and polycyanostyrene (PCNgolyacrylonitrile (PAN) shows

anomously good intermolecular interaction with SWdfributed to its chain flexibility.

The aforementioned results led to the investigatboorrelation of the extent of
the SWNT-polymer intermolecular interaction and tmenoparticle dispersion in the
polymer matrix. Does the optimum intermolecularemction translate to enhanced
SWNT dispersion? Qualitative experimental resujtshick film composite visualization
and optical microscopy as well as quantitative ltesby Raman mapping, indicate a
direct correlation between the extent of intermolac interaction and nanocomposite
dispersion. Thick film composites composed of paysnthat adhere weakly to the
SWNT, such as PMMA and PS, show significant patiabgregation and opacity in
comparison with composites containing polymers tieate good adhesion with SWNT
(e.g. DMA30, SAN45, CNSt24), which show homogenéiipoughout the entire sample.
Aggregate size analysis of the optical micrograpithe DMA series of nanocomposites
also indicates that the DMA30 composite has thellsstaaggregate size, signifying the

best nanopatrticle dispersion and further validatasclaim that optimum intermolecular
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interaction directly correlates to enhanced SWN$pdision. Although quantitative
results could not be obtained due to the resolutiboptical microscopy, the optical
micrographs of SAN and CNSt composites show minimaaiotube aggregates indicating

that they are better dispersed than the DMA contessi

Raman imaging provides method to quantify the SWhSpersion with slightly
better resolution than optical microscopy (#h). This technique clearly demonstrates
that the SWNTs in the SAN and CNSt are distributedughout the sample, even in
areas that appear optically clear. Utilizing tmere robust Raman mapping method, the
extent of SWNT dispersion is quantified by the aadf the average-G band intensity in
the clear region|(S,,, ) of the composite to the average G-band intensitiie aggregated

region (¢ ). The level of dispersion obtained from this metfutirectly correlates to the

extent of SWNT-polymer interaction obtained frore * band shifts.

In order to provide additional insight into the rfaation of EDA interactions
between monomers and SWNT, density functional the@FT) calculation was
performed by our collaborator, Dr. Bobby Sumptdre binding energies obtained from
the DFT calculation corroborate well with our expental results, where the binding
energy with the SWNT orders as CNSt (10 kcal/m®N, (4.5 kcal/mol), and DMAEMA
(0.31 kcal/mal), in agreement with our experimemedults that indicate that the CNSt
moiety disperses the nanofiller best, followed by And DMAEMA. In addition, the
optimized geometry of a cyanostyrene trimer as rdeteed by DFT calculation
illustrates how the polymer must adopt a conforamathat differs from the monomer

optimized geometry due to the effect of chain catimgy. In this system, only the
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monomers at the ends contribute to the total bop@inergy in the system, whereas the
middle cyanostyrene monomer does not interact thithSWNT.

All of these results indicate that geometric caastr is a critical entropic
parameter that controls the formation of non-caviaieteractions in PNC. To provide a
physical view towards understanding this processsicler a polymer chain that has one
functional group that participates in an intermalac interaction with one SWNT. This
EDA complex formation will consequently inhibit thpropensity of an adjacent
functional group on the chain to access and oiitsatf correctly to form an additional
interfacial interaction. When functional groups aeéequately spaced out along the
polymer chain, the geometrical constraint effectlassened because this creates a
dynamically independent functional group and themfation of one intermolecular
interaction does not inhibit the formation of ardéidnal interaction with the SWNT. On
the other end of the spectrum however, too large sdparation of functional groups in a
polymer chain is also unfavorable since intermdicinteraction would be hindered by
the limited amount of functional groups for an matetion to occur. In addition, polymer
chain flexibility also plays a role in the formati@f non-covalent interaction since this
affects the ability of a polymer chain to conforteeif favorably to the nanotube cage,
which explains the observed beneficial intermolacaldhesion between polyacrylonitrile
and SWNT. Therefore, the importance of polymer rmhainnectivity effects cannot be
overlooked and this explains the occurrence of @mal intermolecular interaction and
particle dispersion when a moderate amount of fanat groups exist along the polymer

chain.

191



In our effort to obtain a precise understandingrmd control over the morphology
of these nanoparticle entities, we have also pexdr small-angle neutron and x-ray
scattering on polyacrylonitrile (PAN) nanocompositeontaining varying amount of
SWNTs (Chapter 5). Although a definitive conclusltas not been attained at this point,
the presence of microphase separation-like scadgtgreaks in the scattering patterns of
PAN composite suggests an ordering of the PAN petyaround the carbon nanotube
cage. Whether this indicates the existence of amtb@ynamically bound layer around
the SWNT or the occurrence of SWNT-induced PAN tafjigation is a subject of an
ongoing research in our laboratory.

The experimental results presented above focusdtieofinal dry-state SWNT-
polymer nanocomposite. However, the specific simec of the polymer-SWNT
nanocomposite is certainly influenced by the prafan procedure, where the polymer
and SWNT are initially both in solution. This stitated our interest in studying the
thermodynamic behavior of polymer stabilized nambglas in solution, where the
interactions that influence the structure in solatinclude solvent-solvent, solvent-
polymer, and solvent-SWNT interactions in additiorpolymer-polymer, SWNT-SWNT
and SWNT-polymer interactions that exist in a tvasaponent system. UV-Vis
spectroscopy measurement was performed to detertn&WNT concentrations that
are stabilized by polymer adsorption in solutiom@@ter 6). Initial experiments correlate
reasonably well with the optical microscopy and Ranspectroscopy data. However,
further experiments are required in order to gaicoaplete physical picture of the

colloidal stabilization of the SWNT in solution kgdsorbed polymer as well as to
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develop a more complete understanding of the gawgriparameters that control

nanopatrticle dispersion in this fabrication process
7.2 Future Work

Thus far, the series of experimental studies thete completed to drive the
advancement of this PNC research has been discusdethe goal of highlighting the
underlying physical principles and phenomena gaugrthe polymer-SWNT interfacial
behavior and the resulting nanoparticle disperdiunt, as with much scientific research,
the results open new avenues of study as well agida insight into controlling the

polymer nanocomposite dispersion.

Of extreme importance in the field of polymer namoposites is the
establishment of a quantitative understanding ef“trano” effect or surface to volume
ratio of the filler as it relates to the changespecific material properties. Due to the
small size and concurrently large surface areaaobrsized fillers, there exists a large
fraction of polymers that are influenced by the ayzarticle interface, which is perturbed
with respect to those in the bulk. Therefore, thegnitude of property change or control
by the interfacial region is dictated by the tagalntity of the interfacial area within a
nanocomposite. Two critical factors that affect sieface-to-volume ratio and ultimately
dictate the overall polymer nanocomposite propgmie the (1) size and (ll) shape of the
nanofillers®*?%3In order to illustrate the effect of nanofillersize, consider a spherical

particle with radius r. The surface to volume ratidhe filler can be written as:

(Equation 7.1)
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Equation 7.1 demonstrates that the available sarfaea (A) per volume () of filler
increases as the spherical radius decreases. lanacomposite with filler volume

fractiong, the total interfacial area-to-volume ratio scdiesarly withe, where:

'\A\/',total _3¢ (Equation 7.2)
r

total

Equation 7.2 implies two possible scenarios. Fifsp is held constant, the decrease in
filler radius results in the increase in availaldarface area for intermolecular
interactions. Second, this relationship demonstr#itat two composites with identical
surface areas can be fabricated with differergrfilizes by the control of filler volume

fraction.

In addition, shape also plays a role in the desigsurface-to-volume ratios for
nanocomposites. For a cylindrical filler of raduand length L, the surface to volume

ratio of the filler is:

2
A _2m”+2ml 2 +2 (Equation 7.3)

Ve L r L

At equal volume fraction, the surface-to volume YS#&tio for a spherical nanoparticle
relative to a cylindrical nanoparticle scales as:

sV, 3

= (Equation 7.4)
SV, 2Q+r/L)

This relationship demonstrates that for all pldtes) and short rods (L<2r), the surface

to volume ratio for cylindrical fillers is great¢han the ratio for a spherical particle.

194



However, spherical fillers have greater surfacediome ratio compared to long fibers if
L>2r. Therefore, maximizing the quantity of intesi@ region is a critical design factor

for the development of optimal properties in filleanocomposites.

Bearing the “nano” effect described above in miselyeral questions or issues

can be raised and pursued for future investigations

1. What is the role of the size and shape of theoparticles on the intermolecular
interaction between polymer and nanoparticle asl vesl the corresponding
nanoparticle spatial dispersion? Preliminary dgndinctional theory (DFT)
calculation of the binding energy between a fuhereparticle and monomer,
performed by Dr. Bobby Sumpter, shows that the g rings in &, a spherical
nanopatrticle, forms a considerably stronger int&aowith the tertiary amino group
in DMAEMA, relative to CNSt and AN monomers. Thgglearly in contrast to the
interaction formation of a SWNT, where DMAEMA is ashn to form weak
intermolecular interactions with SWNT, as evidencbdth theoretically and
experimentally. To examine this further, an ongoregearch investigation in our
group utilizes UV- Vis spectroscopy and x- ray iditftion to quantify the miscibility
limit of Cgo with the incorporation of electron donor-acceptderactions between

the polymer and fullerene.

2.  We have also clearly established that optimirmolecular interaction is directly
correlated to particle spatial dispersion. Howedegs it translate to the attainment
of enhanced mechanical, electrical and thermal gotegs of the PNC? In addition,

what is the consequence of the “nano” effect orsehproperties? Therefore,
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experiments such as tensile testing, direct cui26) measurements and four-point

probe resistance measurements are worth pursuing.

3. We have observed a microphase-separation ti&tesing peak in polyacrylonitrile
nanocomposites. In order to provide further insigitb the role of SWNTs on
shaping the ordering of polyacrylonitrile, wide &ngX-ray diffraction and
differential scanning calorimetry measurementslmagarried out. Once the origin of
this peak has been determined, it is also wortleshiigating the effect of size and
shape of the particle, filler volume fraction angiface chemistry on the particle

structural arrangement in the multi-component sgste

4. In Chapter 6, we have performed preliminarydigtsi that set a good platform for
further experiments to develop an understandingthef mechanism by which
intermolecular interactions between polymers and\NSWorm in solution, resulting
in a sterically stabilized nanoparticle, and thelenying parameters that govern its
formation. Devising experiments to determine theatfof the dispersion medium’s
solubility parameter, particle number concentratiorolecular weight of polymer
chain, size and shape of nanoparticle, surface istigmand polymer molecular
architecture on the intermolecular interaction fation and particle stabilization are
worth pursuing in order to generate a phase diagmadirelate it to the aforestated

factors that can be manipulated to control paraggregation.
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A.l. Effect of Chain Flexibility on the Formation d Charge Transfer Interactions

Density functional theory and free energy of mixiAgs, calculations presented
in Section 3.3.B. and 3.3.C, respectively, implgttholymer chain flexibility is a crucial
factor that controls the extent of charge transféeractions that exist between the
polymer matrix and single-walled-nanotube (SWNT)d anltimately optimize the
nanoparticle homogeneity. Strictly speaking, withthis parameter, the homopolymers
PDMAEMA and PCNSt could form the most intermolecufderactions with the SWNT
due to the abundance of interacting functional gsoalong the polymer chains. In this
section, we provide insight into the importance abfain flexibility of the polymer
matrices in the formation of optimum SWNT-polymeteractions and correlate this
information to the fact that the presence of a mip®f interacting functional group (i.e.
DMA30, SAN45 and CNSt24) in the copolymer matrixads to the most efficient

intermolecular interaction.

Flory defined the characteristic ratio, @s a structure-specific parameter, which
characterizes chain flexibility, describes the effef local steric constraints on chain
dimension and can be written as:

_<h®>,

00

iz (Equation A.1)
n

where<h?>, is the actual unperturbed mean-square end-to-estdndie of the polymer
chain,n denotes the number of chemical bonds along tharmi backbone andis the
length of a backbone bond (i.e. 1.54 A for C-C QondFor a high molecular weight

polymer, the characteristic ratio,,@pproaches a constant value and can be written as:
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Co=m, [2M (Equation A.2)

M denotes the polymer molecular weight and therpatar,m, represents the average

molar mass per backbone bond and is calculateollaw/$:

M X .
m=————=— Equation A.3
* 2x(M/x) 2 (Eq )

where the number 2 represents the number of C-@sandx represents the monomer
molar mass. The characteristic ratig, @ ahomopolymer can then be calculated by the
following equation:

_xx<h? >,

= — Equation A.4
XXM (Eq )

00

For common polymers such as PS and PMMA> /M can be readily obtained from the
literature, where<h? o/M)pwmma=0.39 and €h?> //M)ps=0.437%2* Based on the similarity
of structures, the values sh?>4/M for PCNSt is estimated to be similar to that ofyol
-methyl styrene) an&h?>/M for PDMAEMA is estimated to be similar to that of
poly(ethyl butyl) methacrylate. The structures dDNPAEMA, poly (ethyl butyl)
methacrylate, PCNSt and palymethyl styrene) are depicted in Figure A.1. The
characteristic ratio of polyacrylonitrile (™" =2.38), an experimentally determined

value reported by Kamide and coworkers is calcdlatethe following equatiof

2/3
C,= — (K/®,) - (Equation A.5)
M ™1° Q- cos®)l+ cosO)
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K is the Mark-Houwink-Sakurada constant determinkg intrinsic viscometry

measurements and is characteristic of the polymleest combination at a given

temperature (K=2.9).® denotes the Flory’s viscosity parameter of a thstévent
(d,=2.87x1G") and Orepresents the supplementary bond angle of thenslangle,

where® =z - 109°28'.
The characteristic ratio of the copolyme@s*™*™™® are calculated as follows:
ClopolmerA8 =CAxn, +C2 xn, (Equation A.6)

whereC” andC? denote the characteristic ratio of homopolyme@nd B respectively,

whereasna and rp represent the mole percent of A or B chemical dtesits in the

copolymer chain. For example, from equation A.& tharacteristic ratio of CNSt50 is

calculated as %2 5+ 14 x CPNS,

Tables A.1, A.2, and A.3 show the characteristitosa of the MMA+an-
DMAEMA, styrenefan-acrylonitrile and styrenean-cyanostyrene polymers used in this
study. Even though PDMAEMA has an abundance ofatgramino groups to form an
efficient polymer-SWNT complex, the extent of imtelecular interaction and the
dispersion of SWNT in the PDMAEMA nanocomposite irgerior to that in the
nanocomposite containing 30 mol% DMAEMA, as evidgh®y Raman spectroscopy
and optical microscopy (Chapters 3 and 4). Theutatled characteristic ratios of 11.0 for
PDMAEMA and 9.38 for DMA30 provide one contributioto this experimental
observation (Table A.1). Due to the greater fldkipiof DMA30, as reflected by its

lower characteristic ratio, the DMA30 polymer chhas a greater propensity to conform
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Figure A.1. Structures of (a) PDMAEMA, (b) poly(ethyl butyl) tiracrylate, (c) PCNSt

and (d) poly @-methyl styrene).
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Table A.l. Characteristic ratio of PMMA, PDMAEMA and MMAan-DMAEMA
polymers used in this study

Polymer mol% DMAEMA Characteristic Ratio
PMMA 0.00 8.68
DMA10 0.12 8.96
DMA20 0.26 9.29
DMA30 0.30 9.38
DMA50 0.49 9.82
PDMAEMA 1.00 11.00

Table A.2. Characteristic ratio of PS, PAN and styreaa-acrylonitrile polymers used
in this study

Polymer mol% AN Characteristic Ratio
PS 0.00 10.11

SAN30 0.30 7.83
SAN37 0.37 7.26
SAN45 0.45 6.63
SAN49 0.49 6.33
SAN56 0.56 5.76

PAN 1.00 2.37

Table A.3. Characteristic ratio of PS, PCNSt and styremmecyanostyrene polymers
used in this study

Polymer mol% CNSt Characteristic Ratio
PS 0.00 10.11
CNSt13 0.13 10.44
CNSt24 0.24 10.72
CNSt30 0.30 10.88
CNSt40 0.40 11.15
CNSt50 0.50 11.40
PCNSt 1.00 12.69

itself correctly to the carbon nanotube cage tanftne electron donor-acceptor complex,
whereas the more rigid PDMAEMA cannot. It need$¢ore-emphasized however, that

polymer chain flexibility parameter is not the lofaetor in controlling the efficiency of
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the formation of intermolecular interaction sindd¥A, which has a characteristic ratio
of 8.68, is the most flexible among this serieg, dhaes not achieve a good interaction
with SWNT. Therefore, a balance between polymeircfiexibility and the presence of
sufficient functional groups to form effective noavalent interactions are required to

achieve the most efficient interaction and nanaglartlispersion.

By a similar token, PCNSt, which has a characteristtio of 12.69 is the most
rigid polymer studied, and therefore cannot readilpp around the carbon nanotube,
thus achieving poor charge transfer interactiom@WNT in comparison with CNSt24
(Cs, = 10.72). Although polystyrene (C= 10.11) is more flexible than CNST24, the
efficiency of the formation of charge-transfer cdexpand nanopatrticle dispersion is still
inferior in comparison with the less flexible CN&t owing to the presence of the weaker
n-m interaction between the aromatic ring on the pgghgme chain and the graphitic

framework of the SWNT.

For the styrenean-acrylonitrile series, it was found that SAN45 chypoer,
which has a characteristic ratio of 6.63, forms st efficient electron-donor acceptor
complex with the SWNTSs. Based on the chain flekipflactor alone, it is thus sensible
that polystyrene (€° = 10.11) does not interact as well with the SWNfbwever,
polyacrylonitrile shows anomalously good intermalec interaction, and this is ascribed
to the extensive flexibility of the polymer chai@.( = 2.37). The loss of the aromatic
rings of the styrene leads to a significantly mibegible chain that can wrap more easily
around the SWNT, creating more nitrile-SWNT EDAeirstctions.

In conclusion, the importance of polymer chain ity cannot be overlooked

in understanding the factors that impact the abiit a polymer chain to form non-
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covalent interactions with a nanoparticle. Funmihare, the analysis presented above
verifies the role of flexibility in the occurrencd# an optimal intermolecular interaction
and particle dispersion when a moderate amounutional groups exist along the

polymer chain.
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